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Abstract

Perinatal autopsy is an essential way of assessing the cause of fetal loss during
pregnancy. However, parents are reluctant to consent to an invasive autopsy. Modern
imaging techniques can offer a non-invasive solution, but most current clinical
techniques are unable to offer adequate image resolution for early gestation

miscarriages, typically below 20weeks gestation or 300g body weight.

This thesis describes evaluating micro-CT imaging for this purpose, culminating in
developing a pragmatic clinical protocol.

Within this thesis, five aspects are evaluated:

1. Scan preparation. The optimal concentration and immersion time for 12KI was

established, with a formula to predict the immersion time required for full iodination.

2. Imaging parameters. Optimal micro-CT imaging parameters were investigated,
comparing the signal-to-noise (SNR) and relative contrast-to-noise ratio (rCNR)

across different settings.

3. Patient factors. The effect of demographics/external factors on image quality was
evaluated. Maceration was identified as having the greatest detriment to image
guality, yet high image quality was attained in the majority of scans. Fetal weight and

number of projections were also noted to be positive predictors.

4. Image SNR / rCNR. Assessments were tested across whole fetus organ volumes
with imaging parameters defined as 110kV, 200pA, 250ms, 2frames-per-projection,
enabling a single anatomical area to be optimally imaged within a clinically relevant

timeframe, <30minutes.

5. Parental experience. A pilot study consisting of parents who have experienced a
miscarriage was also undertaken. Response to the technique was overwhelmingly
positive, with key potential benefits being increased choice and uptake of autopsy
investigations with multiple mental health benefits.
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Finally, the future direction of this work within the clinical setting is presented. The
clinical impact of the research is to be able to offer parents a more acceptable non-

invasive imaging investigation following miscarriage.



Statement of Impact

| have developed and optimised a micro-CT clinical protocol for human fetal post-
mortem imaging following early pregnancy loss. Whilst conventional autopsy provides
the greatest diagnostic yield for the cause of death in early pregnancy loss, it is the
invasive nature of these investigations that makes them unacceptable to most parents,
yet non-invasive techniques currently available do not provide good diagnostic
accuracy below 20 weeks gestation. This thesis describes a series of experiments to
develop a clinical micro-CT protocol. | demonstrate that 2.5% I[2KI solution can be
used to fully iodinate a range of fetal weights (0-300 g), with minimal tissue distortion,
and produce an equation to accurately predict the immersion times required prior to
imaging. | develop a methodology and a set of clinically appropriate imaging
parameters to provide maximal SNR and rCNR and determine the demographics and
image quality that predict the image quality of the micro-CT scan. | also show that
parents who have experienced a miscarriage are extremely positive about the
technique and its ability to provide peace-of-mind, facilitate closure and to possibly
provide answers relevant to the cause of death, leading them to fully support its

development.
This work has potential benefits for parents, the medical profession and society:

Having experienced a miscarriage, parents may be offered a conventional autopsy,
but the majority feel this technique is too invasive. Micro-CT imaging demonstrates a
more acceptable alternative to parents with its high-resolution and non-invasive
approach. This allows parents the peace-of-mind of being able to fully investigate their
loss, in a manner of their choosing, with limited disturbance to the body, whilst
providing clinicians with greater knowledge due to increased autopsy uptake. This
would equate to better provision of future pregnancy care through increased

understanding of the cause of miscarriage.
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Thesis overview

This thesis addresses the use of micro-CT for perinatal autopsy as an alternative to
conventional autopsy. Prior to this, proof of principle work had demonstrated the ability
of micro-CT to provide diagnostic detail in human fetal hearts and whole human
fetuses, but the imaging protocol used had not been fully developed to become an

efficient & reproducible clinical protocol.

This thesis therefore comprises of 9 chapters, which describes the series of
experiments undertaken to develop micro-CT for human fetal post-mortem imaging

into an optimised clinical protocol.

Chapter 1 details a literature search describing the development of minimally-invasive

imaging techniques for perinatal autopsy, and their strengths and weakness. The
need for micro-CT examination is made, against a backdrop of increased parental

acceptability of less-invasive investigations.

Chapter 2 provides a detailed description of how micro-CT works, its strengths and

weaknesses and the available exogenous contrast agents to demonstrate soft tissue
abnormalities. The previous uses of micro-CT are also explained and how this relates
to post-mortem imaging. The overall aims and objectives are stated in developing an
optimised clinically appropriate protocol for tissue preparation and imaging parameters

for whole human fetal micro-CT imaging.

Chapter 3 describes several ex-vivo animal tissue experiments: to optimise the tissue

preparation and imaging parameters required for ex-vivo feline cardiac tissue and
canine renal tissue. A range of different I2KI concentrations were assessed, along
with the imaging parameters for kilovoltage, current and exposure time to maximise
the SNR and rCNR. Immersion in 2.5% I2KI solution for 48 hours provided full
iodination, with imaging parameters of 100kV, 150pA and 354ms were found to
maximise SNR and rCNR in feline cardiac tissue. Immersion in 2.5% I2KI solution for
100 hours was found to provide full iodination with minimal tissue distortion for canine

kidney tissue.
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Chapter 4 describes experiments to optimise the tissue preparation of human fetuses
in terms of tissue distortion and iodination time. The relationship between immersion
time, gestational age, and body weight was evaluated to develop a clinical protocol to
accurately predict the immersion time required for human fetuses (0-300g body
weight) in 2.5% I2KI.

Chapter 5 describes the methodology development to evaluate the effect imaging
parameters (kilovoltage, current, exposure time and frames per projection (FPP)) have
on SNR and rCNR used in Chapter 6. Optimal ROI placement, a maximal range of
imaging parameters and appropriate phantom materials were determined. Automated
whole organ ROI assessment of the liver, using a 2.5% I2KI phantom allowed accurate

reproducible assessment of SNR and rCNR.

Chapter 6 describes the experiments to determine the effect imaging parameter

changes have on SNR and rCNR for human fetal micro-CT scanning. Imaging
parameters of 130 kV, 250 pA, 250 ms and 2 FPP provided the optimal clinical

protocol.

Chapter 7 describes the effect demographics and imaging parameters have on human

fetal micro-CT image quality. High image quality was achievable for most fetuses,
with maceration and body weight being strong negative predictors, and number of

projections and FPP being the strongest positive predictors of image quality.

Chapter 8 describes an exploratory qualitative study of parental perceptions of micro-

CT for non-invasive autopsy. Two focus group of patients who had experienced a
miscarriage felt there were multiple benefits of micro-CT: increased autopsy uptake,
advancing medical knowledge, engagement with the post-mortem process and mental
health benefits through peace-of-mind and facilitating closure. Parents felt strongly

that this technique should be more widely available.

Chapter 9 describes how the developed protocol designed within this thesis could be

used within the clinical environment and future work. The challenges to its adoption

and the advantages it can provide for families and healthcare professions are

discussed.
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Chapter 1 Background

1.1 Overview

This chapter describes the background for this thesis, the development of non-invasive
post-mortem imaging techniques for perinatal autopsy, and their strengths and
weaknesses. The need for micro-CT examination is made against a backdrop of

increased parental acceptability of less-invasive investigations.

All the work presented in this chapter was undertaken by the author of this thesis.
Some of this work has been published in Ultrasound Obstetrics and Gynecology in
2019 [1] and Insights into Imaging in 2021 [2].

1.2 Miscarriage and stillbirth

Pregnancy loss, either from miscarriage, defined as the loss of a pregnancy before
viability at 24 weeks or stillbirth, defined as the death after 24 weeks gestation is a
commonly occurring event [3]. In the United Kingdom (UK) it is estimated that 8 babies
are stillborn and over 500 babies are miscarried every day, with 1 in 4 pregnancies
ending in loss during pregnancy or birth [4, 5]. Few countries publish miscarriage
statistics, and since miscarriage commonly occurs at home with 80% occurring before
the 12t week of gestation [3, 6], collation of accurate pregnancy loss data is difficult.
The estimated 23 million miscarriages occurring each year globally is based solely on
a calculated 15% total risk of miscarriage [3, 7] with the possibility that the actual

number could be far higher.
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Table 1.1 Annual birth and death statistics within the UK for 2019 [4]

Number in 2019

Miscarriage Approx. 187,975
Stillbirth 2763
Live births 712,680

The news that a pregnancy has ended, no matter the time point during pregnancy, can
be an extremely traumatic moment in a parent’s life, and the way this is dealt with can
have repercussions for the future well-being for the family [8]. This event is often
unexpected, with only a short time to come to terms with the loss [9] and studies have
shown that his can lead to prolonged grief, depression, anxiety and post-traumatic
stress regardless of the age of the fetus and is an under researched area of medicine
[7,10-13].

It has also been shown that despite its common occurrence, miscarriage is little
understood by both the general public and health care professionals alike [14], with
many believing it to be rare, and possibly caused by lifting or previous contraceptive
use, as well as the misconception that no treatment is available [14, 15]. These myths
can cause mothers to believe they are at fault and stop them seeking help and support,

which can lead to their isolation from family, friends, and partners [6, 9].

Gaining information into the cause of the death can give parents a degree of closure
on the event, alleviate the emotional worry that may accompany future pregnancies
and enable future pregnancies to proceed with reduced emotional trauma [16]. This is
an under-researched area, given the undisclosed number of pregnancy losses and

potential impact it can have on short- and long-term health [7].
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1.3 Conventional autopsy investigations

Determining the cause for pregnancy loss is extremely important to parents and
medical practitioners [17, 18], with the current standard of care being a standard
(invasive) autopsy, also known as a post-mortem. This technique has been used over
a long period in history and involves cutting into the body, removing the organs,
inspecting them for signs of disease and abnormalities, and taking tissue samples to
allow further specialised histopathological investigation and genetic analysis (Figure
1.1) [19]. It can determine the factors that contributed to the death, identify
concomitant diseases that may influence future pregnancies, provide a clinical audit,
and determine if any iatrogenic factors were present, whilst also assisting in the
grieving process for the family [19-22]. It has been shown to provide additional
diagnosis or information in 40-70% of perinatal deaths [23-25] with 15-51% of cases

not previously been suspected clinically [26-29].

Despite this, parental uptake rates within stillbirth and miscarriage are low at 55% [21]
with informed consent required from the mother or both parents before it can proceed

due to the parent having sole responsibility for consenting to this investigation [22].

There are many reasons why parents may decline any investigation into their loss
including lack of communication about the value of the procedure between
professionals and parents and religious beliefs [8]. Broadly speaking, parents dislike
the invasive nature of an autopsy: the need to make incisions to examine organs and
take tissue samples is not welcomed by parents, and parental uptake is well below the
minimum recommended rate of 75% [8, 30-32]. 44% stillbirths, 38% perinatal deaths
25% neonatal deaths [21, 33].

If parents are offered an investigation following a pregnancy loss it is often simply a

binary choice for parents of a standard autopsy or no investigation at all.

In 2012 the National Health Service (NHS) England and the Department of Health
indicated that one of the key areas of investigation should be to develop additional
techniques which investigate into the cause of death whilst minimising the need to cut

open the body. This led to the development of a greater choice of investigations to be
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developed including post-mortem imaging with no dissection of the body required, and
minimally invasive procedures including image guided biopsies and endoscopic
investigations, with limited incisions and is classed as a “less invasive autopsy” (LIA)
(Figure 1.1) [22, 32, 34].

1.4 Less-invasive autopsy investigations.

This term has come to represent procedures where the majority of the invasive internal
examination is replaced by post-mortem imaging. Where tissue sampling is required,
larger incisions to the body are avoided through the use of endoscopic or
percutaneous techniques. These allow histological assessment of these samples and
permit genetic testing to be completed [35].

These examinations can be performed “blind” as a percutaneous needle biopsy but
demonstrate a poor yield in collecting the correct organ sample of sufficiently intact
tissue [36]. Whereas laparoscopic techniques allow visualisation of the organ and
tissue sampling area through a small incision in the abdominal wall showing a
subsequent increase in the sampling success of over 80% [36, 37]. These techniques
where image guided tissues are sampled is also called a “minimally invasive autopsy”
(MIA) (Figure 1.1).

These techniques represent a reduction in the degree of invasiveness, with smaller
incisions being made but allowing tissue sampling for histopathological assessment.
This is more acceptable to parents and allows them to balance their need to protect
their child against large incisions yet enabling a more thorough investigation to be
completed. Any incision may still be too invasive for some parents [16, 38], therefore
there is a need for accurate non-invasive imaging techniques to determine the cause

of fetal death during pregnancy.

33



Less Invasive Autopsy (LIA) = NIA or MIA
Components for BOTH Standard and

Less Invasive Autopsies

SEEEEENNNENENENSESNNEENEEEEEEER

Non-invasive autopsy (NIA)

Maternal & Obstetric + Whole body imaging
History from Clinical Notes (e.g. Ultrasound, MRI, CT)
No incisions
Placental Examination
(if available) Minimally-invasive autopsy (MIA)
+ + Tissue sampling of organs
External Examination (using image guided needle
{biometric body measurements) biopsy or laparoscopy)
Small incisions
Post-mortem Imaging
Skeletal X-rays
¥ Standard (invasive) autopsy
Ancillary investigations + | Internal Examination {Dissection) |
(e.g. genetic, microbiology tests) |

Histological organ assessment I

Large incisions

Figure 1.1 Different components of standard, less-invasive and minimally-invasive
autopsies, reproduced with permission [2]

1.5 Non-invasive imaging investigations

A non-invasive autopsy refers to an imaging only technique where no invasive
procedures are carried out and is continually being developed within radiology (Figure
1.1) [35, 39, 40]. This can identify anatomical abnormalities, and therefore narrow
down syndromes and genetic disorders, which can then be used to identify possible
risks for siblings [41, 42]. These imaging practices must be adapted and applied
differently for adults, children and fetuses depending on the age and size of the patient
[41]. This area of radiology has evolved into its own speciality yet requires
collaboration with histopathological services to ensure optimal diagnostic approaches,
with advantages seen in earlier and increased identification of fetal abnormalities, and
syndromic diseases [33, 43, 44]. Many techniques are now available with specific
advantages and disadvantages, ranging from conventional radiographs to cross

sectional imaging.

1.5.1 Radiographs
Radiographs are two-dimensional images created through the exposure of an object
to x-rays. As the x-ray beam passes through the object, the radiation can be absorbed

or attenuated. This is determined by the x-ray beams spectral composition as well as
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the density and atomic number of the materials within the specimen. Therefore,
structures within the body which exhibit a significant difference in their x-ray
attenuation characteristics, enable visualisation of these differences, such as bone

fractures or air within certain anatomical structures.

Although radiographs are widely available and are performed in most post-mortem
investigations to image the skeleton, they provide diagnostically useful information in
<1% of cases [35]. Whole fetal radiographs should only be performed in suspected
skeletal abnormalities [41, 44-47], and provide only limited information on the soft

tissue structures within the body.

1.5.2 Computed Tomography

Computed tomography (CT) is a modality that also uses the attenuation of x-rays to
provide information on the structures within the body. The majority of clinical CT
scanners in use today are classified as third generation and uses an x-ray source and
detector at opposite sides of the body which revolves through 360° whilst the patient
is moved through the x-ray beam. This configuration constantly scans the patient in a
helical manner, with shortened examination times in comparison to previous
generations of clinical CT scanners. It can provide greater detail through the
reconstruction of the collected data into 3-dimensional images. It lends itself well to
the investigation of the cause of death as it is quick, relatively cheap, and widely
available within clinical practice. This makes it widely utilised in the adult post-mortem
imaging setting for fracture detection, intracranial pathologies and in medicolegal
proceedings [48, 49], but has shown limited utility for fetal and childhood post-mortem

imaging.

In cases of fetal death, CT can provide information on abnormalities of the skeletal
system and the differential detection of air/fluid within normally aerated organs [44, 50-
53]. The main problem in fetal and neonatal imaging is the poor soft-tissue contrast
due to the lack of intra-abdominal fat, meaning unenhanced CT has limited diagnostic
ability [52, 54]. Exogenous contrast can be delivered and is gaining popularity in the
adult post-mortem imaging setting [55], but remains technically challenging in small
children and fetuses due to the more challenging venous access [54, 56] with the

resulting diagnostic accuracy and yield yet to be confirmed [57]. Imaging the heart is
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also feasible following direct cardiac venous access [57], but has not been widely
adopted. Low resolution is also associated with this technique in fetuses <20 weeks
gestation due to their physical small size [58]. Although, bone detail can be provided
after ossification commences, at 8 weeks gestation, it is only useful in specific clinical
situations regarding suspected skeletal abnormalities, with the vast majority of uses
only diagnostic after 20 weeks gestation [2].

Therefore, although post-mortem CT (PMCT) can provide diagnostic information on
the skeleton and lungs, it provides limited soft tissue detail, with low resolution imaging

on fetuses <20 weeks gestation.

1.5.3 Magnetic Resonance Imaging

Post-mortem magnetic resonance imaging (PMMR) is a technique that provides
excellent detail on the soft tissue structures within the body [41] and has been proven
in detecting neurological [33, 52, 59], cardiac [41] and abdominal abnormalities [60],
with particular uses in brain imaging prior to conventional autopsy [59]. Studies
showing confirmation of the conventional autopsy diagnosis in 60-80% of cases [46,
61] have proven this imaging method to be the primary technique for fetal and perinatal

post-mortem imaging [62].

PMMR has specific limitations: Whilst post-mortem results have been shown to be
diagnostic at 1.5T in larger (above 500 grams body weight) and older gestation fetuses
(>24 weeks), below this range the accuracy of PMMR reduces significantly, with the
results relying on sufficient signal being detected at high resolution [44, 63-65]. Poor
signal can be overcome in the post-mortem setting with 3D techniques, and longer
scanning times (>30 minutes), as there is no movement artefact, but this reduces
clinical throughput [62]. Jawad et al., found that fetuses >500g results in high
diagnostic accuracy for PMMR in 90% of cases yet this falls to 50% of cases <200g
[66].

Whilst higher field strengths, such as 3T PMMR have shown good results in cardiac
imaging it is unsure whether this offers considerable improvement over 1.5T in other
anatomical areas [42, 64, 67, 68], and although >7T has shown further improvement

in image production, it is only currently available within the laboratory setting [69, 70].
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Higher field strength MRI does not yet provide sufficiently high diagnostic accuracy
below 20 weeks gestation [68]. Although 9.4T increases the diagnostic information
available at lower gestational ages and weights through greater spatial resolution and
higher tissue contrast [69], it remains an expensive specialist procedure, time
consuming with up to 18 hours of scanning required and is extremely rare within a

clinical setting.

A further limitation for PMMR is the pressure on most imaging centres to perform
magnetic resonance imaging (MRI) scans on living patients, often resulting in waiting
lists and the required prioritisation of the living over deceased patients. PMMR is also
a time-consuming process, requiring up to 2.5 hours scanning time, and consequently

requires dedicated resources which may already be under pressure [71].

Overall, although the superior soft tissue definition is better demonstrated than other
post-mortem imaging techniques, smaller fetuses suffer from lower diagnostic
accuracy due to poor signal and a fixed resolution. Accompanied by a high demand
for MRI scanning time for living patients and long examination times, this technique is

unsuitable for post-mortem imaging following early pregnancy loss.

1.5.4 Ultrasound

Ultrasound (U/S) is also a low cost, easily available and non-invasive technique with
high concordance rates with autopsy [33, 44, 64]. Itis also able to provide diagnostic
details on the brain and lungs due to open cranial sutures and the lack of air within the
lungs [41]. However it is challenging to determine central nervous system
malformations in early gestations (<20 weeks) due to lack of fetal development [65],
and is challenging to assess thoracic and cardiac pathologies due to distortion, size of
organs and the limit of ultrasound resolution [71, 72]. Ultrasound is also operator
dependant and requires specialist training to ensure high diagnostic accuracy [44],
with fetal maceration also reducing the ability to provide diagnostic results [71].

Despite these limitations, there is large concordance between ultrasound and PMMR,
therefore ultrasound may be used as a triage tool to determine whether a conventional
autopsy is required [46]. The lack of sufficiently high resolution for early gestation

fetuses restricts its usage within this cohort of patients.
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Figure 1.2 Demonstration of imaging modalities with reference to approximate
gestational ages and body weights, adapted with permission from [2].

1.6 Conclusion

Post-mortem radiological investigations have rapidly expanded recently to provide
increasing options for parents and professionals alike. Parental acceptance for less-
invasive autopsy based on imaging is high. All these techniques require specialist
training not only in ensuring correct application of the investigations, but also in
understanding the post-mortem changes that can often mimic pathological changes
[51, 73].

However, all these techniques have limited diagnostic accuracy below 20 weeks
gestation due to either low resolution, poor signal, or limited contrast to noise, (Figure
1.2). This leaves a clear area of investigation for fetuses of <20 weeks gestation that
currently has no satisfactory non-invasive imaging technique and demonstrates the

need for the work outlined in this PhD.
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Chapter 2 Micro-CT — What is it, how does it work and

what can it offer?

2.1 Overview

This chapter describes how micro-CT works, its strengths and weaknesses and the
available contrast agents to demonstrate soft tissue abnormalities. The previous uses
of micro-CT are also explained and how this relates to post-mortem imaging. A
suitable contrast agent is also identified for use within this thesis. The overall aims
and objectives are stated in developing an optimised clinically appropriate protocol for

tissue preparation and imaging parameters for whole human fetal micro-CT.
All the work presented in this chapter was undertaken by the author of this thesis.

A selection of the material included in this chapter has been published in British
Journal of Radiology in 2017 [74] and 2018 [75].

2.2 Computed Tomography

Computed tomography (CT) (Figure 2.1) is a clinical procedure where 3D images of
the internal structure of the human body can be visualised and has been used as a
vital tool within the clinical hospital setting for decades [76].

CT images are possible due to the principle of x-ray attenuation. When x-rays pass
through an object, they are either absorbed or attenuated depending on the density
and atomic number of the object. The attenuated x-rays are than detected on a photo-
sensitive detector array to provide information on the density and atomic number of

the object within the x-ray beam.
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Figure 2.1 Clinical CT scanner in Great Ormond Street Hospital for Children

In CT, the x-ray production and detectors are placed on opposite sides of a circular
aperture around which they are rotated. The patient then lies on a bed or gantry which
travels through this aperture whilst being exposed to the x-rays. The x-ray beam is
then rotated through 360° to attain information of the whole slice of tissue being
irradiated form multiple angles. This data is reconstructed using mathematical
techniques into 2-dimensional slices/images as the patient is moved incrementally
through the aperture until the desired anatomical area has been imaged [77].

Finer “slices” will allow increased resolution of the structures but will also have
inherently lower signal-to-noise (SNR) and relative contrast-to-noise ratio (rCNR) due
to fewer photons striking the detector cell. These “slices” can then be either viewed in
2-dimensions in the axial plane they were attained in or combined to produce a 3-

dimensional image which can be viewed in alternative planes.
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Noise in CT scanning is any unwanted change in the signal intensity, in an area where
otherwise a homogeneous signal would be seen and is demonstrated by an increased
grainy appearance. This can detract from the observer’s ability to identify the true
signal and make accurate diagnoses. Reducing the noise in any imaging technique
provides an improved ability to observe true differences between adjacent structures
[78].

The slice thickness can be altered depending on the structures to be imaged, and the
scanner capabilities, but is commonly between 1 and 10 mm [79]. The spatial
resolution of an image depends on a number of factors including, the x-ray focal spot
size, number of projection views per rotation of the x-ray tube, detector cell size and
the reconstruction algorithms [80]. Achieving the maximum theoretical resolution may
not be possible if a given value of power in Watts, (kilovoltage (kVp) x current (UA)) is
required to penetrate a specimen and provide sufficient attenuated x-ray photons to
the detectors to produce a diagnostic image. By increasing the power, the spot size
is increased and becomes the limiting factor for the minimum resolution possible [80,
81]. Although increased spatial resolution is now possible due to breakthroughs in
detector technology, there are still questions over radiation dose efficiency, scanning
speed, and the financial cost for this increase in spatial resolution imaging [80].

It is this lack of spatial resolution for clinical CT, combined with a poor soft tissue
contrast, due to a lack of fat between the fetal organs, that reduces the diagnostic
ability of clinical CT scanners for fetal autopsy. This limits the technique in diagnosing
abnormalities in fetuses <24 weeks gestation [64, 82].

Image contrast in CT scanning is the difference in signal intensity between two areas
within an image. Low contrast is seen when two areas have a similar signal intensity,
making distinguishing one area from another more difficult and can occur when the
signal intensity for both areas is either high or low. High contrast is seen when two
areas within an image have a much greater difference in signal intensity, making it

easier to distinguish the two areas.
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Therefore, whilst CT is extremely useful for many clinical applications in larger fetuses
through to adulthood, an ability to visualise smaller structures for use within the

laboratory setting is not possible and a higher resolution system is required [83-85].

2.3 Microfocus Computed Tomography

Microfocus computed tomography (micro-CT), (Figure 2.2) was first described in 1982
[86] and is a technique that has historically been used in industry and archaeology to
image small specimens with a resolution in the order of microns. The development of
megapixel charge-coupled device detectors and increases in computer memory and
speed allowed this technique to advance swiftly, with increased computing efficiency
and higher resolutions [87, 88].

Figure 2.2 Med-X micro-CT scanner (Nikon Metrology, Tring, UK)
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2.4 How it works

Micro-CT works by emitting electrons from a cathode filament and projecting them
onto a target material. Although in theory any material can create x-rays, a dense
material with a high atomic number is used to increase the number of x-rays produced.
Copper, Silver, Tungsten and Molybdenum are commonly used in many micro-CT
scanners. These x-rays are created in multiple directions, but the beam is collimated
to restrict the x-rays into the desired cone beam shape. The finer the electron beam,

the smaller the spot size of the x-rays allowing a possible higher resolution.

The choice of target material is dependent on the specimen being imaged, the
corresponding x-ray spectra required, the rate at which heat can be removed from the
x-ray target, and the parameters chosen for the x-ray beam [87]. Due to the higher
resolutions attainable by the micro-CT technique the 3-dimensional reconstructions

will also have a reduced isotropic voxel size [89]

2.5 Micro-CT setup

Two micro-CT setups are possible.

Firstly, where the radiation source and x-ray detectors are mounted on a gantry and
rotate around the specimen [89, 90], similar to a CT scanner. This setup has a fixed
source-object distance (SOD) and object-detector distance (ODD), (Figure 2.3) and is
less flexible due to this fixed magnification, and limitations due to the size and shape

of the specimen that can be imaged [90].
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Figure 2.3 Micro-CT system with a fixed SOD and ODD resulting in a fixed
magnification

The second setup has the specimen mounted on a turntable, which is rotated
independently of the radiation source and x-ray detectors to enable variation of the
SOD and the ODD, which in turn allows the geometric magnification level to be varied
[89], (Figure 2.4). This is a more flexible system enabling a greater variation of
specimen sizes to be optimally imaged, as the specimen can be moved along the x-
ray beams axis, to be positioned closer to the x-ray source. This allows increased
magnification as the specimen is projected over a greater number of x-ray detector
cells [90]. This allows a smaller specimen to be moved closer to the x-ray source,
whilst remaining wholly within the cone x-ray beam, thus resulting in a higher

magnification and a corresponding higher resolution image.
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Figure 2.4 Micro-CT system where the SOD and ODD are variable enabling a more
flexible system and a greater range of specimen sizes and magnification options

Similar to CT, repeated X-rays as the specimen is rotated through 360° allows a series
of images to be reconstructed using a modified Feldkamp filtered back-projection
algorithm to enable x-ray attenuation information within the scanned volume to be
calculated [91]. This enables a 3-dimensional model consisting of isotropic voxels to
be created. The numerical value for each of these voxels is a linear x-ray attenuation
coefficient and results in 3-dimensional volume of brightness values [92]. The
advantages of this isotropic micro-CT imaging system are the ability to view a wide
range of specimen sizes flexibly, to achieve microscopical equivalent resolution in any
plane with no loss of detail and to enable perception of complicated structures in

multiple planes.

Similar to x-ray and CT, micro-CT relies on the differential attenuation of these x-rays
by the specimen due to its atomic number and density [92]. It therefore provides
excellent signal contrast between soft tissue structures and bone [83]. This allows
teeth or calcified bone to be investigated without additional contrast due to the high
atomic number of calcium in relation to that of soft tissue structures. This technique
has been used extensively to investigate bone density and volume [93], as well as its
architecture [94] in a non-destructive manner. A wide range of soft tissues structures
attenuate x-rays equally, resulting in little discernible difference evident of the internal

structure, (Figure 2.5).
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This lack of soft tissue detail can be overcome by the introduction of an exogenous

contrast agent.

Figure 2.5 Micro-CT image of a feline heart with no contrast agent, displaying no
internal structures

2.6 Nano-CT

Nano-CT also uses x-ray emission similar to micro-CT, but instead uses a smaller
focal spot size (<400 nm) to achieve superior resolution. This technique also benefits
from higher resolution, but is affected by increased imaging time in comparison to
micro-CT [95].

Due to the higher resolution that is attainable, this can result in an increased data
output [96], however, the field of view is in comparison to micro-CT significantly
reduced with the volume inspected correspondingly reduced. Thought should still be
given though to the long-term storage solutions as the amount of data created by this

x-ray technique is still considerable.
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As this technique still utilises the absorption characteristics of a specimen to identify
differences between structures, it also requires an exogenous contrast agent and

therefore a suitable tissue preparation method.

2.7 Phase-contrast imaging

Phase contrast imaging (PCI) was first described in 1965 [97, 98] and as a technique
is able to overcome the limited soft tissue sensitivity to conventional x-ray imaging

when detecting the differences in x-ray absorption [99-101].

Instead of measuring the intensity changes in the x-ray beam, this technique measures
the resultant phase changes, after passing through a specimen. These angular
deflections are more pronounced at the interface between two differing materials, with
the deflection varying depending on the structures present [102]. Therefore, this
technique does not require any exogenous contrast agent and is thus able to create

detailed images equivalent to micro-CT.

This technique is rapidly developing into possible new areas of clinical practice
including breast, musculoskeletal, lung, vascular and brain [101]. Intra-operative
breast specimen imaging has now been developed to complete a clinical acquisition
within a clinically relevant timeframe of less than 30 minutes. This allowed a sensitivity
increase of over 50%, when compared to conventional x-ray imaging in this particular
area of imaging. [103]. This technique allows an increase in the sensitivity over
conventional x-ray imaging, with the ability to detect and determine in 3-dimensions
the relationship between the tumour and the surgical specimen margin. This is
relevant in providing imaging feedback to the surgeons whilst tumour removal surgery
is taking place [103]. However, histopathological methods in tumour detection still
provide a higher sensitivity, and availability is currently limited, with few commercially

available systems as well as limitations on the current achievable field-of-view.

The main advantage of this technique is that it requires no exogenous contrast agent
to visualise the soft tissue structures, eliminating the need to iodinate/prepare the fetus
prior to imaging. Immobilisation techniques would still be needed to ensure the un-

iodinated fetus would remain still during the image acquisition.
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At present, although advances have been made in enabling thicker samples through
higher x-ray energies, reduced imaging time, and increases in the sensitivity of PCI,
this technique is not currently suitable for human clinical imaging. Further advances
may soon make these systems more widely available, with greater flexibility and

suitable for a greater range of specimens.

2.8 Synchrotron imaging

Synchrotron imaging can provide exceptional high-resolution imaging of extremely
small structures with high contrast-to-noise resolution of sub-cellular levels of detail
(<60 nm) [92, 104]. It also uses phase contrast imaging to provide detail on the
differences between soft tissue structures, but it requires a particular source of
radiation to image the specimens, with few facilities available worldwide [42, 105].
This also increases the cost of this technique [96], indicating that this technique is not

suitable for widespread clinical post-mortem imaging.

2.9 Imaging Parameters

Imaging parameters play an important role in the acquisition of diagnostic quality of
micro-CT images [85], (Figure 2.1). Key parameters are kilovoltage, current, exposure
time, gain and frames-per-projection in the quality of an image and the scan time [85].
In of living organisms the radiation dose must be included in determining the optimal
imaging parameters to ensure that sufficient image quality is attained, yet radiation
dose is kept as low as reasonably practicable to reduce cancer inducing effects.
Radiation dose does not require consideration for post-mortem imaging and the
imaging parameters can be manipulated to maximise signal. However, attention must
be given to the scan time. To become a wide-reaching clinical practice patients must
be able to be imaged with sufficiently signal to create a diagnostic image but be able

to be completed within a reasonable time frame.

2.9.1 Kilovoltage
Kilovoltage is the potential applied to the x-ray tube to accelerate electrons from the

cathode to the anode, these hit the target producing heat and x-ray photons. These
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x-ray photons are dependent on the kilovoltage originally applied to determine their

energy.

If the kilovoltage is too low, less x-ray photons are able to penetrate the specimen and
reach the detector cells. If the kilovoltage is too high, a larger number of x-ray photons
are able to penetrate the specimen possibly causing saturation of the detectors. By
selecting the appropriate kilovoltage an image can be produced determined by the

atomic number, density, and thickness of the specimen.

Overall, the number of emitted photons varies with roughly with the square of the kVp,
hence, although a change in the kilovoltage does not directly change the scan time, a
reduction in the kilovoltage will require longer exposure times to enable a sufficient
number of x-ray photons to reach the detectors, whereas an increase in the kilovoltage

will enable a subsequent reduction in the exposure time.

Kilovoltage also affects image contrast. Higher kilovoltages reduces x-ray attenuation,
which enables more photons to pass through a specimen without any interaction,

resulting in poorer contrast between differing tissues.

2.9.2 Current

Current is important as it heats up the filament allowing electrons to be released,
therefore affecting the number of electrons. This in turn effects how many x-ray
photons are created within the x-ray beam. Increasing the current subsequently
increases the number of x-ray photons produced. Therefore, as with kilovoltage, a
reduction in the current will require longer exposure times to enable a sufficient
number of x-ray photons to reach the detectors, whereas an increase in the current

will enable a subsequent reduction in the exposure time.

2.9.3 Exposure time

Exposure time is the length of time that the x-ray photons are being created, and
therefore affects the amount produced to interact with the specimen and therefore
reach the target. Too little causes an increase in the image noise, whereas too long
and the detectors will be saturated and not produce an image. This factor also affects

the scan time, with an increase in exposure time causing an increase in the scan time.
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2.9.4 Gain
Gain refers to the sensitivity of the detectors and by increasing the gain an increase in
both the ability to detect signal and the noise detected is observed. This parameter

does not directly affect the scan time.

2.9.5 Frames-per-projection

During scanning, the specimen is continually rotated through 360°. During this
rotation, x-ray production is initiated for a set time as denoted by the exposure time.
An optimal number of projections and angles throughout the 360° rotation is
determined by the width of the specimen, yet ensuring sufficient data is available to
allow isotropic voxels are possible when the 3-dimensional data set is reconstructed.

The frames-per-projection (FPP) identifies the number of exposures that are initiated
at each of these angles. Increasing the FPP will increase the signal in relation to the

noise with a subsequent increase in the observed image quality.

Frames-per-projection (FPP) is the number of times an image is created at a specific
angle within the 360° rotation. Increasing the FPP does not affect the x-ray beam but
does affect the scan time by causing a doubling from 1 to 2. This effect on the scan

time is observed as it is increased.

Increasing it also enables an increase in the signal to be observed due to the
cumulative effect of true signal gained from a specimen within the x-ray beam.
However, noise is random and so does not cumulatively increase. Therefore, an
increase causes an increase in the signal but not the noise and an increase in the

image quality is observed.

Correct selection of these parameters is important to ensure sufficient signal is present

with noise reduced to maximise image quality and produce diagnostic quality images.
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Table 2.1 The effects of changing individual imaging parameters on the x-ray beam and
scan time

Increase causes an
increase in the energy
of the x-ray photons

Decrease results an
increase in scan time

Increase causes an
increase in the number Decrease results an
of x-ray photons increase in scan time
produced

Increase causes an
increase in the length
of time the x-rays are

produced for each

imaging position

Increase causes an
increase in scan time

Increase causes an
increase in the
sensitivity of the
detectors

None

Increase affects the
number of times the
specimen is exposed in Increase causes an
each position increase in scan time
throughout 360° of
rotation

2.10 Phantoms

Phantoms are used to ensure that data collected over time can be compared and to
work accurately they must be filled with a comparable and stable material [106].
Previous phantoms have been constructed from vials of water, air, alcohol, wax, and
iodine solutions [70, 84, 106, 107]

By including a phantom material within several imaging datasets, the results can be
compared with reference to the measurement of a phantom material.

51



2.11 Signal to Noise (SNR) and relative Contrast to Noise (rCNR)
SNR and rCNR are important in assessing the image created.
SN

SNR assesses the signal or meaningful information in comparison to the noise, which
is random and detracts from the image itself, and allows for comparison between scan

protocols. The higher the SNR, the more improved the image is.

This is calculated by the following equation [108].

SNR = Mean signal + standard deviation of the signal

The mean signal refers to the area under investigation, with the standard deviation

defined from the equivalent measurement.

rCNR

This can be used to measure image quality and compares the contrast difference
between an area of interest and the background, but also considers the variation of
the signal in the background as this will impact on the ability to delineate a structure

within an image.

It is calculated with the following equation [109].

rCNR = (Mean signal — Background) + Standard deviation of background

The mean signal refers to the area under investigation, with the background identified

as an area of a constant solution as defined by the phantom.

2.12 Micro-CT contrast agents

Micro-CT provides high resolution detail, but also requires adjacent structures to be

distinguished between to provide information on their size, position, and shape.
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Contrast between structures is the inherent property of the sample, but if insufficient
differences exist in the attenuation of x-ray photons then an exogenous contrast agent
is required to accentuate these differences and provide increased contrast. This
section describes the various micro-CT contrast agents that are available and have
shown promise in previous biological tissue studies by enhancing soft tissue structures
[110].

2.12.1 Osmium tetroxide

Osmium tetroxide (OT) has previously been used in imaging biological specimens,
demonstrating high differential densities between tissues [111, 112]. However,
several limitations are noted. Epithelial skin layers impair the chemical diffusion of
osmium [111] which can delay or even arrest diffusion across these layers, resulting

in long preparation times or incomplete contrast enhancement.

Combined with its limited penetration and its inability to penetrate tissue stored in
alcohol, means it is only suitable for small specimens several millimetres in depth [92].

It is also highly toxic [113] with damage to the skin, eyes, and respiratory system
through incorrect exposure, and is expensive to purchase in relation to other contrast
agents. It can also produce tissue deformation resulting in alteration of the original
tissue dimension and their relation to adjacent structures [114]. Therefore, the lack of
depth penetration and potential toxicity make it unsuitable for human fetal post-mortem

imaging.

2.12.2 Phosphotungstic acid

Phosphotungstic Acid (PTA) is a solution containing Tungsten ions [104] and by
binding to collagen and fibrin [115], as well as proteins and connective tissue [92],
enhances multiple structures within biological tissue. This has previously been used
for histology and synchrotron imaging to demonstrate mouse heart anatomy and
vasculature [104, 113] with the added advantage of its stability as a solution over

several months [114].

However, there are limitations on its ability to penetrate biological tissue, including a

very slow penetration over a matter of millimetres [92, 113, 114].
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For example, whole mice embryos were fully penetrated with PTA after 4-12 days with
an initial diffusion rate of 20pum/h dropping to 10pm/h over the following days [104].
Although, this is sufficient for small specimens (4-6mm diameter), it is unlikely to be

suitable for increasing specimen size with longer exposure times.

This lack of penetration has previously been overcome in mice through its use as a
perfusion agent within the vessels of a specimen. Although this allowed greater
delineation of the vessel walls within the heart than potassium tri-iodide) I2KI, it

produced a less homogeneous stain within the tissues themselves [113].

Dullin et al., (2017) [104] also reported tissue distortion following exposure to PTA,
noting that mice hearts increased in volume by 8.9% after 6 days immersion. This
was compared to a volume reduction of 7.1% due to drying during conventional
histological examination. Overall, the lack of depth penetration makes PTA unsuitable

for human fetal imaging.

2.12.3 Potassium tri-iodide

Potassium tri-iodide (I2Kl) is the most widely used and perhaps the most suitable of
the contrast agents currently available. It is also referred to as Lugols solution and
differentially stains biological tissue and historically consists of double the weight of KI
as that of Iz dissolved in a volume of H20 [116].

When the specimen is immersed in a solution of 12K, the iodine diffuses into the tissue
over several days with the exact mechanism with which the iodine binds to the complex

carbohydrate molecules still unknown [114, 117, 118].

As with all high atomic number molecules, iodine binds to different tissue in varying
amounts, allowing differences within the soft tissue structures to be observed [74, 85,
107, 119-122]. Itis much cheaper in relation to OT and PTA and is easy to store but
must be stored away from light to reduce disassociation of the iodine molecules back
out of solution. It is non-toxic and can penetrate to the greatest depth of all the micro-
CT biological tissue contrasts, up to several centimetres [110]. Increased tissue
differentiation has also been demonstrated in Hounsfield Units when measured within

myocardial tissue in comparison to PTA [113].
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Another advantage is that if insufficient specimen penetration has occurred, it can be
returned to the solution with no negative effects [110, 118], and once penetration has
reached the centre of the specimen, further immersion does not result in increased

differentiation between structures [92].

Over-iodination leads to tissue distortion, which has been noted following immersion
in 12KI with longer immersion times [123], and higher concentrations [107, 114, 116]
although distortion may stabilise after several days seven days immersion for mice
organs [117]. The degree of tissue distortion may also differ according to the tissue
imaged, with lung and brain more affected than others [92]. This effect should be
investigated further if 12KI solution is to be used as a contrast agent.

Further difficulties are encountered regarding precise concentrations of iodine
solutions. Lugols solution can be purchased commercially yet may contain differing
amounts of iodine (3 - 25%) [113, 116], and there is no recommended standard within
the literature. This makes comparing techniques and utilisation of previous

investigations to direct future experiments difficult.

Gignac et al., [85] reviewed the 12Kl literature for a wide variety of specimens,
alongside the large range of concentration and immersion times employed. Whilst this
displayed the versatility of this contrast, it also highlighted the discrepancy that exists
in the work and that a more methodical and open approach is required. They stated
that in-depth description of the concentration and immersion times for each specimen

type will allow standards for a wide range of specimens to be identified.

55



Table 2.2 Properties of three contrast agents

Contrast Agent Osm|qm Phospho_tungstlc Potassium Tri-iodide
Tetroxide Acid
Cost Expensive Cheap Cheap
Penetration lel_ted (few L|m!ted (few Several centimetres
millimetres) millimetres)
Toxicity High Mild None
Tissue Distortion Yes Yes Yes

2.12.4 Preferred contrast for micro-CT of human fetuses within this thesis
The main limitation of OT is its inability to penetrate larger specimens, which has been
overcome with PTA through vascular access, however, this approach is challenging

within the post-mortem fetal arena due to the size of the specimens.

Tissue distortion occurs with all three contrast agents and is a disadvantage as it may
alter the volume, structure, or relationship between adjacent tissues within the body.
However, conventional histological preparation also results in tissue distortion, yet

should clearly be minimised where possible.

Therefore, as indicated, Table 1.2, 12Kl is likely to be the most suitable contrast agent
for the preparation of human fetal post-mortem micro-CT scanning due to its
penetration ability, cost, and low toxicity, as evidenced by its wide usage for multiple
biological specimens [85]. However, it is important to achieve a standard notation for
the 12Kl solution concentration which is accessible to a wide range of researchers and

clinical staff.

2.13 Historical development of micro-CT for post-mortem imaging

2.13.1 Mouse embryo micro-CT imaging

Early usage of 12Kl to iodinate biological tissues was first described by two separate
groups. Degenhardt et al., [107] and Metscher [92] who both identified its ability to
differentially attenuate the x-ray photons depending on the tissue being imaged
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following immersion for several days. They used different concentrations of I12Kl, with
25% and 10% respectively, although the chemical make-up of this solution is only
clearly described by Degenhardt et al., as consisting of 10g Kl + 5g Iz dissolved in 100

ml to create a 100% solution, diluted accordingly.

Degenhardt et al., [107] proceeded to test multiple concentrations of 12KI solution on
mouse embryos and found that increased concentrations produced better
differentiation between structures and more uniform staining, but with increased tissue
distortion, which was subsequently confirmed by Metscher [114]. This tissue distortion
was also noted in mouse embryos by Wong et al., [123], who reported that further
optimisation of the technique was required to minimise distortion in future studies.
However, no details of the concentration used in these investigations were given,
merely stating that the Lugol’s staining protocol was adapted from Metscher and

Degenhardt et al.

However, acceptance of tissue distortion occurring is not universally noted, with
Dunmore-Buyze et al., using a 25% Lugol’s solution with a 3% total lodine content to
iodinate in-vivo mouse hearts, reporting no observable tissue distortion [113].
However, no details are provided on the procedure used to prepare the Lugol's

solution used within their investigations.

Adaptation of the technique was subsequently used to identify cardiac anomalies
within whole mouse pups using a quoted 25% I2KI solution, and a 5% total lodine
content [124]. However, this investigation differed by using formalin to dilute the
original 12KI solution instead of water to reduce further tissue degeneration following
death.

Although I2KI staining techniques are now widely accepted with many papers quoting
Metscher and Degenhardt et al., for their tissue preparation. Most uses are for small
specimens, with Gignac et al., [84] observing that there was no clearly defined
methodology for larger specimens [84]. Whilst stating that Degenhardt et al., had
achieved highly detailed results, these levels of detail had not been matched in larger
specimens and that this was limiting the extended use of the technique. Following

experimentation, they describe staining alligator and emu heads in 11.25% 12KI
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solution (3.75% w/v of |2) for several weeks and describe optimal tissue differentiation
with full iodination at 2 weeks and 4 weeks respectively, but with oversaturation and

subsequent lower tissue differentiation after 4 weeks for alligator heads.

They also state that they considered the higher concentrations of 12KI combined with
higher x-ray tube voltage to be responsible for the higher image quality and indicate
that this should be followed for subsequent investigations. Although previous authors
mostly agree that higher concentrations of 2Kl is responsible for increased tissue
distortion, they felt that for larger specimens the increased concentrations and
immersion times enabled appropriate iodination, and that greater tissue distortion
should be acknowledged as an acceptable disadvantage.

However, the oversaturation they noted due to excessive immersion time had not been
previously stated and restricting immersion times should be considered when

iodinating valuable specimens to minimise/eliminate this disadvantage.

Gignac et al., [85] extensively reviewed the literature, detailing I2KI wide usage as a
contrast agent. The large variation in both the concentration of 12KI used, immersion
times and the description of the solution itself was noted. They state that detailed
description of these important steps should be detailed within the literature along with

the imaging parameters used for micro-CT examinations to assist future investigators.

2.13.2 Human fetal imaging

Imaging using I2KI solution was first described for whole fetuses (gestational age 7 —
17 weeks) and ex-vivo human fetal hearts in 2014, with staining using two
concentrations of 12Kl solution (25% and 50%) for between 48 and 72 hours
respectively [125]. This study demonstrated the ability of micro-CT to yield diagnoses
for these fetuses and hearts in humans where conventional autopsy or dissection was
precluded due to size constraints. Although, these diagnoses could not be confirmed
with alternative methods, they provided a detailed digital dataset that could be
analysed, archived, and re-evaluated if required. The relatively low cost of the micro-
CT scanner was also noted, and the possibility of a post-mortem clinical service first

stated.
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This was followed by subsequent papers for human fetal ex-vivo cardiac and renal
tissue by Hutchinson et al., [121, 122, 126], who adapted the technique used by
Degenhardt et al., [107] and demonstrated that this technique demonstrated >90% in
identifying fetal abnormalities [126] but used different annotation for the 12KI solution,

with total iodine content quoted as 63.25mg/ml.

2.14 Conclusion

The ability of micro-CT to non-invasively image a wide range of biological tissue to a
high resolution, in the order of several microns, following iodination with I2KI solution
and the demonstrated proof of principle to identify diagnoses in small numbers of
human fetuses makes this a promising technique to further develop for a clinical tool.

Combined with the current low uptake of parents for conventional post-mortem
autopsy examinations, due primarily to its invasive nature, further identifies it as an
excellent alternative for early pregnancy loss, <20 weeks gestation, of which there is

currently no other non-invasive imaging option.

Therefore, it is determined that micro-CT for human fetal post-mortem imaging is a
novel technique that requires development and optimisation to be refined into a clinical
protocol. To ensure that this is possible, steps must be taken to identify the optimal
tissue preparation protocol, identifying the optimal 12KI concentration and immersion
time, and imaging protocol, identifying the optimal method of fetal positioning and

imaging parameters, for a wide range of fetal sizes and gestation.
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2.15 Thesis aims and objectives

This thesis sets out to achieve the following aims and objectives.

Overall objective of this thesis

To develop an optimal clinical protocol for scanning post-mortem iodinated whole

human fetuses with micro-CT.

More detailed aims were as follows:

Aim 1. To determine optimal tissue preparation (concentration and immersion time in
I2KI solution) for ex-vivo organs and whole human fetuses <24 weeks prior to micro-

CT scanning.

Aim 2: To identify the relationship between key micro-CT imaging parameters and

SNR and rCNR for ex-vivo organs and whole human fetuses.

Aim 3: To determine a clinically appropriate micro-CT scanning protocol with optimal
SNR and rCNR, within a scan time of less than 30 minutes and to eliminate detector

saturation.

Aim 4. To determine the relative contributions of fetal demographics and imaging

parameters to image quality for post-mortem fetal micro-CT imaging.

Aim 5: To qualitatively explore parental opinion of micro-CT following miscarriage,

particularly around acceptability, the main benefits, and concerns.
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Chapter 3 Assessment of Micro-CT Scanning of Ex-

Vivo Animal Organs

3.1 Overview

This chapter describes the investigations that were performed into individual ex-vivo
organs. Animal cardiac and renal tissue was empirically assessed across different
concentrations of 12Kl solutions for tissue preparation and a range of imaging

acquisition parameters to determine the optimal micro-CT imaging protocol.

The work presented in this chapter was undertaken by the author of this thesis, with

organ collection was completed by Dr Jose Novos Matos.

Work from this chapter was published in the American Journal of Veterinary Research,
2020 [127] and Scientific Reports 2020 [128] and presented orally at the Tomography
for Scientific Advancement Symposium 2018 [129] and 2020 [130], at the Medical
Careers Conference 2018 [131], at the Tomography for Scientific Advancement
Symposium 2019 [132], and at the Functional Imaging and Model of the Heart
Conference 2021 [133].

3.2 Experiment 1 — ex-vivo feline cardiac tissue
3.3 Introduction — previous animal 12Kl usage

Micro-CT in conjunction with contrast agent 12KI shows promise in the area of both ex-
vivo organs and whole-body imaging, but investigations to determine the optimal
preparation are required. Although previous cardiac studies had been performed on
differing species including human [121], mouse [124] and rabbit [118], most authors
reference the work of Degenhardt et al., [L07]. In this work they iodinated whole mice
embryos to study the cardiac and whole-body anatomy as well as the ability of 12KI to
penetrate the specimen appropriately. Degenhardt et al., [107] also stated that there
was only one other example of similar staining techniques with 12KI, that of Metscher
et al., [114], but that they both arrived at differing concentrations of solution.

Degenhardt et al., [107] also notes that at greater concentrations of I2KI solution, an
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increased degree of differential enhancement was observed as well as a greater
degree of distortion/shrinkage. These investigations are further supported by Gignac
and Kley [84]. The importance of assessing whether the size of the tissue being
scanned can be adequately iodinated to observe the internal structures and how this

changes with regards immersion time and concentration of the solution are made.

After contrast investigation, empirical assessments on a variety of imaging parameters
were necessary to develop an optimal imaging protocol as there is a wide discrepancy
between various authors, Table 3.2. Imaging parameters have a large effect on the
contrast seen within the final images, thus a variety of imaging factors should be
investigated to inform on an optimal imaging protocol.

3.4 Aims

Aim 3-1. To determine optimal tissue preparation (concentration and immersion time
in 12Kl solution) for ex-vivo feline cardiac specimens as assessed by micro-CT
scanning (signal intensity).

Null hypothesis 3-1: A change in the tissue preparation (concentration and
immersion time in 12Kl solution) will not alter the image quality (signal intensity) as

assessed by micro-CT imaging

Aim 3-2: To determine optimal imaging acquisition parameters (kilovoltage, current,
exposure time and gain) for feline ex-vivo cardiac specimens assessed by micro-CT

scanning (signal intensity).

Null hypothesis 3-2: A change in imaging acquisition parameters will have no effect
on image quality (signal intensity) of extracted organs when imaged with micro-CT.

3.5 Methods

Seven control excised adult feline hearts were sourced from the control arm of a study
into hypertrophic cardiomyopathy [128] (ethical approval URN 2016-1638-3;
Appendix 2), with no animals being euthanized and collected specifically for this

experiment. This provided organs that were roughly equal in size to a fetus from an
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early miscarriage (10-17 g) and allowed experimentation without employing human
fetuses.

3.5.1 Tissue Preparation — feline hearts

All hearts were previously preserved in a 10% formalin solution immediately after
removal, with all hearts being rinsed with water, towel dried and weighed before being
immersed in I2KI solution. Six feline hearts were split between the two solutions:
weight range, 10.8 - 16.8 g at 2.5% I2KI solution, 10 — 15 g at 1.25% I2KI solution;
(Figure 3.3), with explanation of the 12KI solution described in Appendix 4. Individual
hearts were placed in thirty times the original weight of the organ in millilitres of 12KI
solution, at room temperature, to ensure that sufficient iodine molecules were present

throughout the iodination and were not a limiting factor.

Prior to imaging, the hearts were rinsed with water and towel dried to remove any
excess fluid, before being wrapped in Parafilm M (Bemis) to ensure no residual fluid
leaked and no movement or desiccation occurred during scanning. Specimens were
placed on top of a phantom containing four vials containing air, water, wax, and ethanol
(Figure 3.1) and secured in place with parafilm (Appendix 4). These phantoms allowed
equivalent measurements to be taken at each scan to allow retrospective choice of
standard phantom as necessary. Although this phantom (Figure 3.1) was placed
within the x-ray beam and directly scanned, the subsequent data analysis
demonstrated that it was not required. Its presence would have allowed any errant
values to be investigated, however, it was not required in these experiments. Serial

imaging was undertaken at regular time intervals lasting 12 days, (Figure 3.2) [127].

Scans were completed with a Med-X micro-CT scanner (Nikon Metrology, Tring, UK)
with a resolution of 30 microns and constant imaging parameters of 100 kV, 150 uA,
and 15 W, 354 ms, 1 FPP and a gain of 24 dB, equating to an acquisition time of 16
minutes. Importantly, no refreshing of the 12Kl solution was necessary as the original
volume of solution was matched to the individual mass of each heart and was deemed

sufficient at thirty times the original weight.
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Figure 3.2 Micro-CT images of a feline heart pre-iodination (A) and following
immersion in 2.5% I-KI solution for 24 hours (B), 48 hours (C) and 72 hours (D) [121],
with permission
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3.5.2

Imaging Acquisition — feline hearts

Once the tissue preparation experiments were completed, a fresh heart was selected
and placed in 2.5% I2KI solution as this was deemed optimal for the imaging acquisition
experiments (weight 17.6g), investigating the effect kilovoltage, current, exposure time
and gain had on SNR and rCNR. The range of parameters included, kilovoltage (50 —
130 kV), current (20 — 220 pA), and gain (0-30 dB) with values evenly spread
throughout the range as allowed. Exposure time utilised a range of 67 — 500 ms but
included measuring the SNR and rCNR at differing currents as this demonstrated a
large effect on the maximum exposure times allowed before detector saturation was

observed. Therefore, currents of 100pA, 150uA, and 200pA were employed.

Other parameters were kept constant throughout: 1 FPP, Tungsten target and a
resolution of 30 microns. As wide a range of factors as possible were selected to allow
maximal investigation within the capabilities of the micro-CT scanner. This workflow

is illustrated in Figure 3.3.

Tissue Preparation Image Optimisation

2.5% 1,KI

gain protocol

experiments

3 hearts 5
solution
Lbeart Kilovoltage,
Optimal current, Optimised
mmg 2-5% 1K exposure time, mmmma iMaging
solution
1.25%
3 hearts 1,KI

solution

L,KI immersion 0-12 days

Figure 3.3 Flow diagram for the cardiac tissue preparation and image optimisation
investigations

The mean and standard deviation were measured by placing circular ROI within two
areas of the myocardium (inner and outer), (Figure 3.4). These ROIs were circular
with a diameter of 2 mm, with the inner myocardium ROIs placed along the central
portion of the septum equidistant from either ventricle, with the outer ROIs equally

spread around the left ventricle.
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Three measurements of the signal intensity (Sl) values were subsequently recorded in
each area, as well as within the air phantom, to calculate SNR and rCNR measures.
These repeated measures were evaluated with paired t-tests for statistical significance,
following Shapiro-Wilks testing for normal distribution (or “data normality”), that the
results followed a (p<0.05; XL Stat).

Figure 3.4 Feline cardiac image showing ROI placement within the inner and outer
myocardium

3.6 Results

3.6.1 Tissue preparation — feline hearts

Overall, all hearts progressively reached full iodination between 48 and 100 hours,
whereupon a plateau was attained, (Figure 3.5). No statistically significant increase
was observed in the Sl after plateau was attained, although plateau was reached
guicker with the 2.5% I2KI solution, and the outer myocardium quicker relative to the
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inner myocardium. Earliest time to plateau above which only a <5% change in SNR
or rCNR was recorded, Table 3.1. Differences between outer and inner SNR also
reached plateau within the same time intervals, Table 3.1. Therefore, immersion in
2.5% I2KI for 48 hours was taken as the optimal tissue preparation for the imaging

parameter optimisation experiment.

Mean Signal Intensity for Inner and Outer
Myocardium Immersion in 2.5% and 1.25% |,KI

250
200
)
2150
e
(&)
=
I
>
o 100 f _
j —@— Mean S| Outer Myocardium 2.5
/ —&— Mean Sl Inner Myocardium 2.5
4
50 Lﬁ --k--Mean S| Outer Myocardium 1.25
-=A--Mean Sl Inner Myocardium 1.25
0

0 50 100 150 200 250

Immersion Time / hours

Figure 3.5 Signal intensity graphs for the initial uptake and subsequent plateau for
I2KI solutions and ROI positions - 1.25% inner (open triangles) and outer (solid
triangles) and 2.5% inner (open circles) and outer (solid circles)
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Table 3.1 Earliest time to plateau and percentage change after plateau for the two 12Kl
solutions

K t-test results Percentage
Concentration Immersion C?i?nn(g:;f;ter
Time (hours)
Outer 21-48 <4.18
2.5% Inner 48 - 68 <3.39
Difference (outer — inner) 21-48 -
Outer 73 -99 < 3.48
1.25% Inner 50-73 <2.80
Difference (outer — inner) 25-50 -

3.6.2 Imaging parameters — feline hearts

A linear increase was observed for SNR and rCNR as the voltage was increased up to
130kV, (Figure 3.6 and 3.7), with a current of 130 YA, exposure time 250 ms, and gain
24 dB (13minute scan time) which was set to allow investigation of a large range of
kilovoltage values. When statistically investigated, no significant increase was seen
for SNR above 110 kV and CNR above 100 KV, thus a 100 kV was chosen for

subsequent experiments.

A linear increase was observed for SNR and rCNR as the current was also increased
from 20 - 220 pA, (Figure 3.6 and 3.7) with 100 kV as identified from above result, 250
ms, and gain 24 dB (13minute scan time). Thus, 200 pA was chosen for subsequent

experiments as any further increase in current would result in detector saturation.

To investigate how exposure time affects relative signal intensity and rCNR three
current values were used to enable a wider range of exposure times to be investigated,
with a constant 100 kV and 24dB. An increase in SNR and rCNR was observed as

exposure time was increased, using a constant 100 kV, 100 pA and gain 24 dB. Peak
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SNR and rCNR were seen at 100 pA and 150 pA, although total peak SNR and rCNR
was observed at 500 ms (100 pA; 15.63 and 41.62; 17 minutes) and 354 ms (150 pA;
16.16 and 40.54; 12 minutes) respectively, (Figure 3.6 and 3.7). Higher currents (150
pA) allow shorter scan time (12 vs 17 minutes), therefore, 354 ms was chosen as the

exposure time.

SNR or rCNR were not significantly altered by changes to the gain, (Figure 3.6 and
3.7), with constant other imaging parameters, 100 kV, 100 pA, 354 ms and 15 Watts
(13-minute scan time). Therefore, changing the gain did not affect SNR or rCNR. From
these results, an optimised protocol for feline hearts is presented as the final row in
Table 4.2.

These results are noted to be specific to the micro-CT scanner that was used (Nikon
Med-X).
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Table 3.2 Literature review for cardiac micro-CT protocols including this chapter's optimal imaging parameters [127]

Adult boxer

Excised dog 256 1 7.50% 7 No 150 125 -
Excised Adult rat 225-55 4 1.87% - 15% 2 No 130-155 - -
Excised Rabbit 4.1 2 7.5% 3 No 130-155 - -
Excised Rabbit 4.1 2 3.75% 5 No 130-155 - -
In Situ Fetal mouse - 2105 1.25% 2-3 Yes 80 100 500 - 800
Excised Fetal human -53 6 63.25mg/ml 2 Yes 82-125 50-135 [ 500 - 1000
In Situ Mouse 0.15-0.18 - 0.025 N - Yes - - -
In Situ Fetal rat - 29 5% 90 Yes 80 300 300, 1050
This study Excised Cat heart 10-17.6 7 2.5% 2 Yes 100 150 354
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Figure 3.6 SNR changes as kilovoltage, current, exposure time and gain are independently altered
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Figure 3.7 rCNR changes as kilovoltage, current, exposure time and gain are independently altered
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3.7 Discussion

This study showed that immersion in 2.5% 12KI solution for 48 hours, using imaging
parameters of 100 kV, 150 pA, and 354 ms gave peak SNR and rCNR for feline cardiac

specimens.

rCNR should demonstrate that rCNR grows roughly quadratically with kilovoltage
increases and is largely observed until 100 kV, whilst rCNR increases linearly for

current and exposure time increases as expected.

This tissue preparation is slightly quicker and uses a lower concentration of 12Kl than
some published investigations: 2.5% compared to 3.75% and 7.5% and shorter
immersion times in comparison to some published studies; 2 days compared to 5 and
7 days for ex-vivo rabbit and dog hearts, Table 3.2. The literature demonstrates that
a trade-off between longer immersion in lower concentrations is often required, and
therefore a lower signal gradient across the tissue is seen. This approach would

minimise 12Kl immersion, thus minimising morphological distortion [85, 107, 121, 137].

Using 12Kl as a micro-CT soft tissue contrast agent is dependent on diffusion of iodine
molecules into the tissue, which has been shown to bind to the muscle cells glycogen
[114, 118]. Depending on the type of tissue, iodine penetrates into different tissues to
varying degrees. As with all high atomic number molecules, iodine attenuates x-ray
photons depending on its concentration within a tissue, and it is this difference in iodine
penetration that produces differences in the tissue contrast seen [119]. Micro-CT of
soft tissue structures is a new avenue for this technology and although there exists an
array of published data regarding I2KI solution strengths (e.g. from 0.3% [92] to 25%
[138]) and immersion times (e.g. 30 minutes [114] to 7 weeks [138]) for differing sizes
and tissue types, in addition to the cardiac literature review, Table 3.2, providing
confounding information for the researcher to follow. The terminology that is published
on this subject also confounds uptake of the technique and accurate comparison
between researchers with the terminology of "Lugol’s solution”, usually interpreted as
a weight of I2 with double that of Kl dissolved in water, but no exact values of often
given. Some authors state that a 5% Lugol’s solution is taken as “full strength” [116].

Different authors also use the annotation of total solute weight per volume (w/v), or a
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percentage of I2 alone or occasionally no solution details. By attempting to simplify

this description in our methodology, our method may be used or adapted as required.

We found an optimised protocol using a lower voltage, lower exposure time and higher
current compared to most published excised cardiac micro-CT protocols [118, 121,
134]. This could be due to a difference in the specimen size or scanner capability.
This work will add collectively to the studies of previous authors [118, 121, 134] and is
applicable to excised feline cardiac specimens or specimens of a similar size and

nature but may need to be adapted to other organs.

Maximal imaging parameters were not possible for all parameters under investigation,
as this would result in detector saturation so identification of 100 kV, 150 pA and 354
ms, enabled maximal SNR and rCNR for these imaging parameters whilst not resulting
in detector saturation. Comparison with clinical CT scanning was not completed due
to large differences in the technique between micro-CT post-mortem imaging and
clinical CT including, the equipment itself, the importance of dose reduction for living

patients, extended micro-CT scanning times, and differing contrast methods.

Therefore, null hypotheses 3.1 and 3.2 are rejected as changes within the
concentration of 12KI and kilovoltage, current and exposure time will alter the signal
seen within the cardiac specimens. The null hypothesis has been accepted regarding

gain (that alterations to gain does not alter the signal intensity of the micro-CT images).

3.8 Limitations

There are several limitations associated with this study. Firstly, measurements were
not completed earlier than 12 hours for 2.5% I2KI solution, after which a high signal
intensity was already recorded. Earlier measurement would develop a greater

understanding of the signal intensity increases for different concentrations.

Secondly, no measurements were completed for tissue distortion in these
investigations, yet this is a known effect of immersion in 12Kl solution. This is an
important consideration as this may affect the anatomical structure and reduce the
reliability of the results. The effect concentration has on tissue distortion may influence
the choice of 12Kl solution and future investigations should consider this effect.
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Thirdly, no higher concentration of 12KI solution were tested for cardiac tissue.
Increased concentration may increase the signal intensity of the tissues further but

may also increase tissue distortion.

3.9 Conclusion

Immersion in 2.5% I2KI solution for 48 hours and using imaging parameters of 100 kV,
150 pA, and 354 ms gave maximal SNR and rCNR for feline cardiac tissue and
provides an optimised micro-CT imaging protocol for tissue preparation and imaging

parameters for feline cardiac specimens using 12KI contrast media.

These experiments can be used as a basis for developing future protocols on a wider
range of ex-vivo specimens with modifications as to the size and tissue type as this

knowledge is developed.

3.10 Considerations for Future Experiments

Several important points originated from this work to improve data collection and

analysis for future investigations.

Firstly, collecting data earlier than 12 hours will enable a greater understanding of the
earlier iodination and rate of diffusion when it is expected to be at its greatest, thereby
allowing a more comprehensive analysis of the iodination process. This could be
completed for future experiments if iodination is also swift. The small size and swift
uptake of the iodine may have been particular to cardiac tissue and may not apply to

larger or more complex structures as seen in whole human fetuses.

Secondly, tissue distortion is an important consideration as this may affect the
morphological structure of the specimen itself, especially where multiple tissue types
are present in whole fetuses, as differential distortion may change the relationship of

organs [117]. Therefore, tissue distortion should be measured in future experiments.

Thirdly, gain should be discounted from future investigations as it did not change
throughout the experiments. Inclusion of FPP should be investigated as it is the
number of images that is taken at each angle as the specimen is rotated. This factor
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has a large effect on scan time and signal and can result in increased SNR and rCNR

but at a cost of increased scan time.

Fourthly, although maximal image quality should be aimed for, manipulation of the
imaging parameters may reduce scanning time and image quality but still provide
images of diagnostic quality. Therefore, investigations to determine the imaging
parameters that affect image quality should be completed to provide insights into
targeted manipulation of imaging parameters. This could provide a time efficient
scanning protocol for clinical practice.

Fifthly, higher concentrations of [2KI solution should be investigated with regards
iodination and tissue distortion. This may result in higher signal intensities with

possible faster iodination times yet could also increase tissue distortion.

Sixthly, the number of frames per projections (FPP) should be investigated with
regards to SNR and rCNR. This imaging parameter is recognised as causing an
increase in both the SNR and rCNR. Any increase in the FPP will also result in an
increase in the scan time. Therefore, it is an important factor in developing a clinically

relevant scanning protocol.
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3.11 Experiment 2 — ex-vivo canine renal tissue

3.12 Introduction

The aim of these investigations was to utilise the data from ex-vivo feline cardiac micro-
CT optimisation and determine an optimal protocol for ex-vivo canine renal tissue, with
comparison to the previous investigations particularly regarding enhancement [123]

and tissue distortion [117].

3.13 Aims

Aim 3-3: To determine optimal tissue preparation (concentration and immersion time
in I2KI solution) for canine ex-vivo renal specimens as assessed by micro-CT scanning

(signal intensity, tissue distortion).

Null hypothesis 3-3: A change in the tissue preparation (concentration and immersion
time in 12KI solution) will have no effect on image quality (signal intensity, tissue

distortion) of ex-vivo renal tissue when imaged with micro-CT.

3.14 Method

Ten control canine kidneys were collected (URN 2018 1818-2) from the Royal
Veterinary College, University of London due to their availability following natural death
with a single kidney from each animal not being required for further analysis at autopsy.
These were chosen to also be equivalent size to an early miscarried fetus, but with

different internal structures than the feline heart, to form a comparison.

Based on the earlier results in this chapter concentrations of 2.5% and 5.0% were
selected to observe whether an increase in the I2KI concentration would produce an
increase in the optimal iodination protocol. The organs were split according to weight
into 2 groups to ensure that equivalent weighted specimens were divided equally
between the two concentrations of 12Kl solution (weight range, 16.8 - 89.1 g at 2.5%
[2K1 solution, 12.5 — 89.1 g at 5% I2KI solution).
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3.14.1 Tissue preparation — canine kidneys

All kidneys were preserved in a 10% formaldehyde solution immediately after removal,
and prior to being immersed in their respective 12Kl solutions were rinsed with water,
towel dried and weighed. The I2KI solution was prepared as described in Appendix 4
but using stronger concentrations (2.5% and 5%). Ten canine Kidneys were split
between these two solutions (weight range, 16.8 - 89.1 g at 2.5% I2KI solution, 12.5 —
89.1 g at 5% I2KI solution).

Five times the original weight of the organ in millilitres was used, reduced from thirty
times the weight used for the cardiac experiments, as these were larger specimens

requiring larger volumes of solution.

Prior to imaging, the kidneys were prepared and positioned as described for the cardiac
specimens atop the phantom. Circular ROIs (5 mm diameter) were placed equidistant
from each other within the renal medulla. These circular ROl were also placed within
the renal cortex at the superior, inferior, and posterior part of the kidney, 2 mm away
from the edge of the kidney to eliminate any artefact from free iodinated fluid that may
collect beneath the parafilm wrapping (Figure 3.8). Measurement of the ROIs was
completed after 120 hours to ensure accuracy in repeated measures, with alignment
of the datasets completed using anatomical variation and individual vessels/defects to

accurately position the ROIs and ensure continuity.

Equivalent circular ROIs were also placed within the air phantom as per the cardiac
specimens to calculate SNR and rCNR measurements. Serial imaging was
undertaken at intervals at approximately 12, 24, 48, 72, and 100 hours, with further
imaging at 24 days (Figure 3.10). All imaging parameters were kept constant for the
experiments and were selected to ensure assessment of the 12KI penetration could be
completed, whilst reducing the time spent out of solution. Scans were completed with
a Med-X micro-CT scanner (Nikon Metrology, Tring, UK) at a resolution of 50 microns
and imaging parameters of 100 kV, 150 pA, 15 W, 354 ms, 1 FPP and a gain of 24 dB,
equating to an acquisition time of 16 minutes. Importantly, it was not necessary to
refresh the 12Kl solution as the original volume of solution was matched to the individual

mass of each kidney and did not limit iodination.
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Figure 3.8 Three ROI were placed in the renal cortex and medulla respectively

3.14.2 lodination and tissue distortion analysis

Subjective measurements were taken along a sagittal midline plane for each kidney
ensuring that an equivalent slice was chosen for each specimen at each timepoint.
This ensured that the time to full iodination was measured as the centre of the organ
would require the furthest diffusion distance. The un-iodinated distance was
determined by the darker area within this slice, where no anatomy could be identified
due to a lack of contrast media. Measurements were completed by a single person
with reference made to all timepoints to ensure measurements was completed in an

equivalent position (Figure 3.9).

Although measurement of the portion of renal tissue iodinated was completed by a

single investigator, equivalence of measurement was completed through the
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identification of anatomical variation and vessels within the kidneys to accurately

identify the correct measurement plane.

Identification of the iodinated and un-iodinated portion of renal tissue was completed
using visual assessment of this border to determine the ratio of iodination. Assessment
of the iodinated portion of the kidney could have been completed using absolute
Hounsfield units measured along a plane, enabling an increase in the Hounsfield units
to indicate iodination having occurred. However, this was deemed unnecessarily
complicated as it was simple to visualise the border between the iodinated and un-
iodinated tissue and as the main outcome of the investigation was to identify the time
taken to full iodination. This was easily identified once internal detail was observed

within the central portion of the kidney.
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Figure 3.9 Measurements of total kidney diameter (solid line) and un-iodinated
distance (dotted line)

Calculations to identify the percentage un-iodinated kidney diameter were completed

at each timepoint using the following equation,

Un — iodinated diameter in sagittal plane
) x 100

lodination (9 =(
odination (%) Total diameter in sagittal plane

Calculations to identify the tissue distortion at each timepoint were calculated using the

following equation,

Tissue distortion (mm)

= Initial sagittal diameter — sagittal diameter at timepoint
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Figure 3.10 Serial imaged kidneys (weight 89.1g and 98.5¢g) following immersion in
different I,KI concentrations showing an increase in internal detail as immersion time
increases
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3.15 Results

3.15.1 Tissue iodination — canine kidneys
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Figure 3.11 Mean percentage iodination of canine kidneys measured in the sagittal
plane showing faster iodination for 5% I.KI solution than 2.5%

Overall, all kidneys progressively reached full iodination between 0 and 100 hours with
a faster rate seen for 5% [2KI solution, after which a plateau was noted. Mean maximal
iodination was seen at 73 hours at 5% I2KI and 100 hours at 2.5% I2KI, (Figure 3.11).
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3.15.2 Tissue distortion — canine kidneys
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Figure 3.12 Demonstration of increased tissue distortion for both I2KI solution, with
increased distortion overall for 5% I2KI

Overall, all kidneys distorted due to immersion in their respective I2KI solutions, with a
greater distortion seen in the 5% solution, but with the rate of distortion decreasing for
both solutions after 100 hours, (Figure 3.12). Over three times the amount of tissue
distortion is seen with the 5% I2KI solution at all time points when compared to the

2.5% solution.
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3.15.3SNR
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Figure 3.13 SNR changes in the medulla and cortex of canine kidneys following
immersion in 2.5% and 5% |.KI solution

Overall, there was a greater SNR seen in the medulla and the cortex for the 5% [2KI
solution than for the 2.5% throughout the time range to 577 hours, (Figure 3.13). The
rate of SNR increase within the cortex was greatest up to 120 hours, after which a
plateau was observed. Within the medulla the SNR remained relatively stable for both

concentrations of 12KI solution.
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3.15.4rCNR
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Figure 3.14 rCNR changes in the medulla and cortex of canine kidneys showing
eguivalent increases after immersion in 2.5% and 5% in I.KI solution

Overall, rtCNR increases for both the cortex and medulla between 0 and 100 hours and
remains relatively stable after this timepoint, with a slight decrease for 2.5%. Within
the medulla the rCNR is comparable between the two concentrations of [2KI, with a
large standard deviation noted. The rCNR for the cortex initially increases to a greater
extent for the 2.5% I2KI solution when compared to the 5%, although after 577 hours

the rCNR is comparable between the two solutions, (Figure 3.14).

3.16 Discussion — canine kidneys

These investigations show that 5% I2KI solution gave faster iodination for ex-vivo
canine kidneys (72 hours compared to 100 hours for 2.5%), it also resulted in

significantly increased tissue distortion.

86



This quicker iodination would allow scanning of renal specimens a day earlier and

would be a clinically significant improvement.

The time to iodinate the renal specimens are also one to two days longer than the time
to fully iodinate the cardiac specimens. The capsule that exists around a kidney may
be inhibiting the diffusion of the iodine from the solution into the tissue and shows the
importance of this work to quantify a range of differing tissues for publication, which

can then act as a guide to future researchers.

It was also noted that 12KI solution five times the specimen weight, in comparison to 30
times for the cardiac investigations, was still sufficient to achieve full iodination. This
amount of 12Kl solution will be sufficient to ensure iodine molecules are not a limiting

factor when iodinating other ex-vivo tissue and whole fetuses.

Tissue distortion was three times greater with 5% than 2.5% I2KI solution and is an
important consideration when determining the optimal 12Kl concentration. Within
complex structures containing multiple tissue types, differential distortion could cause

misalignment between structures after iodination [84, 107, 117].

Although distortion is observed with both solutions, the time taken to full iodination with
5% is only 27 hours longer, whereas the distortion is greatly increased. Overall, 2.5%
I2KI solution displays a good compromise between efficient iodination and reduction of

tissue distortion.

When interpreting the SNR and rCNR results the optimal solution choice is less clear.
Although there is an increase in the SNR throughout the experiments for the higher
5% I2KI solution, rCNR, although increasing initially at a greater rate for the renal cortex
in 2.5% I2KI reaches equivalent values with 5% I2KI solution after 577 hours. This
indicates that, as expected, the introduction of an increased concentration of 12Kl
results in enhanced SNR although this greater signal does not translate to greater
differentiation in the rCNR of the images. This may be due to external factors as the
5% I2KI specimens were scanned several weeks later and although kept under the

same conditions. The specimens may have degraded due to room temperature or
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inadequacy of the formaldehyde fixative they were stored in, although this is unlikely

as formalin solution should have negated any further breakdown of the tissue.

The reduction in the 2.5% cortex rCNR at 577 hours to reach equivalent values with
5% could be explained by the reduced number of iodine molecules within the 2.5%
solution. After an initial rCNR rise within the cortex this is reduced at 577hours as the
number of iodine molecules is spread throughout the whole kidney, causing a reduction

within the rCNR cortex values.

Therefore, the null hypothesis 3-3, can be rejected.

3.17 Limitations

The main limitation to these experiments was the maceration noted within several of

the kidneys.

Maceration is a subjective process which describes tissue changes due to extended
periods of time spent immersed in fluid, and to the breakdown of tissue within a cell

following its death, causing the release of enzymes to breakdown the tissue itself [139].

This may have caused degradation of the specimens and therefore have affected the
SNR and rCNR or iodination efficiency through an alteration of the tissue structure
affecting the tissue distortion or iodination processes. Although the formalin within the
solution should arrest this process, this may have occurred in-vivo or prior to initial
extraction. Maceration would then have caused the breakdown in the barriers between

structures and cells and allowed quicker iodination.

3.18 Conclusion

Immersion in 2.5% I2KI for 100 hours is the optimal protocol for ex-vivo canine renal
specimens. This allows for the minimal degree of tissue distortion and an efficient
tissue preparation protocol prior to imaging by micro-CT. This compares with feline
cardiac samples which had an optimal immersion time of 48 hours in 2.5% 12KI.
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3.19 Considerations for Future Experiments

The tissue distortion investigations provided an insight into the large difference that is
seen by a doubling of the concentration of the 12KI solution and tissue distortion may
be a significant factor in optimising whole body fetal imaging.

A greater range of I2KI concentrations should be trialled to detail comparable tissue
specimens in a more complex structural system as seen with a cartilaginous skeleton

in fetal specimens.

Additional phantom vials containing iodinated solution should also be included in future
studies to enable equivalent Sl values to the tissue under investigation to be assessed
when calculating SNR and rCNR. This may also indicate any aberrant values seen

with the micro-CT scanning and inform as to any errors.

3.20 Summary

In summary, this chapter developed a methodology which assessed the iodination
process, imaging acquisition technique and corresponding tissue distortion. This
provides a robust methodology and approximate starting parameters which can be
used as a basis for future investigations regarding whole human fetuses undergoing

micro-CT scanning.

3.21 Key Points

e Immersion in 2.5% 2Kl solution for 48 hours can optimally iodinate a range of
feline cardiac specimens.

e Immersion in 2.5% I2KI for 100 hours can optimally iodinate a range of canine
ex-vivo renal specimens and minimise tissue distortion.

e Imaging parameters of 100 kV, 150 pA, and 354 ms give maximal SNR and
rCNR for feline cardiac tissue and provides an optimised micro-CT imaging
protocol.

o Differing tissue distortion results were observed for differing concentrations of

I2KI solution and this will be important to assess for whole human fetuses.
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e Further work to assess the tissue distortion effect of differing 2Kl
concentrations should be carried out for ex-vivo organs and whole fetuses.

e Qualitative assessments of the image quality may provide insight into the
diagnostic ability of a range of imaging parameters in comparison to SNR,

rCNR and scanning time.
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Chapter 4 Development of Tissue Preparation of

Human Fetuses for Micro-CT Scanning

4.1 Overview

This chapter describes the investigations for tissue preparation of whole human
fetuses prior to micro-CT scanning. Tissue distortion and iodination time are assessed
across different concentrations of 12Kl solutions, followed by a larger analysis using the

optimal concentration in clinical practice.

The work presented in this chapter was undertaken by the author of this thesis. Human

fetuses were recruited by our Belgian collaborators, Dr Xin Kang.

Work from this chapter was presented orally at European Congress of Radiology (2019
and 2020) [140, 141] and has been accepted for the International Paediatric Radiology
Congress (2021) [142].

4.2 Introduction — human fetal iodination

lodinated micro-CT serves as a suitable tissue contrast to image the internal structures
of ex-vivo organs to a high resolution [107, 121, 125].

In earlier chapters, immersion in 2.5% I2KI concentration for 48 hours produced full
iodination for extracted feline hearts, yet immersion for 100 hours was required for full
iodination with minimal tissue distortion for canine kidneys, demonstrating the variation

in iodination times for different tissues.

Two small studies have demonstrated micro-CT scanning of human fetuses following
full iodination using an equivalent I2KI solution to Degenhardt et al., [107]. Although
they investigated a relatively small number of fetuses (n=7 and n=20, gestational age
7 — 17 weeks and 11 — 21 weeks), with no information on fetal weight, they
demonstrated high diagnostic accuracy (92%) in fetuses <22 weeks gestation and

equivalent information as would be provided with conventional autopsy [125, 126].
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Therefore, the precise iodination protocol for whole human fetuses is yet to be
established regarding tissue immersion time, iodine concentration, and upper and

lower size limits for whole human fetal specimens [125].

To address this, two experiments were carried out. First, fifteen fetuses of different
sizes were placed in different concentrations of iodine, to determine optimal timing,
concentration, and potential side effects. Secondly, a larger study of using these
optimal parameters in clinical practice was completed to generate a “real-world”

formula for iodine preparation to be used in clinical practice.

4.3 Experiment 1 —optimal I2KI concentration

4.4 Aims

Aim 4-1. To determine optimal tissue preparation (concentration and immersion time
in 12K solution) and image quality (tissue distortion) as assessed by micro-CT of whole

human fetuses.

Null hypothesis 4-1: A change in the tissue preparation (concentration and immersion
time in 12Kl solution) will have no effect on image quality (tissue distortion) of whole

human fetuses when imaged with micro-CT.

45 Method

Fifteen miscarried fetuses were collected as a single cohort from our Belgian
collaborator (XC) to complete a study determining the accuracy of micro-CT post-
mortem scanning and conventional autopsy. Ethical approval was obtained (REC
Reference Number 17/WS/0089 and CE2015/81). All samples were handled
according to the Human Tissue Act (2004), with written parental consent for post-
mortem micro-CT imaging and the use of tissue in research following fully informed

consent procedures.

4.5.1 Study population
Fetuses were excluded if their heads were deemed too malleable to accurately
immobilise without manually altering the diameter. Fetuses were also excluded if they
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were fully iodinated before the first post-iodination scanning time point due to their
excessively small size (<5mm diameter), or displayed external severe maceration,
(Figure 4.1).

Fetuses screened
15

Excluded due to
small size, too malleableand
macerated =4

Fetuses included in
study =11

Figure 4.1 Flow diagram for the exclusion criteria

The fetuses were placed in order of gestational age (9 — 20 weeks) and divided evenly
into 4 groups to ensure an even spread of size and weight for each group, before being
assigned a concentration of I2KI solution, Table 4.1. No other considerations were

considered as no previous scanning or clinical information was attained.
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Table 4.1 Demographics of the I.KI groups

Head Gestational Megn
P14 . gestational
concentration diameters/ | Mean / mm age / age /
mm weeks 9

weeks

Group A 1.25% 12,22, 25 19.6 14, 15, 20 16.3
Group B 2.50% 24, 25, 30 26.3 13, 14, 15 14
Group C 3.75% 11, 25 18 14, 17 15.5
Group D 5.00% 16, 17, 22 15 14, 15, 18 12.3

45.2 Fetal iodination and scanning parameters
Immediately, after collection the fetuses were stored in 10% formalin, to arrest further
autolysis of the tissues. Excess formalin was removed via rinsing with water prior to
iodination. Each fetus was placed in 1 litre of their respective 12KI solutions, ensuring
that the 12KI volume was not a limiting factor in the iodination process. All fetuses were
scanned every 12 to 72 hours using positioning described in Appendix 4, with limited
timepoints up to 41 days depending on availability of the scanner and staffing. Imaging
factors were kept constant for the experiment; 100 kV, 150 pA, 354 ms, 15 W and 1
FPP with a scan time of approximately 15 minutes for each fetus per data timepoint.
The magnification factor was optimised for each individual fetus and maintained
throughout all subsequent imaging time points. The fetuses were returned to the [2KI
solution immediately after each scan. The data was analysed using VGStudio Max 3.4
(Heidelberg, Germany) with measurements of head diameter and iodine penetration
collected and entered in an Excel spreadsheet (Microsoft Corp, Redmond WA, USA).

4.5.3 Fetal Head and abdomen analysis

The head and abdomen are typically the largest diameter body parts and would
therefore take the longest to iodinate for each fetus, based on diffusion distance, and
would also demonstrate the largest tissue distortion in comparison to other areas such
as the chest. An axial slice through the head and abdomen was identified on serial
images to determine total diameter and un-iodinated diameter at this point at each
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timepoint. The un-iodinated diameter was determined by the darker area within this
slice, where no anatomy could be identified due to a lack of contrast media, (Figure
4.2). Ratio of tissue iodination was calculated to enable comparisons between different
fetal sizes and gestations with regard iodination time.

13.1 mm

27.4mm

Figure 4.2 Examples of measurements for the head (A) and abdomen (B) to determine
the un-iodinated diameter (dashed line) and full anatomical diameter (solid line)

4.6 Results

4.6.1 Tissue distortion
Head diameter tissue distortion was calculated as a percentage of the original

diameter, (Figure 4.3).

All 12KI concentrations resulted in a reduction of the head diameter, with a greater
reduction seen for the 3.75% and 5% than for 1.25% and 2.5% I2KI solutions, (Figure
4.3). Up to 72 hours, a greater reduction in head diameter was observed for all 2Kl
concentrations with a greatly reduced rate after this time, observed by a plateauing of

tissue distortion.

These findings were replicated for the abdomen, with individual fetuses demonstrating

equivalent tissue distortion for both head and abdominal diameter as demonstrated for
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2.5% I2KI solution, (Figure 4.4). There are large standard deviations associated with
tissue distortion for each 12KI concentration, so although no statistical significance can
be derived, trends are seen. It is envisaged that equivalent results of tissue distortion
for the anatomical areas of head and abdomen would be replicated for other
concentrations of 12Kl used within this chapter. However, this was only tested with the

fetuses immersed in 2.5% |2KI solution.

Head diameter tissue dlstortlon | %

100
X
~ 90
)
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©
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o
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g 40 --k--1.25% 12KI solution / %
2 —— 2.5% I2KI solution / %
§ 30 —— 5% I2KI solution / %
o --¢--3.75% I2KI solution / %
a 20
g
% 10

0
0 20 40 60

Immersion time / hours

Figure 4.3 Mean percentage head diameter reduces for all 4 concentrations of 12KI, but
is greater for 3.75% and 5% than for 1.25% and 2.5%
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Head and abdomen tissue distortion / %
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Figure 4.4 Equivalent percentages of tissue distortion for head (solid line) and abdomen
(dashed line) are observed following immersion in 2.5% I-KI solution

4.6.2 Tissue iodination

Figure 4.5 shows serial images as immersion time increases up to 72 hours for 1.25%,
2.5% and 5%, with 3.75% imaged at less time points. Gradual iodination can be seen
as the cranial structures progressively become visible starting from the edge of the

head and progressing towards the centre until full iodination is reached.
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Pre- 12 hours 24 hours 36 hours 48 hours 72 hours

]
L

iodination

Figure 4.5 Micro-CT images of four fetuses placed in differing concentrations of 1Kl
showing cranial structures becoming more visible with increasing immersion time

As immersion time increases, the ratio of mean un-iodinated head diameter is reduced,
(Figure 4.6), with 3.75% showing full iodination by 36 hours, 5% by 48 hours and 1.25%
and 2.5% after 72 hours, Figure 4.5. Occasionally on later scanning timepoints, due
to the greater contrast enhancement towards the periphery of the head, darker areas
are noted within the central portion of the anatomy. However, this does not necessarily
demonstrate non-iodinated areas and once image contrast levels are adjusted,
anatomical details are visible both at the centre and periphery of the head, indicating
full iodination has occurred. These check were completed at each timepoint to assess

whether this had occurred.

Although no statistical significance can be derived, a trend of increased rate of

iodination is observed at the start of immersion in 12KI, which reduces over time.
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Figure 4.6 Un-iodinated head diameter reduces at differing rates depending on the I:KI
concentration quickest iodination 3.75%, followed by 5% and equivalent times for 1.25%
and 2.5%

4.7 Discussion

These preliminary results from 11 fetuses show iodination time is reduced with
increasing I2KI concentration (3.75% and 5%), with full iodination occurring for all
solutions after 72 hours. Tissue distortion occurred for all 12Kl solutions, with reduced
tissue distortion for the 1.25% and 2.5% concentrations when compared to 3.75% and

5% concentrations.

4.7.1 Tissueiodination
3.75% was the iodine concentration which gave quickest iodination for all four groups
displaying full iodination by 72 hours. 1.25% and 2.5% had the slowest rate, followed

by 5%, but there are large overlapping confidence intervals for all four groups.
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Although 3.75% I2KI resulted in the fastest iodination time, all fetuses within this group
demonstrated severe internal maceration, (Figure 4.6) thereby not allowing
assessment of non-macerated cases within the 3.75% group. Although the effect that
increasing maceration would have on the iodination process was not tested here, it
could be predicted that increasing maceration would increase the speed of iodination
due to the breakdown of cellular borders and loss of intercellular space, resulting in
fewer barriers to diffusion, as observed within the renal experiments, Chapter 3. The
internal structure of the brain of these fetuses being clearly non-diagnostic, (Figure
4.7). This may be the cause of the reduced iodination time for the 3.75% I2KI group.
Two further cases were also noted with one each in the 2.5% and 5% groups and
removed from the assessments. However, there were sufficient cases remaining

within all other groups, apart from 3.75%, to continue the subsequent analysis.

Ideally, this would have been repeated in a larger group, but there was limited patient
consent for this iodination experimentation from the cohort recruited in Belgium to
investigate these techniques, therefore further recruitment was not possible. On this
basis, the 3.75% I2KI group were excluded from the final analysis.

Pre- 36 hours 48 hours 157 hours
iodination
3.75%
D3
3.75%
D2

Figure 4.7 Maceration results in a loss of detail throughout the iodination process, with
D2 and D3 demonstrating different fetuses placed within the 3.75% I.KI group
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Overall, the observed trends of increased concentration and reduced iodination times
agrees with the literature [107, 114, 117, 123]. Our results for the rates of iodination
show 1.25% and 2.5% to be slower to achieve full iodination, but that this was still

achieved within 72 hours.

4.7.2 Tissue distortion

All 12KI concentrations resulted in a reduction of the head diameter, with a greater
reduction seen for the 3.75% and 5% than for 1.25% and 2.5% 12Kl solutions. The rate
of tissue distortion was highest for all 12KI concentrations for the first 72 hours, after
which the rate of reduction in head diameter reduced for those fetuses measured after
this time (1.25%, 2.5% and 5%), (Figure 4.3).

It is proposed that dehydration of the tissue will occur following immersion in 12KI
solution, and these results initially seem to support this proposition. A reduction in this
effect is observed by a reduction in the 12KI concentration [107, 114, 116, 117, 123].
The plateau effect of tissue distortion over time has also been noted following several
days immersion in mouse organs [117] and in the experiments in Chapter 3 regarding
canine kidneys. To optimise the preservation of fetal anatomy for diagnostic purposes,
tissue preparation phase for whole human fetuses tissue distortion should be
minimised. This data therefore indicates a concentration of 1.25% or 2.5% 12Kl
solution would be ideal to limit tissue distortion. Whilst this may extend the immersion
time required to achieve full iodination, the plateauing of the tissue distortion indicates

that extended immersion does not result in further tissue distortion.

Therefore, 2.5% I2KI solution with its equivalent tissue distortion to 1.25% I2KI solution,
combined with the negligible increase in iodination time when compared to 5% I[2KI

solution, should be used to iodinate whole human fetuses.

Therefore, the null hypothesis 4-1 can be rejected. A greater number of time points

and specimens would have allowed a more detailed analysis.

4.8 Limitations

There are several limitations to this study.
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Firstly, many fetuses were excluded due to small size and high degree of maceration,
resulting in only 2 — 3 specimens in each category. Unfortunately, all fetuses in the
3.75% group were macerated and therefore excluded from further analysis. Although
it would have been advantageous to repeat this concentration, this was not possible
due to a limited time for recruitment into the tissue iodination assessment. Access to
further fetuses was therefore not possible and the 3.75% I2KI group were excluded

from the analysis.

Secondly, manipulation of the diameter and shape of the head was possible during
immobilisation which could have affected tissue distortion. Firm parafilm wrapping was
required to ensure no movement during scanning but could cause deformation of the
fetus affecting the accuracy of the experiment, (Figure 4.8). It was also noted that the
fetuses became less malleable as the iodination process progressed, which is
important to note for technical development, as this will minimise deformation of the

fetuses following full iodination.

Thirdly, greater detail in the demographics for each fetus and group should have been
recorded including, fetal size, body weight, fetal weight, mode of pregnancy loss, and
individual fetal measurements prior to immersion within the I12KI solution. This would
have allowed greater interrogation of the results to determine their effect on tissue

distortion and iodination times and it should be taken into account in future research.

Body weight would also have been a more suitable demographic to distribute the
fetuses more evenly between the four groups. This is due to gestational age continuing
to increase despite a pregnancy loss having occurred until delivery of the fetus,
whereas body weight does not alter once the pregnancy loss has occurred and more
accurately reflects the fetuses stage of development.
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Pre- 48 hours 72 hours
iodination

Figure 4.8 Compression of the fetal head causing errors within subsequent
measurements, with C1 being the lowest gestational age within this group

4.9 Conclusion

In conclusion to minimise tissue distortion and to achieve full iodination in fetal heads
of 29mm diameter or less, 2.5% I2KI solution should be used, and should be fully
iodinated within 72 hours. This should be validated in a larger cohort.

4.10 Experiment 2 — larger cohort

Although the technique has been shown to be applicable to whole human fetuses [74,
125], an optimised tissue preparation protocol has not yet been fully developed and
these preliminary investigations show a greater depth of empirical data within this area

is required.

Firstly, although trends can be described from this preliminary data, further
investigations require a larger number of fetuses to produce more statistically

significant results.

Therefore, a larger range of fetal sizes should be immersed within a solution of 2.5%
I2K1 solution to identify the relationship between iodination time and fetal body weight
and gestational age. These demographics are chosen as they are independent of
individual anatomical areas. This would allow predictions to be made as to the time

required for full iodination for a wider range of fetuses as part of a clinical protocol.
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411 Aims

Aim 4-2: To determine whether there is a relationship between immersion time in 2.5%

I2K1 solution and gestational age and body weight

Null hypothesis 4-2: Demographics including gestational age and body weight will

not correlate with the immersion time for full iodination of human fetuses.

4.12 Method

4.12.1 Patient selection

Consecutive, unselected fetuses below 300g body weight with parental consent for
post-mortem micro-CT imaging were prospectively included over a 1l-year period
between October 2019 — October 2020. It had been identified that above 300 g
required more than 2 weeks immersion in 12KI solution and that this was deemed too
long for some parents. Consent was obtained prior to clinical and research micro-CT
scanning using the consent forms developed by GOSH (Appendix 3).

Exclusion criteria included any fetuses where staff absence delayed the examination
time. Absence of scanning staff would cause prolonged immersion times where the
imaging may have been able to be completed at an earlier date. Also excluded was
where the fetus was immersed in insufficient or incorrect concentrations of 12KI solution
or where an anatomical abnormality affected iodine perfusion, such as a body wall

defect.

Note was made of the fetal post-mortem body weight prior to immersion (grams) and
gestational age according to the antenatal notes (weeks), which was rounded up to

whole weeks.

4.12.2 Micro-CT scanning and I2KI immersion

Fetuses were immersed in 2.5% I2KI solution and scanned on either a XTH225 ST or
Med-X micro-CT scanner (Nikon Metrology, Tring, UK), depending on availability, at
regular intervals every three days due to scanning staff availability until full iodination
was observed. Although this may have caused a slight increase in the scanning times,

this was a practical solution for this large number of patients. Both scanners are equal
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in their ability to produce diagnostic images and although there are differences in the

detectors installed, this did not influence the determination of full-iodination.

All micro-CT scans were completed as described in Appendix 4. Initial scanning was
performed with a range of imaging parameters (100 - 130kv, 150 - 250pA, 250ms and
1FPP), depending on the size of fetus to allow rapid assessment of the extent of fetal
iodination in <10 minutes. The end-point of complete iodination was determined when
all anatomical regions were visible due to contrast enhancement. If any fetal anatomy
was deemed incomplete iodination the fetus was replaced within the 12KI solution and

scanning repeated at a later time point.

4.12.3 Data analysis

Data including gestational age, body weight, and the dates of immersion in I2KI solution
and micro-CT scanning was recorded with the full iodination time calculated using
Microsoft Excel version 365 (Microsoft Corp, Redmond WA, USA). Simple linear
regression analysis was completed for immersion time against both gestational age

and weight.

4.13 Results

4.13.1 Study population

194 fetuses were referred for micro-CT scanning, with exclusions shown in Figure 4.9
and a total of 157 fetuses included in the study, body weight 5 — 298g, (89 at 0-100 g,
38 at 101-200 g, 30 at 201-300 g) and gestational age 12 — 34 weeks.
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Fetuses screened
194

Excluded due to staffing delays
=14
Contrast solution errors = 22
Anatomical abnormality=1

Fetuses included in
study = 157

Figure 4.9 Exclusion criteria flow diagram

106



4.13.2 Gestational age and immersion time
Simple linear regression analysis comparing gestational age and iodination time

resulted in an r? value of 0.1384 and a line of best fit, (Figure 4.10),
Immersion time = (0.3144 x gestational age (weeks)) — 0.8012
This can be approximated to:

Immersion time = (0.31 x gestational age (weeks)) — 0.8

Gestational age vs Immersion time
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Figure 4.10 Simple linear regression analysis of gestational age and immersion time
displaying an r2 value of 0.1384, determining gestational age as a poor predictor of
immersion time
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4.13.3 Body weight and immersion time
Simple linear regression analysis was completed comparing body weight and

iodination time resulted in an r? value of 0.6435 and a line of best fit, (Figure 4.11)
Immersion time = (0.0304 x body weight) — 2.2103
This can be approximated to:

Immersion time (days) = (0.03 x body weight (grams)) — 2.2

Body weight vs immersion time
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Figure 4.11 Simple linear regression analysis of body weight and immersion time
displaying an r2 value of 0.6435, determining body weight as a better predictor of
immersion time
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4.13.4 Gestational age and body weight
Simple linear regression analysis comparing gestational age and iodination time

resulted in a poor r?value of 0.1721 and a line of best fit, (Figure 4.12).

Body weight vs gestational age
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Figure 4.12 Simple linear regression analysis of gestational age and body weight
displaying an r2 value of 0.1721, demonstrating that gestational age is a poor
predictor of body weight

4.14 Discussion

This study has shown that body weight (rather than gestational age) is a better
predictor of the iodination immersion time with an r? value 0.63. The formula Time
(days) = 0.03 x Weight (g) + 2.2 can be used to predict the immersion time required in

2.5% I2KI solution for whole human fetuses.
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Compared to other studies evaluating iodination times for human fetuses [125, 126],
this study evaluated the largest cohort (n=157) and was the only study to include
weight in its analysis as well as gestational age. These studies were not specifically
developing a protocol to predict the immersion time required for full iodination, but
instead showing proof of principle and diagnostic accuracy of the micro-CT scanning

technique in comparison to conventional autopsy.

4.14.1 Gestational age

Whilst age is often quoted on referrals for post-mortem investigations, it can be an
inaccurate representation of the size of the fetus. Following a miscarriage, time can
pass before this event is medically recognised. This creates a mismatch between fetal
size (which stops with death) and gestational age (which advances with time), with
gestational age becoming increasingly poorly correlated with fetal size. Additionally,

some organs are preserved preferentially to other following intrauterine death [143].

Furthermore, the data showed a larger range of body weights (2 — 298 g) in comparison
to a smaller range of gestational ages, with the majority within 12-26 weeks, (Figure
4.9). The non-linear association between gestational age and body weight

demonstrates this mismatch between gestational ages and weights for these patients.

4.14.2 Body weight

In comparison, body weight is directly determined by the composition of the remaining
fetal anatomy and is easily measured. The relatively high r? value (0.6435) indicates
that body weight is a good predictor of iodination time and can provide an accurate
prediction of the time required for full iodination. Specimen weight is an important
variable of iodination speed as larger specimens require greater exposure [85]. This
experimental information can be used to determine a clinical service and conveyed to
the parents during consent for a more accurate assessment of the time required for

the clinical examination.

Although this analysis, (Figure 4.11), shows patients either side of the linear regression
line of best fit, these variations of full iodination time differences could be due to a

variety of effects.
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Although body weight was shown to be a better predictor than gestational age, this
weight could be distributed differently depending on the shape of the fetus. This could
result in for example, a larger than normal head with only a small body and cause an
increase in the time required for iodination. Although this scenario may be
encountered in conditions such as intra-uterine growth restriction, this is still rarely
seen clinically. This situation could then be identified visually upon examination of the
fetus or from the patients notes, prior to immersion in the 12Kl solution. An extended

immersion time could then be advised in these small proportion of cases.

If not identified prior to immersion, a partially-iodinated scan will result, indicating
further immersion is required and additional scanning at a later date should take place

once fully-iodinated to ensure full visualisation of the anatomy.

Although, diameter measurements of the head or abdomen could have been included
in the analysis to examine their influence in determining a more accurate estimation of
immersion time required, these are not routine measurements taken by the mortuary
and would have required discussion and teaching to collate accurate and repeatable

measurements, to eliminate possible error.

Therefore, with the small humber of fetuses this affects in clinical practice and the
difficulties in collating additional non-routine measurements of the head or abdomen,
it was decided that body weight offered a practical solution to the prediction of
immersion time required. These observations will allow staff completing the consent
procedure to assess the immersion time using the equation and knowledge acquired

on expected body shapes.

All fetuses included in the study did fully iodinate, even after an extended immersion
time, demonstrating the technique as a practical solution for this wide range of fetal
weights.

4.14.3 Maceration
Maceration describes changes that occur secondary to intrauterine fetal retention
following fetal death and tissue autolysis [139], including skin slippage, blistering,

discolouration, and overlapping of the skull bones. Maceration was not recorded for
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this investigation.  Although this data was not formally tested here, further
investigations using the pathological maceration scale to assess the fetus prior to
immersion in 12KI solution and a comparison to the iodination time could be completed

to determine whether it caused a change to the iodination time.

Although no data exists within the literature, maceration may speed up the iodination
process due to a breakdown in the tissues by removing barriers to the diffusion of
iodine molecules, (i.e., reduction of the intercellular space and homogenisation of body
tissues). This would possibly result in a reduction in the iodination time, allowing earlier
micro-CT scanning. Although fetal maceration reduces the amount of information
available for clinical diagnosis, the ability to investigate the cause of death for the family
should not be undervalued, even if no clinical information is available following this
non-invasive procedure, as it allows parents to feel that they have investigated their
loss fully [37, 144-148].

Although, repeated scanning every three days was completed on individual fetuses to
determine the earliest iodination time, a decrease in the time between scans would
have allowed a more accurate assessment of the immersion time equation. However,
it was impractical to complete for this large cohort every 24 hours due to staff capable
of scanning availability. Therefore, a pragmatic approach was taken, with scanning
completed at regular intervals for the wide range of fetal ages and weights when
staffing allowed. Due to the large number and range of fetuses included in this study
it is felt that this provides a strong argument for the accuracy of the formula in
calculating the immersion time required. Accuracy could have been further improved

had scanning been completed more regularly.

To fully iodinate an increased range of fetal weights in micro-CT within a clinically
acceptable timeframe, techniques to increase the diffusion speed and distance may
be required to iodinate without causing distortion of the fetus through increased [2KI

concentrations.

Improvements to the technique could be achieved by exerting pressure to the fetus

once fully immersed or through agitation of the fetus and solution to increase
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penetration and iodination speed, but these experiments were beyond the time frame
of this PhD.

This data shows that immersion time can be more accurately predicted using body
weight than gestational age. Therefore, the null hypothesis 4-2 is rejected.

4.15 Limitations

There are several limitations associated with this study.

Firstly, although a large range of body weights were observed, further studies could be
completed to investigate how long increased body weights take to fully iodinate. If the
regression line continues above 300g, larger fetuses could still be iodinated within 2

weeks, increasing the range of possible fetal sizes within this timeframe.

Secondly, maceration status was not recorded. These assessments require specialist
training in paediatric or obstetrics and remains a subjective assessment once it is
established. This may increase or decrease the time required for iodination but may
increase the accuracy of the protocol. By including all fetuses regardless of their
maceration status, a real-world approach was taken which is relevant to clinical

practice where fetuses with a range of maceration will be referred.

Thirdly, although tissue distortion has been noted as an artefact of immersion in 12K
solution previously [107, 114, 116, 123], it was demonstrated that 2.5% produced
minimal distortion in comparison to other concentrations earlier in this chapter.
Therefore, this was not completed but is noted as an unavoidable effect, which should

be minimised as has been achieved within this thesis.

4.16 Conclusion / Summary

Body weight is a good predictor of immersion time required in 2.5% 12KI solution for full
iodination of whole human fetuses. The equation Time (days) = (0.03 x body weight)-
2.2 should be used to predict the immersion time required for clinical micro-CT cases,
allowing accurate timeframes to be predicted for healthcare professionals and parents
during the consent procedure. It further develops the tissue preparation phase of the
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micro-CT protocol, delivering clear guidance to clinical staff in developing this

examination for clinical use.

4.17 Key Points

e Immersion in 2.5% I2KI solution can fully iodinate the majority of fetal cases up
to 300 g within 14 days.

e Body weight is a good predictor of the required immersion time in 2.5% I2KI to
fully iodinate whole human fetuses, using the formula

Immersion time (days) = (0.03 x body weight (grams)) — 2.2

e Tissue distortion is minimised by using lower concentrations.
e Further work to develop methods of increasing the diffusion speed of the 12Kl
solution may result in increased efficiencies and a greater range of weights

being applicable to micro-CT scanning.
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Chapter 5 Development of Methodology For
Quantitative Assessment Of Imaging Parameters
5.1 Overview

This chapter develops the methodology to investigate the effect imaging parameters

has on the image quality of micro-CT images for iodinated human fetuses.

The work presented in this chapter was undertaken by the author of this thesis, with
statistical and coding advice provided by Dr Alessandro Felder. Work from this chapter

has been presented orally at Academic Involvement Group, GOSH (2020) [149].
5.2 Aims

The main aim of this chapter is to develop a reproducible method for gaining accurate

SNR and rCNR measurements for human fetal post-mortem micro-CT imaging.

Therefore, a series of four investigations is described indicating key decisions that

were taken to develop this methodology including,

ROI placement

Range of imaging parameters

Use of phantom material
Method of ROl and 2D or 3D assessment
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5.3 Experiment 1 — ROI placement

5.3.1 Aim
The main aim of experiment 1 was to determine the most suitable anatomical organ

for investigation of the SNR and rCNR as the imaging parameters are altered.

5.3.2 Background

The human fetus consists of a wide range of organs and tissues with a corresponding
range of signal intensities depending on the tissue being imaged. To ensure
comparable analysis of the imaging parameters, the optimal organ should be identified
to provide a consistent area for analysis. This will allow evaluation of the image quality

between individual fetuses following assessment of the SNR and rCNR.

When comparing the image quality, ROI will need to be placed within the organ,
allowing maximal sampling of the signal intensities. It is envisaged that an easily
identifiable and large organ should be chosen to enable suitable ROI placement.

Therefore, three organs were initially identified as being suitable, brain, heart, and liver.

5.3.3 Method

A single fetus was sited within the x-ray cone beam of a Med-X micro-CT scanner
(Nikon Metrology, Tring, UK) and immobilised as previously described, Appendix 4,
along with a small cylindrical phantom containing air which was included within the x-
ray beam. Individual acquisitions were obtained using a range of kilovoltage values,
with all other imaging factors remaining constant, Table 5.1.

Kilovoltage | Current/ | Exposure

KV LA Time / ms FPP | Scan Time / minutes

Kilovoltage Experiment | 50 — 150 200 125 1 4

Table 5.1 Imaging factors used to compare the SNR and rCNR of brain, cardiac and liver
tissue.

All images were reconstructed using VGStudio Max software 3.4 (Heidelberg,

Germany) with equivalent single axial slices of all three organs identified: mid-brain, 4-
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chamber view of the heart and midpoint of the liver. Three ROI were placed within
each organ maximising their size and placement to the homogenous tissue available

within each organ to maximise the amount of tissue measured, (Figure 5.1).

The ROl were placed as indicated in figure 5.1, in the axial plane and with the following
diameters. Individual ROl were placed within areas of the brain, centrally in the massa
intermedia (2 mm), and two laterally to the lateral ventricles (2.5 mm). Individual ROI
were placed within the cardiac myocardium, centrally on the ventricular septum (1
mm), at the apex of the heart (1 mm) and at the midway point of the lateral left
ventricular myocardium (1 mm). Three ROI were placed within the liver equidistant
from each other on a midway through the liver in the axial plane and sited 1 mm from

the anterior edge of the liver (3 mm).

A single ROI was also placed midway through the air phantom. Note was made of
the mean signal intensities and standard deviations to calculate the SNR and rCNR for

each organ.
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Figure 5.1 Placement of ROl in brain, cardiac and liver tissue to assess the mean
signal intensity. ROI placement was optimised to maximise the amount of
homogenous tissue and avoidance of vessels, ventricles, and organ edge

5.3.4 Results
SNR and rCNR increased equally for all three anatomical areas as kilovoltage

increased with slightly increased SNR values observed for the brain, (Figure 5.2).
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SNR for Head, Heart and Liver

16

SNR

—A—Liver SNR mean

—>—Head SNR mean

—H—Chest SNR mean

50 70 90 110 130 150
Kilovoltage

rCNR for Head, Heart and Liver

—A—Liver rCNR mean

—>—Head rCNR mean

—H—Chest rCNR mean

50 70 90 110 130 150
Kilovoltage

Figure 5.2 Equivalent increases for SNR and rCNR as kilovoltage was increased were
observed for the brain (cross), heart (square) and liver (triangle) tissue, with slightly
raised values of SNR being observed for the brain
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5.3.5 Discussion
This experiment showed that SNR and rCNR increases were noted for all three

anatomical areas.

Slightly increased SNR and rCNR values for the brain in comparison to the liver and
heart were observed due to an inherently higher signal intensity and lower standard

deviation.

Therefore, all three demonstrate equivalent changes in image quality as kilovoltage is
increased and would therefore be suitable for SNR and rCNR assessments. However,
a choice is required to standardise data collection, with the following factors

considered.

When an organ has large discrepancies in signal intensity, perhaps produced by
vessels or alternative tissue within a small area, incorrect placement of the ROI can
produce inaccuracies. Therefore, signal homogeneity is an advantage in allowing a
larger area to be analysed without changes due to anatomical structures being
included in the analysis, e.g., blood vessels, ventricles, or other organs within a
structure, gall bladder.

The heart muscle is relatively homogeneous due to the small size of the vessels
penetrating the muscle itself. In comparison the liver has much larger vessels, but are
mainly positioned centrally, whereas the brain has a larger difference between multiple
tissues including grey and white matter, ventricles, and blood vessels, with little

homogeneous tissue.

Larger organs allow for increased ROI, allowing greater sampling, providing tissue
homogeneity is high and allows for heterogeneous signal to be avoided. This is linked
to the homogeneity of the organ and offers the advantage of larger areas to be
analysed providing a kore informed analysis without inclusion of other structures as
detailed previously. Whilst the liver and brain are both relatively large organs within

the body, the cardiac muscle is much smaller offering limited placement.

Organs that span the width of the body allow representative sampling from a wide
positional range within the body. This variation could account for differences in
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iodination, with increased signal at the periphery of the body and lower towards the
centre often observed. Whilst the liver and brain span the whole body axially, the

majority of the cardiac muscle lies at the periphery.

The liver is relatively homogeneous, albeit with some large vessels easily avoided
towards the central portion and spans the width of the body. This makes it the most

suitable organ to measure SNR and rCNR changes.

5.3.6 Conclusion

As no clear advantage is observed between the brain, liver, or cardiac muscle through
objective testing of SNR and rCNR, a subjective approach choice must be made to
identify the most appropriate organ. Therefore, the liver is deemed the most suitable
organ to determine image quality changes for SNR and rCNR as imaging parameters
are altered as it is relatively homogeneous, is large to allow sufficiently large ROI
placement and spans the bodies width, allowing a fuller assessment of the changes

observed during imaging parameter changes.
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5.4 Experiment 2 — Imaging parameter determination

The main aim of experiment 2 was to establish optimal imaging parameters to observe

the image quality changes through SNR and rCNR measurement.

Investigating a wider range of imaging parameters will provide a greater understanding
of the relationship between these imaging parameters and their effect on image quality.

5.4.1 Background

Four imaging parameters (kilovoltage, current, exposure time and FPP were chosen
for investigation due to their effect on the SNR and rCNR of the micro-CT images
through their effect on the x-ray beams properties. Exposure time and FPP also affect
the scanning time of a protocol, with implications on the clinical applicability of the
protocol, Table 5.2. Therefore, thought should be given to the effect this has on image

quality at the expense of scan time.

Table 5.2 The effects of changing individual imaging parameters on the x-ray beam and
scan time

Increase causes an
increase in the energy None
of the x-ray photons

Increase causes an
increase in the number
of x-ray photons
produced

None

Increase causes an
increase in the length
of time the x-rays are

produced for each

imaging position

Increase causes an
increase in scan time

Increase affects the
number of times the

specimen is exposed in Increase causes an
each position increase in scan time
throughout 360° of
rotation
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5.4.2 Method
The fetus was positioned and immobilised as previously described within a cone x-ray

beam allowing the inclusion of a cylindrical air phantom.

Each imaging parameter experiment was performed once on a single fetus throughout

the specified ranges, with other parameters unchanged, Table 5.2.

Table 5.3 Imaging parameters for experiment 2, with shading displaying the range of
imaging parameters under investigation

An equivalent axial slice through the liver was identified for all imaging datasets. Three
ROI were drawn at the midpoint of the organ, ensuring sufficient distance from the
edge of the liver, minimising the amount of heterogenous tissue included, (Figure 5.3).
A single ROI was drawn in the mid-point of the air phantom to allow calculation of the
SNR and rCNR.
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Figure 5.3 Three ROl were positioned within the liver to maximise size and minimise
contamination from heterogenous signal

5.4.3 Results

Both SNR and rCNR increased linearly as all 4 imaging parameters were increased,
with SNR increasing at a reduced rate in comparison to rCNR, as demonstrated by
kilovoltage, (Figure 5.4).
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Figure 5.4 Increasing SNR (triangles) and rCNR (circles) are observed as all imaging parameters are increased
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Images were reconstructed for all investigations and increasing image quality was

noted as all four imaging parameters were increased, (Figure 5.5).

Kilovoltage |

Exposure
time

Frames
per
projection

Figure 5.5 Equivalent axial slices of the fetal chest demonstrate increasing image
quality as all four imaging parameters are increased. (a) kV 50, 90, 130. (b) Current 50,
150, 250uA. (c) Exposure time 150, 250, 354ms. (d) FPP 1, 2, 4

5.4.4 Discussion
This experiment shows that image quality as measured by SNR, rCNR increased

significantly as all four imaging parameters was increased, in a single fetus.

The lower rate of rCNR increase at 110 kV, 250 pA and 4 FPP may be due to
inaccurate ROI placement at these values as these were placed manually by the
investigator, scanner error in the acquisition of the micro-CT data or variation in the
values seen for this individual fetus. This indicates that a greater number of fetuses
should be examined to reduce any error that may be observed from sampling
completed using a single fetus and that a method of repeatably selecting the equivalent

area is required to minimise any error.
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The higher rCNR for exposure time 66ms was due to a much larger mean signal
intensity within the liver, than seen for all other exposure times and was due to an
extremely low-quality image. The high level of noise is easily demonstrable (Figure
5.6) which is not representative of high image quality as observed in the rCNR values

and was possibly due to inaccurate placement of the ROI, (Figure 5.4).

Figure 5.6 Low image quality is observed at 66ms exposure time which does not
correspond to the calculated high rCNR

Although these investigations demonstrated the effect of imaging parameter change,
the ranges for kilovoltage, current and exposure time, although approaching, did not
fully maximise the micro-CT detector load to 90% of possible signal. However,
increasing the imaging parameter under investigation will cause detector saturation.
Therefore, imaging parameters, not directly being tested could be increased,
increasing image quality across all the images, and aiding anatomical identification and
ROI placement.

Increases in the FPP range were also possible without subsequent increase in detector
load, but the tested range was already greater than the value quoted previously within
the literature [125, 126]. Although increases in FPP, increase SNR and rCNR, they
also increase the scan time, and whilst a maximal range should be tested to determine
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the optimal imaging parameters, increasing the range above 4 would further double
the scanning time from 40 to 80 minutes making it less clinically appropriate for a single
Imaging acquisition. Hence, a range of 1-4 was deemed clinically appropriate as the
longer the scan time the more impractical the scanning protocol becomes with regard

future clinical practice.

Therefore, the following imaging parameters were utilised to investigate their effect on
image quality, Table 5.4 and demonstrates the increase in parameters not under
investigation yet allowing the detector saturation to achieve a 90% of maximum value
to increase the SNR and rCNR further. This will maximise the parameter range under

investigation whilst also allowing maximal image quality. Factors increased include:
Kilovoltage investigation - current increased from 200 to 230 pA.

Current investigation — exposure time increased from 125 to 177 ms.

Exposure time investigation — current increased from 100 to 120 pA.

FPP investigation — No changes required.

Table 5.4 Optimised imaging parameters for all subsequent imaging parameter
experiments
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5.5 Conclusion

The range of imaging parameters were optimised to investigate the effect of altering
the kilovoltage, current, exposure time and FPP on SNR and rCNR and offered the

widest possible range on a Med-X micro-CT scanner (Nikon Metrology, Tring, UK).
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5.6 Experiment 3 — phantom determination

The main aim of experiment 3 was to identify the most suitable phantom material from

water, wax, ethanol, air and 1.25% and 2.5% |2KI solution.

5.6.1 Background
Signal intensity and standard deviation values of a standardised material are required

to calculate the rCNR and is therefore defined as a phantom material.

Choice of material is important as it should ideally be of a similar signal intensity to the
material under investigation and must remain constant throughout all experimentation,
whilst the phantom should also be suitably sized to be positioned alongside the fetus

within the x-ray beam, whilst not affecting image quality.

Therefore, the suitability of a variety of phantom materials were investigated.

5.6.2 Method

A single fetus was scanned using the range of kilovoltage imaging parameters
established in experiment 2. A phantom consisting of 6 small vials, containing water,
wax, ethanol, air and 1.25% and 2.5% I2KI solution was placed within the primary x-
ray beam during data collection. Three ROI of diameter 4 mm were drawn axially
within the liver as previously described in experiment 1 and three spread throughout
the midpoint of each phantom material, (Figure 5.7) and averaged to calculate mean
values. Note was made of the mean signal intensities and standard deviation for all
phantom materials and the liver to calculate the rCNR.
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1.25% 12Kl

Ethanol

Figure 5.7 Single circular ROl were drawn at the midpoint of each phantom material at
each kilovoltage as indicated by water phantom

5.6.3 Results
rCNR increased as kilovoltage was increased for all phantom materials tested, (Figure
5.8). Higher rCNR values were observed for the air, wax, water, and ethanol phantoms

than for the 12KI solutions.
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Phantom Material
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Kilovoltage

=255 rCNR with 1.25% 12KI —A—255 rCNR with water
—H~—255 rCNR with air —+—255 rCNR with 2.5% I2KI
—&— 255 rCNR with wax —@— 255 rCNR with ethanol

Figure 5.8 Equivalent rCNR increases are observed as the kilovoltage is increased for
all phantom materials

5.6.4 Discussion
Equivalent and increasing rCNR values were observed for all phantom materials as

kilovoltage was increased.

Although there were differences in the size of the rCNR values for the various phantom
materials, all demonstrated equivalent rCNR increases as kilovoltage was increased
from O — 110 kV. After 110 kV there followed a lower rate of increase for water, 2.5%
12Kl and a slight decrease for air, wax, ethanol and 1.25% I2KI. This is likely affected
by the approach of detector saturation. The primary function of the phantom is to allow
a change in the rCNR to be identified whilst the imaging parameters are altered. This
was possible for all phantom materials tested here and therefore, deemed suitable for
rCNR evaluation. No minimum rCNR values were excluded as all values were above

zero as all would be capable of determining the rCNR values of individual fetuses.

However, a single material is required to ensure comparisons can be made; thus, other
factors should be used to select the phantom material. It would be relevant to select a
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phantom material with similar atomic properties to the specimen under investigation as
this would provide similar attenuation during imaging parameter alteration. The
iodinated fetus will have a relatively high atomic number when compared to air,
ethanol, wax, and water, whilst being closer in signal to the two I2KI phantom, in
particular the higher values observed in the 2.5% I2KI phantom. Therefore, it is

reasonable for the 2.5% I2KI phantom to be selected for future analysis of rCNR.

This is a subjective approach to determining the most appropriate phantom material.
However, it does demonstrate that all six materials produced a similar effect, and that
by choosing the phantom with similar characteristics to those potentially demonstrated
by the fetuses does allow comparisons to be made. However, more in-depth

assessment of phantom measurements was beyond the remit of this thesis.

As the 6-vial phantom takes up little room and has no discernible effect on the imaging,
it was decided to continue to place all 6-vials alongside the fetus during the research
to allow any future investigations the opportunity for further investigation of phantom

materials.

5.6.5 Conclusion
I2KI 2.5% solution is to be used as a phantom material throughout future SNR and
rCNR calculations due to its similar atomic number and signal intensities to iodinated

human fetuses.
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5.7 Experiment 4 — Assessment of SNR and rCNR through 2D and 3D analysis

The main aim of experiment 4 was to determine the most appropriate method of ROI

selection to assess the SNR and rCNR of the liver.

5.7.1 Background

Evaluation of large areas of anatomy will provide greater insight into the image quality
of a micro-CT scan for a given organ, and increased sampling also increases the
amount of heterogenous signal if extended to a complete organ. Investigations should
be completed to assess whether evaluation of a whole organ affects the assessment
of the imaging parameters, and comparisons of the SNR and rCNR employing different

2D and 3D methods will identify the most suitable data collection method.

5.7.2 Method
Six fetuses were individually scanned as previously described alongside a phantom
containing 2.5% I2KI solution, using the kilovoltage range previously optimised in

Experiment 1, Table 5.4.

ROI placement for all three methods was completed on a high image quality dataset
for each fetus to ensure accuracy using the following three methods.

Individual multiple small 2D ROI

A slice midway through the liver was identified for each fetus containing minimal
vessels and a large homogeneous area. Three ROI were manually positioned for each
dataset in equivalent slices for each fetus, (Figure 5.3).

Complete Single Slice ROI

Each complete fetal dataset was exported as a stack of contiguous tif images and
imported into Image-J [150]. An equivalent axial fetal slice was selected to the previous
method for each fetus and the visible liver segmented and saved as a mask, (Figure
5.9). This mask was applied to all datasets for the individual fetus, allowing automated

calculation of the mean signal intensity and standard deviation, through which SNR
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and rCNR was calculated. Detailed Image-J segmentation was completed, Appendix
5.

Figure 5.9 Demonstration of a complete liver single slice ROI

3D Organ Selection

Each complete fetal dataset was exported as a stack of contiguous tif images and
imported into Image-J [150]. Manual segmentation of every tenth slice throughout the
liver was followed by interpolation to fully segment the complete liver volume. Checks
were completed to ensure accuracy, with the resulting volume saved as a mask,
(Figure 5.10). Detailed Image-J segmentation was completed, Appendix 5. This was
completed for all fetuses and applied independently to the imaging parameter datasets

to calculate SNR and rCNR was calculated.
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Bottom
of liver

Figure 5.10 Liver images allowing complete organ 3D assessment of the SNR and rCNR

Phantom

ROI were placed within the 2.5% I2KI phantom using each of the above 3 methods to
correspond with the specific segmentation technique.

Note was made of the mean signal intensities and standard deviations for all imaging
parameters, with automated collection for the complete single slice and 3D organ

selection, Appendix 5.

5.7.3 Data analysis

Due to inherent signal intensity differences between individual fetuses, the maximum
percentage of SNR and rCNR for each fetus was identified. Measurement of the range
of SNR and rCNR were compared to the individual maximal values to determine a
relative percentage value. These were then combined to produce an overall
percentage value for all the fetuses investigated. Evaluating these differences on
individual fetuses before combining them allowed inter-fetal comparisons to be made.
The mean and standard deviation for both SNR and rCNR was subsequently

calculated for all six fetuses.
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5.7.4 Results
All three methods of ROI placement demonstrated increasing SNR and rCNR as

kilovoltage was increased, (Figure 5.11 and 5.12).

Ind|V|duaI ROI, Single Slice and Whole Organ

100 SNR Assessments

90
80
70
60
50
40
30

20
10 —>3D Whole organ

——-3 x ROI

Percentage SNR

—A—2D single slice

50 70 90 110 130 150
Kilovoltage / kV

Figure 5.11 Three methods of ROl assessment demonstrating equivalent increasing
SNR as kilovoltage is increased
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Figure 5.12 Three methods of ROl assessment demonstrating overall increasing rCNR
as kilovoltage is increased

5.7.5 Discussion
This experiment demonstrated all three methodologies resulted in equivalent SNR and

rCNR increases as kilovoltage was increased.

The most appropriate method was sought. Factors to be considered were,

e Repeatability of ROI placement
e Reduction of abnormal signal

o Efficiency of methodology

5.7.5.1 Repeatability of ROl placement

Accurate repeat placement of ROI within multiple datasets is important to ensure
accuracy. Manually, this is challenging to complete accurately, whereas automated
placement through the application of a mask enables accuracy in repeated placement,

providing the fetus has not moved during imaging.
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5.7.5.2 Reduction of abnormal signal

Placement of individual ROI within a liver slice will allow greater control over avoidance
of heterogenous signal and eliminate the error associated with heterogenous signal.
No difference was observed between the three methods with inclusion of abnormal
signal for the whole single slice and 3D method, and thus all three methods were

deemed suitable with regard to heterogenous signal inclusion.

5.7.5.3 Efficiency

Manual segmentation of equivalent slices for 3 ROI is time consuming to complete
accurately. Detailed segmentation of a mask once completed allows automated
collection of data over both a single slice and whole liver, thus increasing the efficacy
of these methods. Assistance was received from Dr Alessandro Felder (Research
Software Development, UCL, UK) to complete the coding required for the automated
data analysis, which allows significant increases in the efficiency of the data analysis
which is essential for accuracy in large datasets. Comparisons of the three methods
are detailed in Table 5.5.
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Table 5.5 Advantages and disadvantages of each ROl methodology

No specialist software or
training required

Able to be completed on most
software packages

Quick to assess

Difficult to replicate
accurately.

Representative of small
area

Time consuming to
replicate in multiple
acquisitions

May include abnormal
areas of anatomy
(vessels or errant

signal)

Dependant on slice
and area chosen for
ROI

Easier to draw around whole
organ due to clear deliniation of
organ edge

Easier to replicate in other
experiments

More representative than
muliple ROI

Dependant on slice
chosen

May include abnormal
areas of anatomy
(vessels or errant

signal)

Easier to draw around whole
organ due to clear deliniation of
organ edge

Whole organ assessment
possible

More representative than
multiple ROI and single slice

Time consuming to
repeat in multiple slices

May include abnormal
areas of anatomy
(vessels or errant

signal)

Therefore, to ensure accurate and repeatable data analysis with the minimum of user
interaction and maximum time efficiency, it is believed the automated approach of data
analysis should be used. Assessment of a complete organ in 3D equates to a slight
increase in the data analysis step yet enables a more in-depth analysis of the complete

organ, removing the error that may be caused by incorrect slice selection.
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Therefore, a 3D whole organ approach is the preferred method of choice for continued

SNR and rCNR assessment.

5.7.6 Conclusion
The methodology for data collection should be 3D whole organ assessment using a
mask to ensure high repeatability of the ROI selection, with increased efficiency

possible through automation of the data analysis.

5.8 Limitations

This chapter has defined a methodology to determine the SNR and rCNR as individual
imaging parameters are altered. Decisions about the methodology were developed to
allow a thorough investigation on a larger cohort of fetuses, but there are several

limitations to this work.

Firstly, only a small number of fetuses were investigated during each experiment.
Variation in the results of individual fetuses was observed during individual
experimentation, but this work was completed to develop a methodology and not to
assess the overall SNR and rCNR results. Analysis of a greater number of fetuses will
increase the confidence in the results.

Secondly, the work was optimised for usage on a single micro-CT scanner (Med-X,
Nikon Metrology, Tring, UK), with a high degree of manipulation of the imaging
parameters allowed with this scanner, enabling a wide parameter range to be
investigated. Although it is recognised that alternative scanners may vary in the ability
to manipulate these individual imaging parameters. These development steps are
considered appropriate to alternative micro-CT scanners and could be used to develop

individualised methodologies for differing specimens.

Thirdly, data collection for each fetus will require several hours to complete these

investigations will be completed within a single day, allowing the fetus to undergo the

described testing and clinical scanning, with no subsequent delay in completion of the

scan. By fully investigating the effect each imaging parameter has on image quality,

an optimised clinical protocol which will be applicable to the scanning of human fetuses

for post-mortem imaging can be developed. This will maximise image quality and
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reduce repeat imaging through unsuitable imaging parameters for clinically diagnostic

scanning.

5.9 Considerations for future experiments

The methodology developed within this chapter should be applied to a greater number
of fetuses to ascertain how each individual imaging parameter (kilovoltage, current,
exposure time and FPP) affects the SNR and rCNR.

Analysis should be completed to determine which imaging parameter has the greatest
effect on the SNR and rCNR. This would allow priority to be given to optimising these

imaging parameters for a clinical protocol, thus maximising image quality.

Analysis should also be completed to determine the effect exposure time and FPP has
on the SNR and rCNR in relation to scanning time. Whilst the priority of any diagnostic
imaging is to ensure accurate diagnosis, if this can be completed in a more efficient
manner with reduced scanning times, this will aid the integration of the technique into

clinical practice.

This data analysis will allow the quantification of these imaging parameters and result
in a clinically appropriate scanning protocol.

5.10 Summary of findings

These experiments have developed a methodology that will assess the effect
kilovoltage, current, exposure time and FPP has on the image quality of human fetal
post-mortem imaging through the depiction of SNR and rCNR.

e An optimised imaging parameter range was identified for the Med-X micro-CT
scanner (Nikon Metrology, Tring, UK) to be used in subsequent investigations
within this thesis.

o Kilovoltage 50 - 150kV
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o Current 50 - 400pA
o Exposure Time 66 — 500ms
o FPP1-4

The liver was identified as the most suitable organ to assess the image quality
due to its position within the body, large size and relative homogeneity.

The most appropriate choice of phantom material to assess the rCNR was
identified as 2.5% I2KI solution due to its similarity to the signal intensity of
iodinated fetal tissue.

The method of ROI depiction and subsequent data analysis should be a 3D
whole organ assessment using automated data analysis enabling increased

accuracy and repeatable data assessment.
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Chapter 6 Quantitative  Assessment of Imaging

Parameters

6.1 Overview

This chapter investigates the effect of imaging parameters (kilovoltage, current,
exposure time and FPP have on the SNR and rCNR of human fetuses using the
methodology developed in chapter 5. It determines the optimal imaging parameters
for a micro-CT protocol with maximal SNR and rCNR, without detector saturation

achievable in <30 minutes on a Med-X micro-CT scanner (Nikon Metrology, Tring, UK).

The work presented in this chapter was undertaken by the author of this thesis, with
statistical and coding advice provided by Alessandro Felder.

Work from this chapter was published in Nature Protocols 2021 [90] and presented
orally at the Clinical Academic Careers Evening (2018) [151], Allied Health
Professionals in Research (2019) [152], European Congress of Radiology (2020)
[153], and Great Ormond Street Hospital Conference (2021) [154].

6.2 Introduction —imaging parameters

The four main imaging factors that have a direct impact on the x-ray beam, in terms of
beam energy and number of x-ray photons, as well as on the scanning time, are

kilovoltage, current, exposure time and FPP [85], Table 5.2.

Regarding kilovoltage, current and exposure time, too low imaging parameters will
result in insufficient x-ray photons reaching the detectors, resulting in low SNR and
rCNR. Too high imaging parameters results in detector saturation. However, these
effects do not correspond to FPP. Careful manipulation of the imaging parameters is
important to achieve maximal SNR and rCNR without resulting in detector saturation
[85].

Scanning time is also directly affected by the exposure time and FPP or indirectly by

the kilovoltage and current. Although high SNR and rCNR are significant in ensuring
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diagnostic images, being able to produce images within a clinically appropriate time
frame is essential for the uptake of the defined protocol within a clinical setting. This
is a fine balance between maximal SNR and rCNR and excessively long scanning
times [85]. Within this thesis a clinical micro-CT protocol is defined as three
acquisitions; a whole-body scan to assess iodination status and image all areas of the
fetus, and two separate head and torso acquisitions at higher resolution. The head
and torso are important as these are the sites of greatest clinical importance to
determine fetal abnormalities. Therefore, three complete data sets should be

completed for each fetus.

To become a clinically relevant technique, achieving complete fetal scanning within 90
minutes would allow multiple fetuses to be scanned within a day, i.e., a target time of
30 minutes per acquisition.

6.3 Aims

Aim 6-1: To determine a clinically appropriate micro-CT scanning protocol with
maximal SNR and rCNR, a scan time of less than 30 minutes and to eliminate detector

saturation.

Null hypothesis 6-1: Kilovoltage, current, exposure time and FPP have no effect on
SNR and rCNR.

6.4 Method

6.4.1 Patient selection

Consecutive, unselected fetuses, <3009, with parental consent for post-mortem micro-
CT imaging were prospectively included over 16 months between December 2019 —
March 2021. Exclusion criteria included any fetuses where maceration made the liver
difficult to segment accurately, had been exposed to incorrect I2KI solution, had an
abnormality of the liver, or weighed >300g.

Ethical approval was acquired (NHS Health Research Authority, ethics approval ID:
13/L0O/1494, 17/WS/0089 and CE2015/81) and all samples were handled in

accordance with the Human Tissue Act (2004). Written parental consent for post-
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mortem micro-CT imaging and the use of tissue in research following fully informed

consent procedures.

6.4.2 Fetal preparation
Fetuses were initially received by the GOSH mortuary and refrigerated at 4°C whilst
assessments were carried out to ensure micro-CT was appropriately requested and

consented.

Fetuses were immersed in 2.5% I2KI solution for several days as determined from the

equation developed in chapter 6.

Immersion time (days) = (0.03 x body weight (grams)) — 2.2

Once fully iodinated a clinical scan was completed to assess liver imaging, with fetuses
excluded from further analysis if identification of the liver boundary was not possible.

The fetuses and phantom containing 2.5% 12Kl solution were positioned and
immobilised as described in Appendix 4, positioned within the x-ray cone beam, and
scanned using a Med-X micro-CT scanner (Nikon Metrology, Tring, UK) for a range of
imaging acquisitions, Table 6.1. This range was maximised by limiting other imaging
parameters, thus widening the range tested. Equivalent positioning for all acquisitions
of a single fetus allowed automated data analysis as defined in chapter 5. A hi-
resolution acquisition was acquired, enabling greater segmentation accuracy of the
liver and 2.5% I2KI phantom segmentation for a mask which was then applied to all

subsequent datasets as described in chapter 5.
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Table 6.1 Imaging parameters used in the investigations

Kilovoltage / | Current/ Exposure Scan Time /
Time / FPP .
kV MA minutes
ms
o e 50 — 150 230 125 1 4
Experiment
Current Experiment 100 50 — 400 177 1 4
SEOELIE e 100 120 | 67-500| 1 1-17
Experiment
FPP Experiment 100 200 125 1-4 5-22
SRl 130 150 250 2 30
acquisition

All acquisitions were anonymised, securely archived, and 3-D volumes created using
VGStudio Max 3.4 software (Heidelberg, Germany).

6.4.3 Data analysis

Mean signal intensities and standard deviations were collected for liver and phantom
for each dataset, enabling SNR and rCNR to be calculated. Inter-fetal differences in
organ iodination, anatomy and pathology prevented direct comparisons of SNR and
rCNR. Therefore, maximal SNR and rCNR for kilovoltage, current, exposure time and
FPP, for each fetus was measured. Data from all eleven fetuses were combined to
determine mean percentage of SNR and rCNR for each imaging parameter.

Optimal SNR and rCNR was predefined as the point above which no further (<5%)
increase could be achieved. The effect of reducing exposure time and FPP was

measured to achieve a <30-minute scan time.

However, for some variables, too high imaging parameters produced detector
saturation. Therefore, the effect of reducing kilovoltage and current was also recorded
until detector saturation was eliminated, maintaining the SNR and rCNR as high as

possible.
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Two specialist paediatric radiologists subjectively assessed the degree of maceration
score for micro-CT based on previously published ratings (0 = no maceration, 3

severe/established maceration) [155, 156], using the indications indicated in Table 6.2

Pathological maceration was derived at external examination and was based on
several physical indications being definitive for maceration having taken place,
including skin slippage, skin and cord discolouration, cranial collapse, level of

mummification on external examination [155, 157, 158].
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Table 6.2 Descriptions of the maceration criteria by which the axial head and chest

images were assessed

None

No maceration evident

Mild

Mild cracking and distortion
but images diagnostic

Moderate

Moderate disruption with
reduction in normal tissue
planes, limited diagnosis

Severe

Severe maceration, non-
diagnostic with severely
distorted internal anatomy
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6.5 Results

6.5.1 Study population
Eleven fetuses (5 males, 6 females) were recruited for the study from a possible 243
referred to the micro-CT clinical service during the 16-month period, with a range of

demographics, Table 6.3 and a range of maceration scores, Table 6.4.

Table 6.3 Demographic information for the study cohort

18.6 19 13-25
156.5 205 15-299
8.7 7 3-17
13.0 14.5 6.9-16.5
17.3 18.2 8.7-23.5
12.7 12.6 6.1-24.3
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Table 6.4 Pathological and micro-CT maceration score for the study cohort

None Mild Moderate Severe
Pathology
score S 3 1 2
Micro-CT 4 5 0 >
score

6.5.2 SNR and rCNR percentage changes

SNR and rCNR increased curvilinearly with all imaging parameters, with greater
increases observed throughout the range for rCNR than SNR, (Figure 6.1). The results
differ in their comparison to chapter 5 as only a single fetus was analysed to identify

the appropriate methodology for objective assessment of SNR and rCNR.

However, in chapter 6, eleven fetuses were included in the analysis and due to inter-
fetal differences in enhancement following 12KI immersion, a method was required to
combine the analysis of multiple fetuses. Therefore, relative maximal percentages for
individual fetuses were calculated and combined to allow an overall assessment of the

change in relative percentage as imaging parameters are altered.
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Relative Percentage SNR and rCNR for Kilovoltage

Relative Percentage SNR and rCNR for Current
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Figure 6.1 Relative percentages of SNR (triangles) and rCNR (circles) all increased as all four imaging parameters were increased with
error bars depicting the standard deviation
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6.5.2.1 Kilovoltage

An increase in both SNR and rCNR was noted as kilovoltage was increased.

There was no increase in SNR between 50-70kV after which a continual increase was

observed, with maximal SNR seen at 150kV.

Although rCNR increased throughout the whole range, there was a steeper increase
in rCNR between 50 - 90kV after which the rate of increase slowed with maximal rCNR
was observed at 150kV. This slowing in the rate of increase is due to the detectors

approaching saturation.

6.5.2.2 Current

An increase in both SNR and rCNR was noted as current was increased.

There was a constant increase in SNR as current was increased from 50—-200uA, after

which SNR remained consistently high up to the maximum tested value of 400pA.

Although rCNR increased throughout the tested range of 50uA to 400uA, there was a
greater increase seen from 50—200puA after which the rate of increase was smaller up
to the maximum tested value of 400pA. This slowing in the rate of increase is due to

the detectors approaching saturation.

6.5.2.3 Exposure Time

An increase in both SNR and rCNR was noted as exposure time was increased.

There was a greater increase in SNR from 66-250ms, after which the rate of increase

was smaller up to the maximum tested value of 500ms.

There was a reduction in rCNR from 66-88ms after which there was a continual
increase in rCNR up to the maximal tested value of 500ms. This slowing in the rate of

increase is due to the detectors approaching saturation.

6.5.2.4 FPP

An increase in both SNR and rCNR was noted as FPP was increased.
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There was a greater increase in both SNR rCNR from 1-2FPP, after which the rate of

increase reduced up to the maximum tested value of 4FPP.

6.5.3 Determination of incremental percentage change as imaging parameters
increased

Although all imaging parameters increased up to the maximum tested values, there

was only incremental (<5%) increase towards the upper limits, (Table 6.3 to 6.6) and

(Figures 6.1 to 6.4).
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Table 6.5 Percentage SNR and rCNR change <5% occurs at 130kV, thereby determining
the optimal kilovoltage

Percentage
Kiovoliage | Percentage | Percentage | Percentage | T\ cyg
change
50 74.1 0.0 27.6 0.0
70 70.5 -5.2 59.0 53.3
90 79.1 10.9 80.1 26.4
110 88.1 10.2 91.0 11.9
130 94.5 6.8 97.9 7.1
150 98.4 4.0 98.9 1.0

Figure 6.2 Increasing image quality is noted as the kilovoltage is increased from 50 to
150 kV
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Table 6.6 Percentage SNR and rCNR change <5% occurs at 300pA, thereby determining
the optimal current

Current | Percentage PergilnFtaage Percentage Perrcg{:gtge
SR change (ERIR change
50 69.8 0.0 51.0 0.0
100 79.7 12.5 64.3 20.7
150 89.8 11.2 74.1 13.3
200 95.7 6.2 85.9 13.7
250 96.3 0.7 90.5 5.1
300 95.8 -0.6 94.3 4.0
350 97.3 1.6 98.5 4.3
400 97.8 0.5 99.6 1.1
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Table 6.7 Percentage SNR and rCNR change <5% occurs at 500ms, thereby determining

the optimal exposure time

Exposure Percentage | Percentage | Percentage Perr(é;\rll I? ge
time SNR SNR change rCNR change
67 69.5 0.0 56.0 0.0
88 76.1 8.7 55.1 -1.7
125 78.3 2.7 62.7 12.2
177 83.6 6.4 70.0 10.4
250 91.8 8.9 81.8 14.4
354 93.7 2.0 91.5 10.6
500 97.5 3.9 100.0 8.5

Figure 6.4 Increasing image quality is noted as the exposure time is increased from 88

to 500ms
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Table 6.8 Percentage SNR and rCNR change <5% occurs at 4FPP, thereby determining

the optimal FPP

Percentage
Percentage | Percentage | Percentage
FPP SNR SNRchange |  rCNR rENR
9 change
1 85.1 0.0 71.4 0.0
2 94.3 9.7 88.2 19.0
4 99.7 5.4 99.0 11.0

Figure 6.5 Increasing image quality is noted as the FPP is increased from 1 to 4 FPP

Therefore, 130 kV, 250 pA, 500 ms and 4 FPP was identified as yielding maximal SNR
and rCNR where further increase would yield <5% increase in SNR and rCNR. These
imaging parameters are not practical as they result in detector saturation and require

reducing to below 30 minutes scanning time provide an appropriate clinical protocol.

6.5.4 Reduction of scanning time
These maximal imaging parameters combine to a scanning time of >30 minutes.
Therefore, three reductions in exposure time and FPP were required to achieve a

scanning time of 26 minutes whilst minimising reductions in SNR and rCNR, Table 6.9.
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Table 6.9 Demonstration of the exposure time and FPP reductions to minimise SNR
and rCNR loss, whilst reducing a scanning time from 104 to <30 minutes

130 300 500 4 104
354ms
(SNR -4.0% 74

rCNR -9.3%)

250ms
(SNR -2.0% 52
rCNR -11.8%)

2 FPP
_ 0
(SNR -5.6% 2
rCNR -
12.3%)
Scanning
protocol <30 130 300 250 2 26
minutes

6.5.5 Detector saturation elimination

The scanning protocol of 130 kV, 300 pA, 250 ms and 2 FPP although clinically
appropriate at <30minutes scanning time, still resulted in detector saturation.
Therefore, reductions in kilovoltage, current and exposure time were required to

reduce detector load, Table 6.10.

159



Table 6.10 Demonstration of the kilovoltage, current and exposure time reductions to
minimise SNR and rCNR loss whilst eliminating detector saturation

300
250uA
(SNR -0.6%, 2 26
rCNR -4.1%)
110kV
(SNR -7.2%, 2 26
rCNR -7.6%)
200uA
(SNR - 6.6%, 5 26
rCNR - 15.9%)
Final protocol 110kV 200 250 2 26
SNR 90% SNR 97.9% SNR 94.2% | SNR 94.6%
rCNR 92% rCNR 86.3% | rCNR 81.8% | rCNR 89%

This resulted in a clinically appropriate micro-CT protocol of <30 minutes, (Figure 6.6),

and no detector saturation as demonstrated, (Figure 6.7).
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Figure 6.6 High SNR and rCNR is noted visually with high resolution axial images of
the brain (A and B), abdomen (C) and chest (D) using the clinically appropriate micro-
CT protocol as defined by this chapter
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Current / pA

Kilovoltage / kV

Figure 6.7 Demonstration of imaging parameters with no detector saturation (green),
detector saturation (red) and >50Watts blocked for scanner safety (blue) with an
exposure time of 250ms

6.6 Discussion

This study has defined the imaging parameters of 110 kV, 200 pA, 250 ms and 2 FPP
as clinically appropriate for human fetal post-mortem imaging using a Med-X scanner
(Nikon Metrology, Tring, UK) with a scanning time of 26 minutes and no detector

saturation.

This protocol was possible for a range of body weights (15 — 299 g), gestational ages
(13 — 25 weeks) and maceration scores, Table 6.3 and 6.4.

A larger range of imaging parameters was evaluated than previously stated within the
literature for human fetuses except for exposure time. An exposure time of 1050 ms
(Table 6.9) would equate to a scanning time of 109 minutes, which would not be
appropriate for a clinical service.
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Table 6.11 Previously used micro-CT imaging parameters for iodinated human fetuses

Kilovoltage | Current/ Exposure FPP
/ kVp MA Time / ms
Lombardi et al., (2014) 80 300-313 65, 300, -
[125] 1050
Hutchinson et al., 80 - 110 87 — 180 250 - 354 1
(2018) [126]

6.6.1 Maximal imaging parameters

This experiment intended to achieve the maximal SNR and rCNR possible in a 30-
minute scan without reaching detector saturation. Reductions from maximal individual
imaging parameters were necessary to stay within these requirements. Employing the
maximal parameters for three clinical scans would equate to over 5 hours per patient,

with consequent effect on clinical throughput.

The best imaging parameters within 30 minutes was 130 kV, 300 pA, 250 ms and 2
FPP, but this was not possible due to detector saturation. Further reductions to reduce
detector saturation, whilst maintaining a high SNR and rCNR resulted in a protocol of
110 kV, 200 pA, 250 ms and 2 FPP. This achieved the aim a scanning time of <30
minutes, elimination of detector saturation, (Figure 6.7), and maintaining a high SNR
and rCNR, (Figure 6.6), which is key in providing an appropriate protocol [85].

6.6.2 Optimising clinical protocols on different micro-CT scanners

Micro-CT scanners differ depending on multiple variables including their detectors,
object-to-detector distance, and filament and this methodology demonstrates the steps
to maximise alternative clinical protocols which should be completed to optimise new

areas of scanning [85].

Previously, values of 80kV and 140kV have shown maximal rCNR [79, 159] with
iodinated contrast. These differences relate to the different scenarios from vials of
iodine contrast in micro-CT to in-vivo humans in clinical CT and indicate the differences

in optimal values required for differing imaging scenarios.
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Adaptation of these imaging factors is also possible for alternative micro-CT scanners.
If detector saturation is reached with 110 kV, 200 pA, 250 ms and 2 FPP, a reduction
in kilovoltage, current and exposure time will alleviate this issue. It has been shown in
(Figure 6.1) that small reductions in the upper values of all imaging parameters are
important in maintaining a high SNR and rCNR. Whereas the lower levels of the

investigated range result in greater loss in SNR and rCNR.

Therefore, this protocol defines a starting range for alternative scanners and
demonstrates the importance of defining the imaging parameters during publication, to
build on current knowledge and offer future researchers’ direction to optimise the SNR
and rCNR for other investigations [84, 85].

6.7 Limitations

There are several limitations associated with this study.

Firstly, each micro-CT scanner will differ and require slight adjustment to the imaging
parameters to optimise image quality and negate detector saturation. These
investigations provide a guide for imaging parameters, demonstrate the relationship
between them and SNR and rCNR and provide a methodology to determine maximal

imaging parameters on alternative micro-CT scanners.

Secondly, only eleven fetuses were used in the analysis, there were difficulties in
recruiting due to lack of parental consent. Although this is a relatively small number,
the small standard deviations noted with percentage change indicate a high agreement
between these fetuses in relation to the SNR and rCNR and therefore provide suitable

direction, (Figure 6.1).

Thirdly, the methodology did not allow the SNR and rCNR between the four imaging
parameters to be directly compared. Although this could have been achieved, it would
have reduced the range tested for each imaging parameter. Therefore, this method

provided insights into a greater tested range for each imaging parameter.

Fourthly, kilovoltage and current could have been tested for a greater number of

imaging parameter data points than every 20kV and 50puA, although this would have
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significantly increased the data collection time. The results obtained demonstrate a

small standard deviation and a high agreement between individual fetuses.

Fifthly, only objective measurements of SNR and rCNR were included in assessing the
optimal imaging parameters. No subjective assessments were included examining the
image quality as assessed by radiologists who will be interpreting the images to identify
structural anomalies. It could be reasoned that individual observers may prefer
alternative parameters to provide varying levels of image contrast. However, optimal
image quality, as achievable within 30 minutes scanning time was identified, and this
would provide optimal SNR and rCNR which would prove suitable for the vast majority
of observers. Therefore, these objective assessments were deemed suitable, though

further subjective assessments could be completed in the future.

6.8 Conclusion

A clinically appropriate and optimised scanning protocol for human fetuses following
iodination within a solution of 2.5% I2KI on the Med-X (Nikon Metrology, Tring, UK)
micro-CT scanner of 110 kV, 200 pA, 250 ms and 2 FPP will provide optimal SNR and
rCNR with a clinically efficient scanning time of 1 hour 18 minutes per fetus.

This ensures maximal SNR and rCNR within a clinically relevant scanning time of <1.5

hours per fetus.

6.9 Summary

In summary, increasing SNR and rCNR were observed as kilovoltage, current,
exposure time and FPP all increased. The imaging parameters able to demonstrate
maximal SNR and rCNR values were not appropriate due to detector saturation and
scanning time. Therefore, a balance between maximising image quality whilst
maintaining an appropriate scanning time ensures that micro-CT of human fetuses is
clinically appropriate. This chapter provides a methodology that is applicable to a wide
variety of scanning applications and an imaging parameter starting point for other

micro-CT similar scanners that is not previously demonstrated.
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6.10 Key points

e Increases in kilovoltage, current, exposure time and FPP all result in increasing
SNR and rCNR.

¢ Increases in SNR and rCNR reduce as the imaging parameters are increased.
e A small reduction in maximal SNR and rCNR through controlled reduction in
kilovoltage, current, exposure time and FPP will result in a more clinically

appropriate and optimised scanning protocol.
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Chapter 7 Evaluation of Image Quality in Human Fetal

Post-mortem Micro-CT

7.1 Overview

This chapter assesses the effect fetal demographics and imaging parameters have on
image quality, to identify the strongest negative and positive predictors from a
retrospective analysis of 258 clinical micro-CT scans.

The work presented in this chapter was undertaken by the author of this thesis, with
statistical advice provided by Dr Dean Langan (statistician). Image quality

assessments were completed by Dr Owen Arthurs and Dr Susan Shelmerdine.

Work from this chapter was presented orally at European Congress of Radiology
(2020) [142], and International Paediatric Radiology Congress (2021) [141], and has

been submitted as a journal paper to BMC Medical Imaging.
7.2 Introduction —image quality

The effect that four imaging parameters (kilovoltage, current, exposure time and FPP)
have on the SNR and rCNR was examined in chapter 6, with an optimised clinical

protocol developed.

The effect of fetal demographics and other non-imaging parameters on micro-CT
image quality [71] has not yet been investigated fully.

To address these effects, a retrospective analysis of micro-CT data was performed to
identify the image quality associated with a wide range of demographics and imaging

parameters.
7.3 Aims

Aim 7-1: To determine the relative contributions of fetal demographic and imaging
parameters to image quality of post-mortem fetal micro-CT imaging.
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Null hypothesis 7-1: There are no demographics or imaging parameters which have

a significant effect on image quality of whole post-mortem micro-CT of human fetuses.

7.4 Methods

7.4.1 Patient recruitment
Consecutive unselected fetuses under 350g body weight over an 18-month period

(January 2017 to November 2019) underwent whole body micro-CT imaging.

Ethical approval was acquired (NHS Health Research Authority, ethics approval ID:
13/L0O/1494, 17/WS/0089 and CE2015/81) and all samples were handled in
accordance with the Human Tissue Act (2004). Written parental consent for post-
mortem micro-CT imaging and the use of tissue in research following fully informed

consent procedures.

Prior to imaging, all fetuses were stored in the hospital mortuary and refrigerated at
4°C whilst suitable consent was determined and the suitability of individual fetuses
assessed with all fetuses <350g body weight referred to our service included in this

study.

Fetuses were immersed in a solution of 2.5% 12Kl (2 -13 days) to allow full iodination
through diffusion of the contrast to the centre of the fetus according to established
protocols described in Chapter 6 [90]. The demographics and imaging parameters are
listed in Table 7.1.
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Table 7.1 Study cohort demographic data and imaging parameter range

258 11 24 16.0 2.50 16.0 14.0 17.8
258 0 48 14.1 5.21 13 11.0 17.0
258 4.0 18.6 104 | 292 10 8.0 12.5
257 5.7 26.2 143 | 4.25 14.1 11.0 17.4
258 4.1 16.9 9.60 291 9.3 7.2 11.9
258 2.6 350.0 64.8 63.4 41.7 20.5 94.1
62 1 10 3.48 2.49 3 1 5
127 11 19 16.2 1.80 16 15 18
189 1 14 8.80 2.55 9.0 8.0 10.0
258 60 160 106 14.7 100 100 120
258 78 400 142 44.6 130 120 150
258 7 40 15 4.9 14 12 17
258 1351 3141 2716 440 2808 2431 3141
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7.4.2 Post-mortem micro-CT imaging

Micro-CT scanning was completed using one of two micro-CT scanners depending on
machine availability (model: Med-X or XTH 225-ST; Nikon Metrology, Tring, UK). An
initial whole fetal test scan was completed for each fetus to assess full iodination with
a further two micro-CT studies performed once full iodination was attained to enable
the highest resolution and magnification imaging possible for the two areas of

diagnostic interest: a head study, and a combined chest abdomen pelvis study [160].

Fetuses were secured within the scanner using foam supports, moisture absorbent
wrapping material and Parafilm M (Bemis, Oshkosh, USA) to ensure mechanical
stability [90]. Projection images acquired by the scanner were reconstructed using
modified Feldkamp filtered back-projection algorithms with CTPro3D software (Nikon
Metrology, Tring, UK) and post processed using VGStudio Max 3.4 (Volume Graphics
GmbH, Heidelberg, Germany). Isotropic voxel sizes varied according to specimen size
and magnification, ranging from 11.6 um to 89.3 um. All images were acquired with

beam hardening correction 0.5, no noise reduction median filter or tube filtration.

7.4.3 Demographic data and imaging factors

Demographical data included gestational age (weeks), post-mortem weight (g), post-
mortem interval (days), mode of death, and three fetal measurements in centimetres
(crown-rump length (CRL), crown-heel length (CHL) and head circumference (HC) as
well as whether an abnormality was detected by micro-CT (yes / no).

The timings between delivery and imaging were recorded as in Figure 7.1:

1, Time to immersion (defined as the time from birth to placement in 12Kl solution) and

2, lodination time (defined as the time spent in 12Kl solution prior to micro-CT imaging).
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Figure 7.1 Flow diagram identifying the Time to immersion and lodination time

Two specialist paediatric radiologists subjectively assessed the degree of maceration
at external examination for the whole body, and derived a single score for each fetus,
based on previously published ratings (0 = no maceration, 3 severe/established
maceration) [155, 156], and is based on several physical indications being definitive
for maceration having taken place, including skin slippage, skin and cord
discolouration, cranial collapse, level of mummification on external examination [155,
157, 158].

Imaging parameters were recorded for the head and chest/abdomen/pelvis
examinations and fell within the following ranges: kilovoltage (60 — 160 kilovolts),
current (78 — 400 pA), exposure time (125 — 1000 milliseconds), FPP (1 — 4) projections
(1066 — 3141) and effective pixel size (EPS) (11.6 — 89.3 microns).

7.4.4 Image analysis

Image quality assessments were completed independently by two board-certified
paediatric radiologists, with 5 years and 16 years specialist post-mortem radiology
experience. All images were anonymised, and observers were blinded to the clinical

history and pathological assessments.

Image quality assessments were made on 2 selected axial images per fetus, one
through the head at the level of the mid-brain, and one through the thorax at the level
of the heart, providing a 4-chamber cardiac view. Each radiologist provided three

different subjective image quality assessments:
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0) Full iodination (yes, diagnostic / no, non-diagnostic), Figure 7.2.

Figure 7.2 Axial micro-CT images acquired through the head (a,b) and chest (c,d)
demonstrating incomplete (a, ¢c) and complete (b, d) iodination
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(i) Imaging maceration score — demonstrating differing degrees of

maceration from none, to mild, moderate, and severe, Table 7.2.

Table 7.2 Descriptions of the maceration criteria by which the axial head and chest

images were assessed

None

No maceration evident

Mild

Mild cracking and distortion
but images diagnostic

Moderate

Moderate disruption with
reduction in normal tissue
planes, limited diagnosis

Severe

Severe maceration, non-
diagnostic with severely
distorted internal anatomy
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(i) Image quality score — demonstrating differing levels of image quality from poor,
to moderate and high, Table 7.3.

Table 7.3 Descriptions of the image quality assessment criteria by which the axial head
and chest images were assessed

Image Image | Image Quality | Head Images Chest Images
Quality | Quality Description
Score

Very grainy
images, loss
of normal
tissue planes

0-3 Poor

Some
graininess
perceptible,
but major
structures
and tissue
planes
unaffected

4-6 Moderate

Imperceptible
graininess in
7-10 High image,
excellent
detail

7.4.5 Statistical analysis

Descriptive statistics were calculated for baseline demographics, tissue preparation
variables and image parameters. Inter- and intra-rater reliability was investigated
through the kappa statistic (with linear weights) for maceration score and summary
statistics (median, IQR) presented for the differences between image quality ratings.
The average ratings between the two radiologist readers for image quality (the primary

outcome) and maceration score were used as the final analysed outcome.

Simple and multivariable linear regression models were fitted for the outcome variables
of image quality and perceived maceration score, separately for head and chest
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images. Baseline demographics, tissue preparation variables and image parameters
were considered as predictor variables in these models. A forward and backward
model selection approach was adopted to minimise the model fit statistic AIC to choose

the final multivariable models. All analyses were carried out in R (version 3.6.1).

7.5 Results

7.5.1 Demographics and imaging parameters

258 fetuses underwent micro-CT with a median post-mortem weight 41.7g (range 2.6
- 350), mean gestational age of 16 weeks (range 11 — 24). Further demographic data
is provided in Table 7.1. The time to immersion showed a bimodal distribution with

peaks <10 days (median 3) and >10 days (median 16 days), (Figure 7.4).
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Figure 7.3 Bimodal distribution of time to immersion across the fetuses included in
our cohort

Approximately a quarter (68/258, 26.5%) of cases showed significant abnormality on

micro-CT [160]. The commonest imaging indication was miscarriage 157/258 (60.9%),
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followed by termination of pregnancy (TOP) 69/258 (26.7%) and intrauterine death
(IUD) 32/258 (12.4%).

The range of imaging parameters used were the same for head and chest imaging
(Table 10.1) with minor differences between examination areas in <5% of cases
(kilovoltage (kV), current, exposure time, power), apart from number of projections and
estimated pixel size which varied to a greater extent due to anatomical area size (Table
7.1).

7.5.2 Overall image quality assessments

An image quality score of greater than 6.5 was recorded in 247/258 (95.8%) head and
251/258 (97.3%) chest imaging (i.e., 497/516 (95.9%) images overall). Image quality
scores were higher for head (median= 9, range 4 — 10) than for chest (median=8.5,
range 5 — 10; p<0.001; Figure 7.4).
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Figure 7.4 Greater image quality was noted in the head in comparison to the chest

Complete agreement between the two observers was seen in 51.2% (132/258) head
images and 36% (93/258) chest images with mean score used as “image quality” for
the results. There was an interrater variability of -0.16 (SD = 0.99) with one reporter

(SS) scoring slightly higher for image quality.
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7.5.3 Maceration and iodination assessments
250/258 (96.9%) of all cases were classed as fully iodinated with high agreement of
iodination status for heads 250/258 (96.8%) and chest 252/258 (97.6%).

Imaging of the brain scored higher for maceration than the chest. In just over a quarter
of brain imaging cases (69/258, 26.7%) the highest maceration imaging score of 3 was
provided, compared to only 3/258 (1.2%) chest images. There was an acceptable
inter-rater agreement for the maceration score, with weighted Kappa = 0.56 (95% CI
0.49 - 0.63, p < 0.001).

Pathologists at external examination recorded that over half of all fetuses (133/258,
51.6%) were severely macerated (i.e., score 3); a minority (14/258 (5.4%) as
moderately macerated (i.e., score 2) or mildly macerated (i.e., score 1, 30/258, 11.6%)
and approximately a third (81/258, 31.4%) as not macerated.

There was agreement of maceration score on micro-CT images and pathological
assessment (within + 0.5) for the head in 150/258 (58.1%), and chest in 107/258
(41.5%), with micro-CT images predominantly scoring less severe maceration in 64/25
(24.8%) head and 138/258 (53.5%) chest imaging than external assessment.

7.5.4 Image quality predictors

The main predictor of image quality for both head and chest were the pathological
score of maceration, with a more severe maceration score associated with lower image
quality (p<0.001), although this only accounted for 6.6% of the variation for head
imaging and 11.6% for chest imaging. Increasing body weight was also negatively
associated with image quality in the adjusted models (p<0.001 head, p=0.003 chest),

but not in unadjusted models.

The main imaging parameter predictor of the image quality score was the number of
projections acquired, which was positively associated with image quality in both head
and chest models. A greater image quality score was also positively associated with
FPP (for 2 frames, as opposed to 1 or 4 frames) in both head (p<0.081) and chest
(p<0.001) images, Table 7.4 - 7.6 (Abbreviations OR: Odds ratio, CI: confidence

interval).
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Table 7.4 Patient demographics
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Table 7.5 Maceration was the main predictor of image quality. Higher body weight and time to immersion was also negatively associated
with image quality
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Table 7.6 The number of projections was the main imaging parameter associated with higher image quality scores
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7.6 Discussion

This study has shown a high image quality score (of over 6.5) was achieved in the
majority (247/258, 96%) of fetal head and chest micro-CT studies across a range of
body weights. The strongest negative predictor of final image quality was the extent
of fetal maceration, with decreasing image quality also associated with increasing body
weight. The strongest imaging parameter predictors for image quality were the number
of FPP and EPS.

There was some discrepancy between micro-CT imaging assessment and pathological
visual assessment of the extent of fetal maceration, where pathological maceration
assessment was a better predictor of poor micro-CT image quality, although poor
image quality was only found in 4.1% of fetuses overall. This means that good micro-
CT image quality was achieved in the majority of cases despite several severely
macerated fetuses being included in the cohort. This demonstrates that this technique
can still produce high quality imaging and increase the widespread use of micro-CT in
macerated cases. This would allow micro-CT to be used as a triage tool to determine
which cases might be best suited for further pathological evaluation.

Whilst image quality was focussed on in these investigations, maceration has been
shown to render up to 50% of imaging non-diagnostic, in particular for the brain [160]
and heart [71, 161]. However, analysis of macerated cases at conventional autopsy is
equally challenging and the ability of micro-CT to provide high quality imaging non-
invasively may assist in maintaining the internal and external structure of the fetus
intact and allow some level of information to be obtained. This is especially useful in
the brain, where maceration often causes little information from conventional autopsy
procedures. Further optimisation of micro-CT may also provide greater diagnostic yield

in future.

Image quality was also rated as consistently higher for head than chest imaging. This
is likely due to intrinsic differences in image quality related to anatomical shapes and
ensuring full inclusion within the imaging detectors: spherical objects (such as the
head) can be positioned closer to the X-ray source, enabling lower EPS, whereas more

elongated shapes (such as the body) require positioning further away, enforcing a
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higher EPS to achieve optimal coverage. This causes an increased number of
projections, optimised by the scanner automatically, related to object diameter of for
the head in comparison to the body, which would explain both higher image quality for
the head and a negative association between increased EPS and image quality.

A few fetuses which were imaged using more FPP chest (4/258) 2.7%, head 6/258
(2.3%), and also yielded higher image quality, which is to be expected with increased
signal to noise as demonstrated by Chapter 6, although these scans take significantly
longer, as scan time is the sum of exposure time, FPP and number of projections.
Although 2 FPP was shown to be statistically significant, 4 FPP was not. This can be
explained by the small number of examinations that employed 4 FPP. To investigate
the effect 4 FPP has on image quality more accurately would require a greater number
of examinations with 4 FPP.

Body weight was negatively associated with image quality with a higher image quality
rating overall for head when compared to chest images. Both these results can be
explained by lower weight fetuses and smaller anatomical areas (particularly heads),
resulting in a lower EPS and a higher resolution micro-CT image. Lower body weights
and fetuses below 20 weeks gestation have significantly poorer diagnostic accuracy
and image quality using other post-mortem techniques, MRI [66] and Ultrasound [161],
and should be diverted to micro-CT. Together, these factors combined further
demonstrate the importance of the development of a clinical micro-CT protocol.

A bimodal time-to-immersion pattern was observed in our patient demographics, which
likely represents the differences between referral centres and their respective consent
procedures. Access to the micro-CT service can be expedited where full parental
consent is given on referral, but delays are encountered if further information is
required, resulting in two peaks at median 3 and 16 days, (Figure 7.3). This could also
explain why TOP was a statistically significant positive predictor for image quality when
compared to miscarriage, as these cases are likely to be referred more rapidly, and
with minimal maceration. Since this analysis was completed, dedicated consent
procedures at all referring centres have been adopted to reduce these delays and

improve both parent and professionals understanding of the procedures.

182



These investigations have shown that micro-CT can generate high quality imaging in
small, macerated fetuses where perinatal autopsy is known to present considerable
logistical challenges. It also offers an attractive alternative to those parents who do
not consent to invasive autopsy and is likely to increase the uptake of post-mortem
investigations [8, 16, 37, 38]. This further demonstrates the opportunity to offer a
broader range of post-mortem techniques on an individualised basis with the ability to
triage those cases in whom invasive autopsy will be most useful. Formal autopsy will
be of most use where post-mortem investigations and antenatal imaging findings are
not concordant [46], although it should be noted that following fetal loss below 18
weeks gestation it is unlikely that detailed antenatal ultrasound will have been

performed.

7.7 Limitations

The main limitation was the retrospective nature of this study, where we used a
relatively narrow range of imaging parameters, limited by machine capability. Chapter
7 analysed the widest range of imaging factors possible for the Med-X micro-CT
scanner (Nikon Metrology, Tring, UK) and determined the impact individual imaging
parameters have on SNR and rCNR. Therefore, this study offers a real-world example
of the consecutive cases referred to a clinical micro-CT unit and provided data to allow

adoption of several of the key points from these results into clinical practice.

7.8 Conclusion

High micro-CT fetal image quality is achievable following early pregnancy loss despite
maceration, with higher resolution achievable in smaller fetuses, when conventional
autopsy is challenging. These factors further demonstrate the requirement for a clinical
micro-CT imaging service, which will address the demonstrated need for less invasive

autopsy methods.

7.9 Summary

In summary, although maceration (strong negative predictor) was detrimental to image

quality, high image quality was still attainable in the overwhelming majority of micro-
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CT scans. Fetal weight was a weaker positive predictor of image quality due to

increasing EPS and number of projections.

7.10 Key points

e High image quality was still possible despite the presence of maceration.

e Strongest negative predictor for image quality was maceration.

e Strongest imaging parameters for image quality was EPS and number of
projections.

e Body weight was negatively associated with image quality due to its
association with a lower EPS.

e Head imaging reported higher image quality due to smaller EPS being

possible in general.
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Chapter 8 Focus group investigations into early
pregnancy loss from the family’s perspective: a pilot

study

8.1 Overview

This chapter presents an exploratory qualitative study into parental views of post-
mortem micro-CT imaging. Two focus groups consisting of parents following a
miscarriage were conducted to determine parental views towards micro-CT. It shows
that parents felt overwhelmingly positive about the technique and brought out key

themes, in particular greater choice, increased uptake, and mental health benefits.

The work presented in this chapter was undertaken by the author of this thesis, with
qualitative analysis and assistance in leading the focus groups provided by Dr Celine

Lewis (Social scientist). Recruitment was done through the Miscarriage Association.

Work from this chapter was published in Opinions in Obstetrics and Gynecology (2021)
[162] and has been submitted for publication at BMC Medical Imaging. It has also
been presented orally at the NIHR Conference 2020 [163], United Kingdom Imaging
and Oncology (2020) [164], and International Society of Radiographers and
Radiographical Technologists World Congress (2021) [165].

8.2 Introduction — parental perceptions of autopsy

Multiple investigations have been completed on the reasons why parents’ consent to
an autopsy, including determining future risk of recurrence, to advance medical
knowledge, to provide “closure” or to rule out self-blame [144-146, 166, 167]. Equally,
there are documented reasons parents may decline autopsy investigations, including
wanting to protect their baby from further harm, poor communication between
professionals and parents and a dislike of the invasiveness of the procedure, with
education and socio-economic status also playing a role in the decision-making [8, 16,
168].

185



It is this invasive nature of conventional autopsy and the lack of alternative non-
invasive techniques for early pregnancy loss (<22 weeks), that has led to the continued
development of non-invasive imaging techniques including micro-CT. By developing
an understanding of the reasons why parents’ consent or decline the differing autopsy

techniques now available better provision can be targeted to this underserved group.

Therefore, by undertaking this pilot study | aimed to understand the applicability of the
micro-CT technique and to better direct research into post-mortem imaging techniques

in the future with parents’ voices at its centre.

8.3 Aims

Aim 8-1. Using thematic analysis to explore parental opinion of micro-CT following

miscarriage, particularly around acceptability, the main benefits, and concerns.

This is qualitative research and therefore does not require a null hypothesis.

8.4 Methods

8.4.1 Funding
This investigation was funded by a National Institute for Health Research, Research
Design Service — London “Enabling Involvement” Award (£350).

8.4.2 Study participants and recruitment

Participation in the focus groups was advertised via the “Miscarriage Association”
Facebook account (San Jose, USA) and by email to the London and Home Counties
support and media volunteers of the “Miscarriage Association” who had expressed an
interest in participating in research during January 2020. Potential participants
confirmed their interest and their preferred dates and times via email, with the focus

groups completed on the 7! and 9" March 2020.

Both male and female parents who had experienced a miscarriage and were able to
attend a central London site for a face-to-face focus group meeting. There was no limit
on the time since the miscarriage event or whether they had experience of micro-CT

imaging as a post-mortem investigation for miscarriage. Exclusion criteria included
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any parents who were greater than 2 hours travel away from the Institute of Child

Health, as reimbursement would likely exceed the grant allowance.

Participants were offered a variety of days and times for the study to maximise uptake.
Reimbursement of travel costs and a gift voucher of £10 was made available for their

time.

All documentation and questionnaires were checked by the Miscarriage Association to
ensure clear plain English was used and suitable terminology to ensure complete
understanding by the participants.

8.4.3 Data collection

Prior to the focus groups, participants were sent background information (Appendix 6)
on the processes undertaken during conventional autopsies and potential
supplementary imaging techniques, including micro-CT. A brief explanation of the
intended topics for discussion at the focus group meeting was included. Parents were
free to decline participation at any time leading up to the meeting and contact details
for the research team were available should additional support or information be

required.

Written consent was provided by all participants, allowing for the audio-recording of
the focus group discussions, and for use of anonymised quotes in subsequent
research papers and reports, and participants demographics. General reflections were
collected by a male research radiographer with 3 years’ experience of post-mortem
imaging technigues (ICS-thesis author) and a female social scientist with 15 years’
experience in conducting and analysing qualitative interviews (Dr C. Lewis). The focus
group meetings lasted approximately 1.5 hours each and took part in a neutrally
decorated university conference room, rather than within the hospital, to avoid
triggering any untoward emotional memories of the miscarriage. Both researchers
wore casual clothing, rather than uniform, to set the scene for an open and supportive

discussion environment.

Intended topics for discussion were pre-planned prior to the focus group through a

multidisciplinary team collaboration — comprising of the research radiographer, two
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consultant radiologists, a social scientist and patient support advocates from the
Miscarriage Association (Wakefield, UK). Key areas for exploration included:
assessing parental acceptability of micro-CT imaging, the perceived benefits, and
concerns about this technique as described by parents.

During the focus groups, the research radiographer delivered a short presentation
depicting the micro-CT imaging technique. This included details of both existing post-
mortem imaging techniques and micro-CT, and their advantages, and limitations for
miscarriage investigation. Details of the staining preparation required for micro-CT and
examples of anonymised human fetal micro-CT images were also included. Atthe end
of the presentation, the participants had the opportunity to ask questions about the

procedure.

A group discussion was then performed using open-ended questions to determine
parental views. The discussion topics were informed by parental attitudes towards
post-mortem investigations from the current literature and previously conducted work
[8, 37, 38].

8.4.4 Data handling and analysis

The focus groups were audio-recorded with a digital voice recorder and transcribed
verbatim, with ICS checking the transcription for completeness. Data were analysed
using thematic analysis [169]. A codebook approach was used which combined a
structured approach, with codes initially identified through the literature and topic guide
(a deductive approach) alongside developing codes directly from the data (an inductive
approach). Initially, both researchers involved in the focus group meetings
independently read both transcripts and developed a coding framework. These were
then discussed, and the coding framework amended with some codes split, combined,
and renamed. ICS then re-read through the transcripts with the amended framework
and developed a set of categories that pulled similar codes together. The codes and
categories were discussed between the researchers with subsequent reorganisation
of the codes and categories. Transcripts were then read through a final time to check
the relevant data had been coded appropriately. In the final stages of analysis, some
minor changes were made to the wording of the categories and an overarching theme
identified.
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8.5 Results

8.5.1 Participant recruitment

Twenty-one participants were initially contacted via email as part of the London and
home counties support and media volunteers. Adverts were also posted on the
Miscarriage Association Facebook (San Jose, USA) social media private group (over
8500 members). A total of 41 participants initially responded to take part in the
research, with 20 confirming their availability. A further 7 participants did not attend on
the day, with one focus group of 8 participants being cancelled due to the Covid-19
pandemic. Therefore, 5 participants attended across 2 focus groups in March 2020,
(Figure 8.1).

21 contacted

8500+
members

Facebook
Email [ Recruitment ] SEOSH

33 respondents

7 respondents

4 participants
confirmed

16 participants
confirmed

Focus group 1
5 participants

Focus group 2
7 participants

Focus group 3
8 participants

Cancelled due
to Covid-19

3 attended 2 attended

Figure 8.1 Flow diagram of the recruitment process
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8.5.2 Participant characteristics

All participants were female, with an undergraduate university degree education or
higher, had experienced at least 1 miscarriage and none had experienced a
conventional (i.e., ‘invasive’) or imaging (i.e., ‘non-invasive’) based post-mortem

investigation at time of miscarriage, Table 9.1.

Two participants had been offered post-mortem investigations following their
miscarriage; one accepted chromosomal analysis and one declined conventional
autopsy, but later regretted this decision after experiencing further miscarriages. She
indicated that the information she may have received from the autopsy may have been
of some help. No participants were offered post-mortem imaging investigations as part

of this study.
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Table 8.1 Demographics of focus group participants

F 40 Mixed 2 0 Chromosomal N
analysis
F 3g | Black/ 8 0 N N
African
F 33 Mixed 2 0 N N
F 34 White 2 0 N N
Latin
F 35 American 1 0 N N
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8.5.3 Findings
The overarching theme summarising parental perceptions of micro-CT was that there
are multiple advantages to providing micro-CT post-mortem imaging techniques to

parents who have experienced miscarriage.

Within this theme identified two key categories were identified:

1) inner world benefits of micro-CT,

2) outer world benefits of micro-CT.

Further sub-themes were developed with participants’ quotes used to highlight these,
Table 8.2.

Table 8.2 Categories and codes identified as important factors around micro-CT post-
mortem imaging

Fulfilling parental role through
protection and care of the baby

Contributing to knowledge through
research

Choice and increased
investigational options

Hope for the future

Conventional autopsy attitudes

High-resolution imaging for early
gestation fetuses

Non-invasive imaging

Micro-CT staining information during
consent

Access to micro-CT and increased
choice for parents
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8.5.4 Internal themes

8.5.4.1 Fulfilling parental role through continued protection and care of the baby
Participants felt that the non-invasive nature of micro-CT could allow parents to fulfil
their parental responsibility by investigating the cause of the loss whilst at the same
time providing protection and care to the fetus.

“you don’t necessarily want any more harm done, because you're still, in
some cases, some parents are still quite protective of that fetus” — FG1

Participants also felt that being able to image the baby using micro-CT independently
from the mother helped reaffirm the loss of a human being, even at such an early stage

of the pregnancy, which some parents found comforting.

“‘because at such early stage sometimes you haven'’t told a lot of people
so, you know, you do think oh was it actually a baby, was it, you know, so
it's amazing to kind of see that image, you know, because you don'’t feel
crazy anymore.” — FG2

“so actually, | think in a way it’s quite nice because it's being treated like
it's a baby.” -FG2

Reaffirming the loss as a baby and treating it accordingly could potentially have mental
health benefits for the parents and provide comfort. A degree of closure may also be
gained by fulfilling their parental responsibilities through investigating their loss to the

best of their abilities in having chosen the “best possible” care given to their baby.

8.5.4.2 Contributing to knowledge through research
The value of micro-CT in contributing to our understanding of miscarriage was
discussed. Participants felt that being able to contribute to research following a

miscarriage could enable something positive to come from a negative experience.

“so, if | knew that obviously out of this something that was very upsetting,
there was some type of good going to happen from it, then | wouldn’t
actually mind” - FG1
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“.... I think you need answers and if there’s a way to get the answers,
that’'s great. We need more information, more — we want to know why it
happens really.” — FG2

Contributing to an increase in the knowledge surrounding miscarriage could provide

benefits both personally and to the knowledge base.

8.5.4.3 Choice and Increased Investigation Options
Participants acknowledged that another benefit of micro-CT was that it added to the

choice of investigations available to parents following a miscarriage.

“...better than “OK do you want an autopsy or not’. So, it’s just offering
something a bit more for the parents.” — FG1

“And to have that technology there because, at the moment, with early
miscarriage it's more investigations of the mum.” — FG2

Increasing parental choice could be empowering as it enables parents to have some
direct control over the level of investigation and protection they desire for their baby in

a situation where it can feel that there is no control available.

8.5.4.4 Hope for the future
The availability of micro-CT to provide answers and alleviate parents’ fear of future

pregnancies was mentioned.

“for your mental health — and also not being so fearful of the next
pregnancy as well, because potentially if something was found and is
fixable in some shape or form then it, yeah, kind of prepares — you're in
preparation for the next one to be able to get.” -FG1

“You know, so it’s quite invasive for the mum, you know, but actually a lot
of the problems sometimes might just be the development and then it
would stop the mum from blaming themselves, you know, to have the
answers that actually it's not you, you know, it’s just something that’'s
happened, you know, you haven’t done anything wrong, you didn’t run for
the train too fast or, you know, something so silly!” — FG2
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This could provide some comfort for parents going forwards and enable them to move
on. In addition, some participants also highlighted the potential for micro-CT to provide

answers and therefore prevent mothers’ blaming themselves for the loss.

8.5.4.5 Conventional autopsy attitudes
One participant also stated that she would have accepted a conventional autopsy had

it been offered.

“So, yeah, | would. | think | would have either of them offered to me, if
either of them was offered and if it was all good, yeah. So, | know it's
slightly different feelings!” — FG1

“| personally regret not having an autopsy now because for my nineteen
weeks that was baby no.3 and | just presumed that once that happened,
because | got pregnant so easily, it would be fine, but now I’'m on, or I've
had miscarriage no.8 and | still haven’t got the full answers.” — FG1

The feeling of regret through not investigating a miscarriage is demonstrated and can
have mental health consequences. By increasing the choice of examinations
available, more acceptable procedures can be made available to parents who consider

conventional autopsy as unacceptable.

8.5.5 Outer-world benefits of micro-CT
8.5.5.1 High-resolution imaging for early gestation fetuses

The high-resolution of the technique and the ability to image early gestational fetuses

from the first trimester were mentioned as a positive impact of the micro-CT technique.

“the understanding of how clear you can actually see and what you can
see.” - FG1

‘I think the amount of imagery, the amount of detail that you’re managing
to get obviously is a lot better than an autopsy.” — FG1

“It is so impressive how detailed they are, like, when they are so tiny and
you can see so many of the organs and, yeah, I'm really impressed.” —
FG2
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“So, first trimester losses. Wow, that’s impressive.” - FG1

Providing highly detailed images for earlier pregnancy loss could potentially provide
comfort to parents by helping them appreciate their loss as a baby rather than a fetus.

8.5.5.2 Non-invasive imaging
Participants felt that the ability to provide answers as to the loss of the pregnancy in a

non-invasive manner was important.

“I think you need answers and if there’s a way to get the answers, that’s
great. We need more information, more — we want to know why it
happens really.” — FG2

“that they’re not having to be cut open and you’re getting the data that you
need to potentially find some answers” — FG1

“I' just couldn’t bear the thought because | just thought do you know what,
he’s been through enough, | don’t want him being cut open. But if
something like this was available, | would have jumped at the chance.” —
FG1

“really because it’s not invasive, ....... So, I've gotanideaof, ....... What
that kind of procedure is, whereas an autopsy just seems so much
scarier.” — FG1

“Yeah, | think as an alternative to what is done at the moment, it's much
better to know that your baby’s not going to be cut and that you're going to
see so clearly what was inside the baby and how long it developed.” —
FG2

The non-invasive approach of micro-CT was universally acknowledged by participants
as an important factor in acceptability. One participant even stated that this would

have changed their mind, and that they would have chosen further investigation.
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8.5.5.3 Micro-CT staining information during consent
Participants expressed that the temporary alteration of skin tone during preparation for
micro-CT may influence parental choice of the technique, and that returning the babies

skin tone to its original colour would be important for some participants.

“I think if the parents are made aware then they’re waiting for it and then
you know if you said to me and | didn’t know the colouration — there’ll be a
potentially staining of the baby, | would always imagine it to be worse than
what it actually is. Yeah, | don’t think the staining would bother me either.”
-FG1

“No, it wouldn’t to me. | think it's a personal thing but, to me, it wouldn’t.” —
FG2

“I think getting back to close to the real colour, | think it would be
important.” — FG2

Recognising the skin tone change through iodination may affect the uptake of the
procedure for some parents and this is important in highlighting a potential barrier to
the technique. All participants stated that this would not have discouraged them
personally. It demonstrates that parents require full information of the process to

enable informed choices to be made.

8.5.5.4 Access to micro-CT and increased choice for parents

Participants believed that they and other parents would be willing to pay for a micro-
CT service if it allowed them access to the technology. They spoke of frustration that
only following multiple miscarriages were investigations prioritised in the current clinical

service.

They universally expressed that had micro-CT been available at the time of their

miscarriage they would have chosen it.

“It would definitely be something, you know, something we were thinking
about, we were lucky enough to then go on and have a baby but, you
know, it's definitely something | think people would pay for.” — FG2
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“But | know there’s plenty of women that would pay for that if it was
available, you know, but also changing the...but, you know, at the
moment, as | say, they go three, unless you’ve had more than three early
miscarriages, they don’t really do anything, which | can understand, but it's
quite difficult. So, yeah, it's kind of changing that as well if the
technology’s there then you can do it.” — FG2

“Yeah, | think it's really amazing, | think it can help a lot of women,
definitely, and men!” — FG2

Expression of willingness to pay for and choose the micro-CT technique demonstrates
the universally positive attitude amongst the participants and their belief that such a

clinical service needs to be widely available.

8.5.6 Thematic sentences
Thematic analysis of the focus groups allowed two thematic sentences to be

developed:

1. The investigation of miscarriage through micro-CT was perceived as having several
parent centric benefits around peace-of-mind, control and facilitating closure.

2. Micro-CT was perceived to have service and societal benefits around finding

answers through non-invasive imaging following miscarriage.

8.6 Discussion

In this explorative qualitative study, parental perceptions of post-mortem micro-CT
imaging following a miscarriage were positive overall. In particular, the main perceived
benefits centred around peace-of-mind, facilitating closure, and providing some
answers to why the miscarriage had occurred, matching general parental perceptions
of autopsy [8, 13, 144-148, 166, 167, 170, 171], and increasing acceptability of non-
invasive autopsy techniques [8, 16, 37, 38, 162, 172].

The non-invasive approach of micro-CT imaging resonated with the focus group

participants. They felt it would result in a higher uptake in autopsy investigations, as it
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would allow parents to accept some form of autopsy whilst also providing comfort in
knowing that their baby was not suffering further harm. This ability to provide respectful
care was important to our focus group participants and was previously highlighted in
studies looking at benefits of less-invasive autopsy [13, 31, 145-148, 173]. Any
increase in the uptake of autopsy investigations from the current low level is likely to

be beneficial for families, hospitals, society and policy-makers [8, 16, 37, 38].

The high-resolution imaging also resonated with participants by recognising their early
pregnancy loss as a baby rather than a fetus. They felt that the ability to visualise
individual organs in such small fetuses to a recognisable degree of detail, was
important in providing comfort for parents and increasing the likelihood of engaging

with the post-mortem investigation process, in keeping with previous studies [32, 146].

Participants stated that the need for answers concerning the pregnancy loss was
important, and that micro-CT can address this need. Micro-CT can provide diagnostic
information to determine the cause of pregnancy loss [8, 64, 65, 74, 75, 126, 160, 174],
across a wide range of gestational ages (7 — 22 weeks) [126, 175] and fetal weights (2
— 350 grams) [160], which are not adequately served by clinical MRI imaging below
500 grams [44, 64, 66].

Participants also stated that micro-CT allowed acceptable investigations to be
completed and could reduce the blame felt by the parents. Even when there was no
definitive result as to why the pregnancy was lost, it may allow the parents a degree of
closure for their loss and to feel that they had fully investigated the death, thus having
a positive impact on parental mental health [37, 144-148]. One participant stated that
she had regretted declining a conventional autopsy following multiple miscarriages, in
line with literature reporting that most parents who consent to autopsy find it helpful
[166], whilst those who decline investigations often express regret [13, 171].

The universally positive response of parents from our focus groups was that they would
have accepted a micro-CT investigation had it been offered to them. The ability to
provide knowledge resonated with the participants not just on a personal level, but also

altruistically, which is a significant motivator for parental consent [144, 148, 167, 170,
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171, 173]. Importantly, the participants did not consider the temporary discoloration to
be a significant barrier to micro-CT uptake, providing sufficient information was given
during consent by a health professional who thoroughly understood the procedure
[166, 170].

There are no other studies currently in the literature that have assessed parental
acceptability of micro-CT imaging for fetal loss, but these results match parental
acceptance of other post-mortem imaging investigations (e.g., PMMR) which is high
[8, 16, 37, 38, 162, 176]. Key important factors for parents raised in those studies were
invasiveness, communication, respectful care, contribution to research and awareness
of the techniques, which were also raised within our study and demonstrates the

applicability of micro-CT for use as a non-invasive post-mortem imaging technique.

8.7 Limitations

There are several limitations associated with this study.

Firstly, only a small number of participants took part with none having first-hand
experience of the micro-CT imaging process during their miscarriage. Given the
relatively new micro-CT imaging service, few parents were available who would have

first-hand experience of micro-CT imaging, but the feedback remains useful.

Secondly, the study coincided with the onset of the global Covid-19 pandemic, which
was largely responsible for the high non-attendance rate. Despite this, these
preliminary results are representative of general parental attitudes, as the data

matches the wider literature on less-invasive post-mortem imaging techniques.

Although online virtual meetings would have been possible and have become popular
as a data collection method in the past year, this was not the experience at the time.
Due to the sensitive nature of this research topic, these discussions would have best
been conducted in person in a quiet dedicated space with on-site bereavement
support, should any emotional distress arise. On-line data collection will be considered

for further studies, to extend the reach of the study population and to allow a wider
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audience to attend who may be reluctant to travel or cannot due to on-going Covid-19

restrictions or personal circumstances.

Thirdly, there could be debate whether focus groups or interviews offer the optimum
method of data collection. Whilst interviews could offer a greater depth of discussion
for individual cases, focus groups successfully developed full conversations around

the micro-CT technique.

Fourthly, participants religion should have been recorded as this may have an effect
on the choice of investigation as Judaism and Islam dictates that the body should not
be cut and that it should be buried within a day. These factors will have an effect on
parents choosing micro-CT scanning as it takes several days for iodination to occur
yet prohibits any cutting of the body. This demographic should be recorded for future

investigations.

8.8 Conclusion

Micro-CT is perceived to be a useful post-mortem imaging technique by parents who
have experienced a miscarriage. Our focus group indicated that the key potential
benefits were in providing a greater range of choices for parents following early
pregnancy loss, increasing the uptake of autopsy in general, and multiple mental health
benefits. Further parental involvement including those who have directly experienced

the technigue should be the next step in developing this patient-centred clinical service.

8.9 Summary

In summary, the response of participants to the micro-CT technique was
overwhelmingly positive. The results from this exploratory preliminary study
corresponded to larger investigations of less-invasive autopsy techniques and their
acceptability. This study provides validation for further work within this area to ensure
that the micro-CT technique is further developed. This will increase accessibility for
post-mortem imaging techniques where no other alternative imaging tool currently

exists.

201



8.10 Key points

The focus groups analysis indicated several key points that development of a clinical

micro-CT service would provide.

¢ Non-invasive approach would allow for increased uptake of post-mortem
investigations, increasing individual and overall medical knowledge.

e Mental health advantages for parents through increased care and protection
being provided through the non-invasive approach of micro-CT.

e The high-resolution imaging of micro-CT can help recognise the early
pregnancy loss as a baby and could provide comfort to parents.

e There was an overall positive response to the micro-CT technique with all
participants stating they would have consented to the procedure if offered to
them.

e Micro-CT allows greater parental investigational choice for early pregnancy
loss.

e Importance of staining information delivered to the parents during the

consenting procedure.
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Chapter 9 Future Direction for post-mortem micro-CT of

human fetuses.

Overview

This chapter summarises the work completed as part of this doctoral thesis. It
describes how this work has changed clinical practice within Great Ormond Street
Hospital and discusses the limitations of this work, with future direction of this work and

clinical integration.

Work from this chapter was published in Ultrasound Obstetrics and Gynecology (2019)
[175] and American Journal of Obstetrics and Gynecology (2021) [160]. It has also
been presented orally at the Biomedical Research Centre / Institute of Child Health
Showcase Event (2019) [177].

9.1 Summary of findings

The overall aim of this thesis was to develop an optimal clinical protocol for scanning
post-mortem iodinated whole human fetuses with micro-CT. This was achieved and

has been published as a clinical protocol [90].
More detailed aims were as follows:

Aim 1. To determine optimal tissue preparation (concentration and immersion time in
[2KI solution) for ex-vivo organs and whole human fetuses <24 weeks prior to micro-

CT scanning.

A relationship between iodine immersion time and fetal body weight was found for

human fetal tissue preparation (Chapter 4).

Aim 2: To identify the relationship between key micro-CT imaging parameters and

SNR and rCNR for ex-vivo organs and whole human fetuses.
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This was achieved and is outlined in chapters 3 and 6.

Aim 3: To determine a clinically appropriate micro-CT scanning protocol with optimal
SNR and rCNR, within a scan time of less than 30 minutes and to eliminate detector

saturation.

This was the main aim of the thesis and has been established (Chapter 6).

Aim 4: To determine the relative contributions of fetal demographics and imaging

parameters to image quality for post-mortem fetal micro-CT imaging.

This work found that maceration was the strongest predictor of image quality (Chapter

7), using specific ROl methodology (developed in Chapter 6).

Aim 5: To qualitatively explore parental opinion of micro-CT following miscarriage,

particularly around acceptability, the main benefits, and concerns.

Preliminary parental perceptions of Micro CT following miscarriage were positive,
(Chapter 8).

9.2 How has this technique changed local clinical practice?

At the start of this doctoral study in 2018 the proof of principle of using micro-CT for
human fetal post-mortem imaging had been demonstrated [74, 121, 122, 125]. Over
the past three years the technique has been optimised into a clinical protocol, and was
introduced into clinical service at Great Ormond Street Hospital for Children (GOSH)

for fetal autopsy [90].

As referring hospitals became aware of the technique, partly through consenting into
the studies presented here, the number of clinical referrals has increased year on year,

with a predicted 200 clinical cases in this calendar year, (Figure 9.1).
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Figure 9.1 Clinical micro-CT referrals for human fetal post-mortem imaging have
increased throughout the course of this thesis, with projected numbers for 2021

This increased uptake of a non-invasive imaging test demonstrates parental
acceptability and the unmet clinical need, validating the need for this test and thesis.
We have received no complaints from parents following the introduction of this
technique, and importantly no negative feedback regarding discoloration following

iodine.

9.3 Limitations of this thesis

Several limitations of this thesis have been identified, aside from those specifically

identified in each chapter.

9.3.1 Other imaging techniques and contrast agents

Throughout this thesis, immersion in a solution of I2KI was used to provide soft tissue
contrast, (Figure 9.2), after being identified in the literature review, (chapter 2), as the
most suitable contrast agent. Other contrast agents are available including OT and

PTA but were not tested.
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Figure 9.2 High resolution images depicting the torso in coronal plane (a) and sagittal
plane (b), and axial images of the chest (¢) and abdomen (d) of a 16-week gestation
fetus weighing 90 g

PCl is also being developed as an alternative to employing exogenous contrast agents
to demonstrate soft tissue details non-invasively. Although this has been proven in
enabling assessment of intra-operative tissue margins in the excision of breast
tumours [103], further advances in this technology may prove this to be a suitable

technique in the future.

Optimisation in fetal immobilisation would also be required, although the lack of
contrast agent would minimise tissue distortion. Once iodinated, fetal tissue stiffens,
providing resistance to compression when immobilising the fetus. Without this
iodination and accompanying rigidity, movement artefacts could be caused, thereby

reducing diagnostic capability.

Other methods of increasing the speed of contrast administration were also not
investigated in detail. It is possible that iodination in a pressurised chamber, or with an

agitator at the bottom, could speed up the iodination time. Inherently the clinical
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protocol that has been developed is one that could be carried out in any hospital with

access to a micro-CT scanner without other specialist preparation equipment.

9.3.2 Qualitative assessment of parental views following post-mortem imaging
techniques

Although the results of chapter 8 demonstrated an overwhelmingly positive attitude

towards micro-CT and its use in identifying the causes of early pregnancy loss, the

studies participants had not been offered micro-CT and had no direct personal

experience of the technique.

When recruiting for this study the Miscarriage Association’s social media account and
email contacts were used to contact participants to take part in the focus groups. Due
to the small number (<300) of parents who had undergone micro-CT at our centre
(GOSH), and the large number of miscarriages estimated to occur each year in the UK
(>180,000) [178], it is unsurprising that the small number of participants had any

experience of this technique.

The general themes identified during this thematic analysis were aligned with other
less- or non-invasive post-mortem imaging techniques [1, 8, 16, 37, 38, 162]
demonstrating a need for the expansion of these options for parents. Therefore, whilst
this does not detract from the overwhelmingly positive response to the micro-CT
technique from its participants it does indicate further work by listening to parents’

voices who have direct experience of a clinical micro-CT service.

9.3.3 Diagnostic accuracy studies
A diagnostic accuracy study for micro-CT did not form part of this thesis, but has been

reported elsewhere, led by the GOSH post-mortem imaging group [160].

There were several difficulties in a direct comparison of conventional invasive and

micro-CT non-invasive techniques and their diagnostic accuracy.

Firstly, it was considered unethical to withhold the choice of micro-CT from parents

who had declined conventional autopsy, which resulted in larger numbers choosing
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micro-CT. Secondly, a conventional autopsy was not performed if the pathologist
considered there would be no added benefit. Therefore, in the diagnostic accuracy
study of 268 cases reported elsewhere [160], whilst 221/268 (82.5%) parents
consented to both micro-CT and invasive autopsy, only 29/221 (13.1%) proceeded to
autopsy under the pathologist’s direction. The pathologist thought that there would be
no added value from further invasive investigation, inherently validating the choice and

availability of micro-CT for early pregnancy loss.

47/268 (17.5%) parents chose only external examination of the fetus and micro-CT
and refused more invasive techniques. If micro-CT had not been available, these
parents are likely to have declined all other available autopsy choices. Of those cases
who underwent micro-CT alone, 25% showed fetal structural abnormalities, and
confirmation of the antenatal ultrasound imaging findings in >80%, with additional

anomalies also demonstrated through micro-CT [160].

Therefore, a true diagnostic accuracy study was not possible, as parents were
unwilling to consent to the definitive autopsy test, but parental uptake does
demonstrate a need for the use of micro-CT in this cohort.

9.4 Future clinical integration

Education and training are important factor in developing such a service [168, 179,
180], and post-mortem imaging has now developed to be a speciality within radiology
over the past decade.

The micro-CT protocol [90] developed throughout this thesis could be taught to a
relatively wide range of professional medical backgrounds within 1-2 months of
suitable training, with similar associated running costs to a medical CT scanner [75,
160].

Although availability and access to specialist centres may be a practical barrier in the
short term [58, 64, 75, 90, 126, 160, 174-176], along with awareness of the technique
and its benefits within the medical community [44, 58, 64, 75, 90, 126, 160, 174, 175],
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dissemination is continuing to raise awareness of the technique among the medical

community.

It is equally important to raise awareness through increased public engagement. Due
to the sensitive nature of the topic, it is essential to ensure that the information is
delivered in a sensitive and caring manner appropriate to parents at this most traumatic
of times. Therefore, engagement with multiple pregnancy loss charities within the UK,
(Miscarriage Association and SANDS) has continued both before and throughout this
thesis in ensuring the language used in consent forms, questionnaires and plain
English statements is appropriate and accessible. This ensures that parents are made

aware of the benefits and challenges of all the techniques available.

By demonstrating that micro-CT provides a suitable alternative to the invasive autopsy
procedure among pathologists [160], its uptake into other centres could reduce the
invasive technique workload within the early pregnancy loss cohort, whilst

simultaneously providing parents with greater choice to investigate their loss.

9.5 Future research direction

9.5.1 Evaluation of the additional diagnostic yield of micro-CT following
miscarriage

Micro-CT has been shown to provide sufficient confidence in the autopsy results for

pathologists to decline further invasive investigation, despite consent from the parents

[160].

In an initial diagnostic accuracy trial of micro-CT vs antenatal ultrasound, a high
concordance was reported in 219/266 (82%) [160]. However, this study only analysed
overall agreement (normal / abnormal), not detailed analysis by organ or specific
abnormality. There is clearly a need for a detailed comparative evaluation between
these techniques to identify what the value of micro-CT in this setting.

An ultrasound scan is usually performed at 12 weeks of pregnancy to confirm the

pregnancy and provide a dating estimation, commonly called the dating scan. In the
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UK, this is usually followed by a further ultrasound scan at 20 weeks to identify any

abnormalities commonly called the anomaly scan (Figure 9.3).

Unfortunately, many miscarriages occur before the 20-week scan, and any post-
mortem investigation could provide added value in determining the cause of death. As
micro-CT is the only current imaging examination that can provide suitably high-
resolution imaging in a manner acceptable to a larger number of parents, this may be
the group most helped by micro-CT despite a true comparative study not being
available [2, 44, 90, 126, 160, 162, 176].

Miscarriages that occur after the anomaly ultrasound scan at 20 weeks could be
compared directly with the antenatal ultrasound in a direct comparison, to evaluate its
potential value in this setting. In the setting of terminations of pregnancy following the
anomaly scan, the diagnostic yield of micro-CT above and beyond antenatal

ultrasound should be determined.

A single large study could be performed to capture all these events, to evaluate the
true diagnostic yield of this new technique as well as acceptability in certain

circumstances, (Figure 9.3).
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Figure 9.3 Flow diagram to identify the added diagnostic yield and value at differing stages of pregnancy loss as well as assessment of
the parental experience
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9.5.2 Ongoing public, patient involvement and experience
The focus groups in Chapter 9 demonstrated the overwhelmingly positive opinion of
micro-CT, with several patient-centric and societal benefits being raised by the

participants.

They gave useful guidance on how to conduct trials of parental experience in future.
As the main limitation of that study was that none of the participants had experience of
clinical micro-CT, the next logical step is to evaluate the experience of parents who
have this experience, either consenting to micro-CT or declining it as part of their care,

and their subsequent positive and negative experiences of the service.

Feedback was identified in how parents would like trials, regarding patient experience,
to be completed which will be invaluable in identifying the most suitable methodology,
the questions to ask and the approach to take in this sensitive subject and at an

extremely traumatic time in the parent’s life.

This work will inform future provision of a micro-CT service and ensure the most
appropriate method of service delivery is utilised, whilst also providing further evidence

for the investment in this technology within other clinical specialist centres.

9.5.3 Ongoing engagement through pregnancy loss charities

Itis essential that healthcare research has patients and their voices at its centre. Whilst
pregnancy loss is challenging, it is essential that knowledge surrounding these events
are developed. Autopsy is proven to provide the highest diagnostic yield, yet the
argument for less- or non-invasive techniques has been made. There is a wide array
of options for parents to choose between when determining how they wish to
investigate their loss and it is important that they are fully informed to be able to make

the most appropriate personal choice.

Therefore, the information must be delivered in a format that is acceptable to parents
at this time from a variety of backgrounds and religions. Charities are at the forefront
of this work (e.g., Miscarriage Association, SANDS) and excel at being the first point

of contact for information in a format that is acceptable and accessible to most parents.
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They remain central to the future development of this micro-CT technique; the ability

to contact large diverse groups of patients is invaluable as a researcher.

9.6 Conclusion

The work presented in this thesis has made a significant contribution to the lives of
parents who consented to micro-CT as part of a fetal autopsy investigation, where
otherwise they may have been underserved or declined all other available autopsy
choices. It has grown into an active clinical service and there is now sufficient
experience to be able to take this work forwards in terms of accuracy, yield, and direct

parental experience.
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10, Appendix 1 Nature Protocols paper

nature
pr OtOCOIS https://doi.org/10.1038/541596-021-00512-6

W) Check for updates

PROTOCOL

Human fetal whole-body postmortem
microfocus computed tomographic imaging

lan C. Simcock ®"?3, Susan C. Shelmerdine™®?3, J. Ciaran Hutchinson?3*?, Neil J. Sebire?>>* and
Owen J. Arthurs"?3*

Perinatal autopsy is the standard method for investigating fetal death; however, it requires dissection of the fetus. Human
fetal microfocus computed tomography (micro-CT) provides a generally more acceptable and less invasive imaging
alternative for bereaved parents to determine the cause of early pregnancy loss compared with conventional autopsy
techniques. In this protocol, we describe the four main stages required to image fetuses using micro-CT. Preparation of
the fetus includes staining with the contrast agent potassium triiodide and takes 3-19 d, depending on the size of the fetus
and the time taken to obtain consent for the procedure. Setup for imaging requires appropriate positioning of the fetus
and takes 1 h. The actual imaging takes, on average, 2 h 40 min and involves initial test scans followed by high-definition
diagnostic scans. Postimaging, 3 d are required to postprocess the fetus, including removal of the stain, and also to
undertake artifact recognition and data transfer. This procedure produces high-resolution isotropic datasets, allowing for
radio-pathological interpretations to be made and long-term digital archiving for re-review and data sharing, where
required. The protocol can be undertaken following appropriate training, which includes both the use of micro-CT
techniques and handling of postmortem tissue.

Introduction

'Department of Clinical Radiology, Great Ormond Street Hospital for Children, London, UK. “UCL Great Ormond Street Institute of Child Health, Great
Ormond Street Hospital for Children, London, UK. 3MIHR Great Ormond Street Hospital Biomedical Research Centre, Londan, UK. “Department of
Histopathology, Great Ormond Street Hospital for Children, London, UK. ®e-mail: Owen Arthurs@gosh.nhs.uk

2594 NATURE PROTOCOLS |VOL 16| MAY 2021|2594-2614 | www nature.com/nprot
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11, Appendix 2 Ethics

NHS

Health Research Authority

London - Camberwell St Giles Research Ethics Committee

Level 2, Block B
Whitefriars
Lewins Mead
Bristol
BS12NT
Please note: This is the
favourable opinion of the REC
only and does not allow the
amendment to be implemented
at NHS sites in England until
the outcome of the HRA
assessment has been
confirmed.
19 February 2017
Dr Owen John Arthurs
NIHR Clincian Scientist and Consultant Paediatric Radiologist
Great Ormond Street Hospital NHS Foundation Trust for Children
Department of Radiology
Great Ormond Street Hospital
Great Ormond Street
WC1N 3JH
Dear Dr Arthurs
Study title: Optimisation of paediatric and perinatal post mortem
imaging protocols
REC reference: 13/L0O/1494
Protocol number: 12RP0O7
Amendment number: Amendment #1, 16/09/2016
Amendment date: 24 January 2017
IRAS project ID: 131395

The above amendment was reviewed on 10 February 2017by the Sub-Committee in
correspondence.

Ethical opinion

The members of the Committee taking part in the review gave a favourable ethical opinion
of the amendment on the basis described in the notice of amendment form and supporting
documentation.

Approved documents

The documents reviewed and approved at the meeting were:

215



Document Version Date

Covering letter on headed paper [Rationale for Substantial 18 January 2017
Amendment]

Notice of Substantial Amendment {(non-CTIMP) 24 January 2017
[AmendmentForm_ReadyForSubmission]

Participant consent form [GOSH Consent Form] 3 16 January 2017
Participant consent form [PMI single A4 consent form] 3 23 January 2017
Participant information sheet (PI1S5) [2018 MIA and Imaging Leaflet |3 23 January 2017

review]

Membership of the Committee

The members of the Committee who took part in the review are listed on the attached
sheet.

Working with NHS Care Organisations

Sponsors should ensure that they notify the R&D office for the relevant NHS care
organisaticn of this amendment in line with the terms detailed in the categorisation email
issued by the lead nation for the study.

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees and complies fully with the Standard Operating Procedures for
Research Ethics Committees in the UK.

We are pleased to welcome researchers and R & D staff at our Research Ethics Committee
members’ training days — see details at http://iwww.hra.nhs.uk/hra-training/

13/LO/1494: Please quote this number on all correspondence

Yours sincerely

Mr John Richardson
Chair
E-mail: nrescommittee london-camberwelistgiles@nhs.net

Enclosures: List of names and professions of members who took part in the
review

Copy to: Mrs Thomas Lewis, Division of Reserach and Innovation, UCL ICH
Ms Emma Pendleton
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London - Camberwell St Giles Research Ethics Committee

Attendance at Sub-Committee of the REC meeting on 10 February 2017

Committee Members:

Name Profession Prezsent | Notes
Dr Ana Bajo Research Psychologist Yes
Mr John Richardson | Retired Director of COREC: former Ecumenical Yes
Cfficer for Churches Together in South London
Also in attendance:
Name Position {or reason for attending)
Mr Alex Martin REC Assistant
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12, Appendix 3 Post-mortem Examination Consent

Form

Your wishes about the post-mortem examination of your
baby/child

All sections MUST be completed to prevent delay.

The examination of your baby/child will take place at

Great Ormond Street Hospital NHS Foundation Trust.

London WC1N 3JH

0207 829 7906.

218



Mother Baby/Child
Last name Last name
First name(s) First name(s)
Address Date of birth
Date of death (if liveborn)
Hospital no. Hospital no.
NHS no. NHS no.
Date of birth Gender (if known)
Consultant Consultant
Father/Partner Address (if different from the mother’s)
Last name

First name(s)

Preferred parent to contact, tel. no.:
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How to fill in this form:

e Please show what you agree to by writing YES in the relevant boxes.

Write NO where you do not agree.

e Record any variations, exceptions, and special concerns in the Notes to the
relevant section or in Section 5.

¢ Sign and date the form. The person taking consent will also sign and date it.

Changing your mind

After you sign this form, there is a short time (Up to 48 Hours) in which you can
change your mind about anything you have agreed to. If you want to change your

mind you must contact:

Please be assured that your baby/child will always be treated with care and
respect. Any investigations listed below are only undertaken according to your

specific wishes.

Section 1: Your decisions about a post-mortem examination Select one of these
four options.

The extent of examination that is carried out is up to you according to the
options below. Each option describes all the tests that will take place. However,
for some patients, if it is felt that a more limited examination can adequately
answer the questions raised, the examination may not include some of the
components. This depends on the specific features and history for each patient
and is therefore at the discretion of the Consultant Pathologist responsible.
However, we will NEVER perform more extensive investigations than you have

agreed to.
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A complete / full post-mortem. This is the standard approach and may provide the

most information in some cases. It includes an external examination, then via two or
more incisions, examining all the internal organs, examining small samples of tissue
under a microscope, a range of imaging techniques as appropriate (E.g., X-rays, CT,
Micro CT, MRI, ultrasound) and medical photographs. Tests may also be done for

infection and other problems. The placenta where relevant will also be examined.

I/We agree to a complete / full post-mortem examination.

with Micro CT examination (This involves using a contrast solution which may cause

discolouration)

OR

A minimally invasive post-mortem examination. This includes an external

examination, a range of imaging techniques as appropriate (E.g., X-rays, CT, Micro
CT, MRI, ultrasound), medical photographs and examination of the internal organs of
the body that you agree to, usually via a “key-hole surgery” approach. This will only
involve a small incision for the endoscope; no large incisions will be made. The
placenta will also be examined. In some cases, it may be possible to take small tissue

biopsies under imaging guidance alone to answer certain specific questions.

[ ] VWe agree to a minimally invasive post-mortem examination.

with Micro CT examination (This involves using a contrast solution which may cause

discolouration)

OR

A limited post-mortem. This may give less information than a complete/full or minimally
invasive post-mortem examination but depending on the circumstances can often adequately
answer specific questions. A limited post-mortem includes an external examination, examining
the internal organs in the area(s) of the body that you agree to, examining small samples of
tissue under a microscope, and imaging and medical photographs. Tests may also be done
for infection and other problems and the placenta will also be examined where relevant.
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[ ] Vweagree to alimited post-mortem examination.

[ ] [ ]

Please indicate what can be examined: head chest and

neck

I:I abdomen |:| placenta Only other

An external / imaging post-mortem. This may give less information than a complete/full or
minimally invasive post-mortem examination but depending on the circumstances can often
adequately answer specific questions. An external post-mortem includes an examination of
the outside of your baby/child’s body plus a range of imaging techniques as appropriate (E.g.,
X-rays, CT, Micro CT, MRI, ultrasound) and medical photographs but no incisions will be made,
or biopsies taken. The placenta will also be examined.

|:| I/We agree to an external post-mortem examination with / without MRI

I:l With Micro-CT examination (This involves using a contrast solution which may cause

discolouration)

Whatever type of post-mortem examination you have chosen above, you can
also choose to agree to additional imaging tests, over and above those required
for the PM report, to help teaching and research that may improve post-mortem

examinations in the future:
There is a separate information sheet which will give you more information about this.

|:| I/We agree to additional imaging tests for use in teaching, quality
control and research (E.g., X-rays, CT, Micro CT, MRI, ultrasound).
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Section 2: Tissue samples

With your agreement, the tissue samples taken for examination under a microscope
will be kept as part of the medical record (in small wax blocks and on glass slides).
This is so that they can be re-examined to try to find out more if new tests or new
information become available. This could be especially useful if you would like further

tests in the future.

I:I I/We agree to the tissue samples being kept as part of the medical
record for possible
re-examination. If consent is not given, you must note below what should

be done with the

tissue samples. See page 8 Item 7 for more information.
:l Dispose of all tissue samples respectfully

:l Return to Hospital for a later burial / cremation / collection

Notes to Sections 1 and 2 if required .........ccooieiiiiiiiiiiiiiines
Section 3: Keeping tissue samples for training professionals and for research

Section 3 covers additional separate consent that you may decide to give. It will not
affect what you have already agreed to above, what is done during the post-mortem,
or the information you get about your baby’s condition, but it may be helpful for others
in the future.

With your agreement, the tissue samples may also be examined for quality assurance
and audit of pathology services to ensure that high standards are maintained.
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|:| I/We agree to the tissue samples being kept and used for quality
assurance and audit.

Tissue samples, medical images and other information from the post-mortem can be
important for training health professionals. Identifying details are always removed
when items are used for training.

I:I I/We agree to anonymised tissue samples, images and other relevant
information from the post-mortem being kept and used for professional
training.

Tissue samples, medical images and other relevant information from the post-mortem
can also be useful in research into different conditions and to try to prevent more
deaths in the future. All research must be approved by a Research Ethics Committee.

|:| I/We agree to tissue samples, images and other relevant information
from the post
mortem being kept and used for ethically approved medical research.

Occasionally extra tissue samples may be useful for research to help other parents
and professionals in the future. These small extra samples are taken at the same time
as the routine postmortem samples and are not identifiable when used.

[ ] vweagreeto additional tissue samples being taken for teaching, quality
control, audit and research.

Section 4: Genetic testing

To examine the baby/child’s chromosomes or DNA for a possible genetic disorder or
condition, the pathologist takes small samples of skin, other tissue and/or samples
from the placenta (afterbirth). With your agreement, this material will be kept as part of
the medical record so that it can be re-examined to try to find out more if new tests or
new information become available. This will be done on a request only basis.

I%I I/We agree to the genetic material being stored as part of the medical
for
possible examination. See Section 8 Item 6 for more information.

I/We agree to genetic testing of samples of skin, other tissue and/or the
placenta.
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If samples should not be taken from any of these, please note this below. This
will mean we will not contact you if the material is requested by a geneticist.

Section 5: Keeping one or more organs for diagnostic purposes

In most cases, all the organs will be returned to your baby's/child’s body after the post-
mortem examination. But occasionally the doctors may recommend keeping one or more
organs for longer, to carry out further detailed examination to try to find out more about
why your baby/child died. This might take some weeks and so could affect the timing of
your baby/child’s funeral. The person who discusses the post-mortem with you will tell

you if it is likely.

[ ] /weagree to further detailed examination of the organ(s) specified below:

|:| Any organ
[ ] Thefollowing organ(s)........cccccovevvevvereenennen.

If you agree to further detailed examination, you also need to decide what should be

done with the organs after the examination.
[ ] /wWe agree to donate the organ(s) to be used to train health professionals.

[ ] VWe agree to donate the organ(s) to be used for ethically approved

medical research.

|:| I/'We want the hospital to dispose of the organ(s) respectfully as required
by law.

|:| I/'We want the organ(s) returned to the funeral director we appoint for

separate

I:I cremation or burial.
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I/'We want to delay the funeral until the organ(s) have been returned to
my/our

baby’s body.

If you agree to donate one or more organ(s), any residual tissue will be sensitively
disposed when they are no longer needed. This will be carried out in accordance with

the HTA standards (usually after a minimum of one year).

If you change your mind about this donation at any time in the future, and want to withdraw

your consent, please contact the hospital and ask for the mortuary department.

Notes to Section 5if required ...........cooiiiiiiiiiiiii .

You can withdraw consent for any of the options in section 3 at any time in the future.
To do so, please contact the hospital and ask for the person who has signed the
consent takers statement. Alternatively, you can ask for the mortuary manager who
can document any changes in your consent.
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Section 6: Consent from person(s) with Parental Responsibility
|:| I/We have been offered written information about post-mortem examinations.

I/We understand the possible benefits of a post-mortem examination.

i

My/Our questions about post-mortem examinations have been answered.

Mother’s name (Print): ............. Signature ...........ccoeeiiiinn..
Other person with Parental Responsibility: name (Print)..................

Signature ..........cocoeeiiiiieine.

Section 7: Consent taker’s statements To be completed and signed at the time of

[ ling.

| have read the written information offered to the parents/those with Parental

Responsibility.

|:| | believe that the parent(s)/those with Parental Responsibility has/have
sufficient understanding of a post-mortem and (if applicable) the options for

what should be done with tissue and organs to give valid consent.

I:l | have recorded any variations, exceptions and special concerns.

|:| | have checked the form and made sure that there is no missing or conflicting

information.
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| have explained the time period within which parents can withdraw or change

consent, and have entered the necessary information at the beginning of

this form.
Name ......cooviiiiiiiiee, Position/Grade ...........cooooiiiiiiiiii
Department..............c.ocoeeeen. Contact details (Ext/Bleep)........cccoovennnnnn
Sighature..................... Date ................ TiMe .o

Interpreter’s statement (if relevant)

I:I | have interpreted the information about the post-mortem for the
parent(s)/those with Parental Responsibility to the best of my ability and |

believe that they understand it.

Name .......covvvvvvveenenii. .. Contactdetails ..ooooevvvoeii
Sighature .................. Date ................. Time oo

Section 8: Notes for the consent taker

1. “Responsibility for obtaining consent should not be delegated to untrained or inexperienced staff. Anyone
seeking consent for hospital post-mortem examinations, should have relevant experience and a good
understanding of the consent procedure. They should have been trained in dealing with bereavement and in
the purpose and procedures of post-mortem examinations. Ideally, they should have also witnessed a post-
mortem examination.” (Human Tissue Authority, Code of Practice B, 2017).

2. Consent must be given by those with Parental Responsibility.

3. Written information about post-mortems should be offered to all Parents/those with Parental Responsibility
before you discuss the form with them.

4. If the parents/those with Parental Responsibility have a specific request that you are not sure about, contact
the pathologist before the form is completed.

5. Make sure that an appropriate time and date are entered in the Changing your mind section at the beginning
of the form, and the parent(s)/those with Parental Responsibility understand what to do if they change their
minds. The post-mortem should not begin unless this section is completed. It is your responsibility to
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ensure that, if the parent(s)/ those with Parental Responsibility change their minds, they will be able
to contact the person or department entered on this form. If the parents do not want a copy of the form,
they should still be given written information about changing their minds.

Write the mother’s or the baby/child’s hospital number in the box at the foot of each page of the form. For a
baby who was born dead at any gestation use the mother’s hospital number; for a baby who was born
alive use the baby’s hospital number.

Sections 2, 3 and 4: Tissue samples and genetic material If the parents/those with Parental Responsibility
do not want tissue samples or genetic material kept as part of the medical record, explain the different
options for disposal (below) and note their decisions in the relevant section.

If disposal is requested, it will usually take place a year later. This is to ensure that the family have the
opportunity to ask for further testing. Our experience shows that this often happens 6-8months later. The
options are disposal by a specialist hospital contractor; Returned to Hospital for a later burial / cremation /
collection by chosen funeral director; or release to the parents themselves. They cannot be returned to the
body but can accompany in a small box, this option may delay collection of their baby/child.

Send the completed form to the relevant pathology department, offer a copy to the parent(s)/those with
Parental Responsibility, and put a copy into the mother’s (for a stillbirth or miscarriage) or the baby/child’s
medical record.

Record in the clinical notes that a discussion about the post-mortem examination has taken place, the
outcome, and any additional important information.

e Possible further examination of one or more organs. If the organ is donated for research, after
research sampling is completed, the residual tissue will be sensitively disposed of unless specific
instructions from the family are documented. If you already know that this is recommended, discuss
this, and also explain how it might affect funeral arrangements.

e If the pathologist recommends further examination after the post-mortem has begun, they will
contact you or the unit. The parents/those with Parental Responsibility should then be contacted as soon
as possible to discuss their wishes and to explain how keeping the organ might affect funeral
arrangements.
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13, Appendix 4 Thesis Common Methods

Potassium tri-iodide instructions

lodination of the specimens/fetuses is key to identifying internal soft tissue structures.
As indicated within chapter 2, precise measurement of the concentration of this
solution was imperative to optimise the iodination and reduce tissue distortion, with
higher concentration solutions resulting in increased tissue deformation and shrinkage.
Therefore, the following instructions create a 5% 12KI solution to which 10% formalin is

added, to restrict autolysis of the specimen, in a ratio of 1:1 to create 2.5% I2KI solution.

A spillage kit should be available to ensure safe decontamination of the area should a

spillage occur.

Personal safety was ensured by the wearing of apron, eye protection and gloves and
preparation completed in an adequately ventilated laboratory.

1, 100g of potassium iodide (KI) and 509 lodine (I2) solid is weighed out.

2, 1009 of Kl is placed into a 1 litre conical flask and 100 ml of distilled water is added

along with a magnetic stirrer.

3, The mouth of the conical flask is covered with parafiim to stop any spillage and

placed on the electric controller of the magnetic stirrer.

4, The speed of the magnetic stirrer is adjusted as required to dissolve the KiI,

approximately 5 minutes duration.
5, Once dissolved, the parafilm cover is removed to allow the addition of 50 g of I2.

6, The total liquid volume is increased up to 1,000 ml by the addition further distilled

water (approximately 750 ml).
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7, The vessel is then again placed on the magnetic stirrer and the speed slowly
increased and maintained until all the 12 is dissolved, approximately 10 minutes. Minor

sediment may remain at the bottom of the flask.

8, The liquid should then be poured into an opaque 1 litre Duran container and stored

in a locked dark cupboard until required.

9, Dilution with 10% (wt/vol) formalin (ratio 1:1) results in a total iodine content of 63.25

mg/mL (iodine mass of 2.49 x 10* mol / mL).

Potassium tri-iodide liquid and vapour permanently marks work surfaces and should
be stored in a secure container. Sodium thiosulphate (4% w/v) solution can be used

to remove any discolouration from work surfaces.

To create differing concentrations as described within this thesis the following amounts
of Kl and Iz should be added at steps 2 and 4 of the instructions, Table 13.1. This will
create double the required concentration which is then diluted (ratio 1:1) with 10%
formalin to arrest further tissue degradation and the appropriate concentration of 12Kl

acquired.

Table 13.1 amount of Kl and I, required for differing concentrations of 5Kl
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13.2 Equipment

13.2.1 Introduction

Several common techniques utilising specific equipment were employed to scan both
ex-vivo animal organs and whole human fetuses throughout this thesis to develop and
optimise the clinical methodology and to minimise any artefacts. These methods are

described here and explain the standardised methodology used throughout.

These methods are used and described in several publications originating from this
thesis [90, 127, 141, 160, 175].

All micro-CT imaging was completed on either a Med-X or 225ST X-TH (Nikon
Metrology, Tring, UK) micro-CT scanners, depending on availability between 2018 and
2021. Both scanners have equivalent targets and detectors, except that the 225ST X-
TH is able to achieve higher kilovoltages, but no kilovoltages above 130kV, were used
during this thesis. Projection images acquired by the scanner were reconstructed
using modified Feldkamp filtered back-projection algorithms with proprietary software
(CTPro3D; Nikon Metrology, Tring, UK) and post processed using VG Studio Max 3.4
(Volume Graphics GmbH, Heidelberg, Germany).

Due to the difference in shape and size of the animal organs and human fetal
specimens a flexible techniqgue to wrap and immobilise these specimens was

developed and used throughout this thesis. The materials used are listed below.

13.2.2 Parafilm M

Parafilm M (Bemis, Oshkosh, WI) is a semi-transparent sealing film composed of
waxes and polyolefins that is impermeable to liquids and once stretched, attaches to

itself or non-biological substances, but does not bind directly to biological specimens.

It can be stretched in any direction and is sufficiently flexible to encase a wide variety
of shapes yet remain intact. This allows wrapping of a specimen in a spiral to fully
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encase the tissue and ensure no fluid leaks into the micro-CT scanner itself. This can
cause fluid to pool within the wrapping and remain in contact with the tissue. This can
affect the ability to reconstruct the image data due to inconsistencies in the tissue
outline from the first and last image, (Figure 13.1). Therefore, an absorbent material
must be placed within the parafilm wrapping to wick away excess fluid from being in

contact with the specimen outline and eliminate this artefact.

Figure 13.1 Pooling of excess I:KI is shown between the first (a) and last (b) images
(indicated by arrows), distorts the tissue outline, affecting image reconstruction (c)

Parafilm M wrapping causes no damage to the specimen itself when removed as it
cannot bind to the tissue itself and the ability to place Parafilm M in direct contact with

the specimen also allows control over the pressure exerted when wrapping it. This
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reduces any possible deformation of the specimen/fetus as it can be precisely

controlled.

Parafilm M can also be used to bind and support the specimen upon a carbon fibre
plate if sufficiently small, or to be used to immobilise within a container if the specimen
is larger. It can be cut to the required length to reduce waste and expense and is semi-

transparent, allowing for visualisation of the tissue whilst wrapped, (Figure 13.2).

Parafilm M is also less dense in comparison to iodinated tissue and is therefore not
easily visible on the micro-CT images.
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Figure 13.2 Small fetus positioning (a-c). Large fetus positioning (d-f), carbon fibre rod
(arrow), parafilm M (star) and absorbent padding (square) [90], with permission

13.2.3 Absorbent padding

These pads are commonly used to soak up small leakages and are more radiolucent
in comparison to iodinated tissue such as parafilm. They can be placed around the
specimen to assist in immobilisation within a container and reduce excess pressure
during wrapping. Although opaque, palpation of anatomical structures can still be
completed to assist in the correct alignment of the fetuses limbs, head, and body,
(Figure 13.2) with permission.
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This padding can also be placed around small specimens to allow excess fluid from
the fetus to be wicked away from the tissue itself and ensure accurate image

reconstruction.

13.2.4 Carbon fibre rod

Carbon fibre is less dense, thereby not creating artefacts in comparison to iodinated
tissue when placed in the scanning field but is able to be observed following image
reconstruction. Carbon fibre rods, length 50 mm and diameter 1 mm were consistently
placed on the right-hand side of the fetus alongside the head and torso and secured in
place with parafilm. This aids in anatomical orientation following scanning, (Figure
13.2).

13.2.5 Carbon fibre plate

Carbon fibre plates (length 100 mm, width 20 mm) are attached to a base plate that
can be secured in a central position within the micro-CT scanner. These are sufficiently
stiff to support small fetuses/specimens being attached to it without slippage or
movement occurring, (Figure 13.2). This allows them to be positioned closer to the x-

ray source due to minimal excess packing, thus permitting higher resolution imaging.

Common positioning methods for all fetuses

Correct immobilisation of the fetus is vital to ensure no movement artefacts during
scanning and requires the correct method of immobilisation to provide maximal

resolution and eliminate artefacts.

Fetuses <80 mm should be scanned using the small fetus technique, whilst fetuses
>80 mm should be scanned using the large fetus technique. If a large fetus (>80 mm)
is positioned using the “small fetus” method, movement artefact will be observed
through slippage. If a small fetus is positioned using the “large fetus” method, a scan
is possible, but will require increased scanning time due to difficulties in accurately

positioning them centrally within the x-ray beam.
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13.3 Fetal size differences

Regardless of the size of the fetus, the head, body and limbs were gently manipulated
to align in the anatomical position for ease of identification following imaging, with the
umbilical cord coiled on the abdomen away from the external genitalia to aid in the

determination of sex.

13.3.1 Smalll fetuses

The carbon fibre plate, body alignment and umbilical cord were positioned as
previously indicated and these fetuses were mounted using a 100 mm carbon fibre
plate.

A small rectangle of absorbent material was cut to completely wrap the fetus
longitudinally with a 1 cm overlap, leaving 2 cm of material clear of the fetus at the top
and bottom. This was then wrapped around the fetus and secured in place with a
length of parafilm which was wrapped continually around the fetus in a spiral motion
until the wrapping was completely secured. The excess material was then folded over

the fetus and secured in place with parafilm.

Once wrapped, palpation of the fetus ensured correct alignment of the head, body, and

limbs and if required the wrapping was partially removed to allow repositioning.

Flat areas of fetal anatomy were identified and positioned against the carbon fibre plate
to reduce anatomical deformation. Inversion of the fetus also ensured the largest
anatomical area, the head, was placed inferior, to reduce slippage during scanning.
The fetus was positioned sufficiently high on the carbon plate to ensure no anatomy
projected over the metal fastenings. Parafilm M was then used to secure the fetus to
the carbon fibre plate with care taken to not over tighten this wrapping and cause
anatomical distortion, (Figure 13.2).

Finally, the fetus and carbon fibre was positioned centrally in the micro-CT scanner to

ensure the most time efficient protocol was completed.
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13.3.2 Large fetuses

Fetuses >80 mm in length were too large to be supported by the carbon fibre plate
without movement occurring due to slippage, and instead were scanned within a

suitably sized container situated on the micro-CT turntable.

As with smaller fetuses they were also wrapped in an absorbent material which was
cut longitudinally to allow 3 cm material clear of the head and 10 cm clear of the feet

with sufficient material laterally to roll the fetus 2-3 times.

The carbon fibre rod, body alignment and umbilical cord was positioned as previously

indicated.

The fetus was then rolled longitudinally in the absorbent material and inserted into the
container with the head towards the bottom of the container, and 10 cm of material
protruding from the top. This excess was then folded over and tucked back into the
container to provide added cushioning and to further immobilise the fetus. This also
helped to position the fetus straight within the container, which allowed a more time
efficient scanning. Parafilm M was then placed over the top of this excess material

and secured in place to ensure no movement occurred during scanning, (Figure 13.2).

The micro-CT turntable was used to position the fetus within the x-ray beam, with a

radiolucent padded material used to separate the fetus clear of the turntable.

13.4 Stain removal

The skin of the fetus was stained a darker colour following iodination and it was
important to remove this prior to returning to the fetus to the parents to limit any
alteration to the fetus. This was achieved by immersing the fetus in sodium
thiosulphate solution 4% (wt/vol) at room temperature for several days [58]. This

process does not remove the iodine, but instead allows the sodium thiosulphate.
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14, Appendix 5 Data analysis guide

The following is a step-by-step guide using the two relevant software packages
(VGStudio Max 3.4 and Image-J) to replicate the quantitative data analysis described

in chapter 7.
14.1 VGStudio Max software

After scanning the fetus according to the individual experimentation a VGStudio Max
file is created containing the 3D volume. This requires loading into VGStudio Max and
exporting as an image stack of tif files following the steps below.

Open VGStudio Max software and load the required dataset.
“File” — “Import” — “VGI file”.
“Next”— “map to” — “16-bit unsigned” — “histogram”.

This may take several minutes; completion is noted by the “completion bar” in the

bottom right-hand corner of the screen.
Once the data has been mapped, the background must be rendered black.
Right mouse click on the image -“Background” — “black”

Window the image accordingly using the histogram located on the right-hand side of
the screen to ensure the air surrounding the fetus is black and sufficient contrast is

visible within the anatomy to visualise anatomical differences.

Next, save the data file as a stack of tif images according to the voxel dimensions and
pixel size, this will allow Image-J to analyse the data correctly. The voxel dimensions
and pixel size are located by double clicking on the volume tree on the right-hand side
of the screen.
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“File” — “export” — “Image stack” and ensure it is a tif stack

Use the following naming mask to ensure correct analysis by Image-J, Experiment X
Fetus number x X-coordinates x Y-coordinates x Z-coordinates x resolution in pm,
(e.g., 130kv_265_ 846x1120x1999x0.08170000)

“Save” - “No” and “Cancel’ to the extra VGStudio Max volumes.

Note: No alterations to the histograms should be completed to ensure the widest range

of data is utilised within the analysis.
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14.2 Image-J software - saving smaller volumes of interest

The whole fetal volume is a large file and whilst only the phantom and liver volumes
are required for the SNR and rCNR calculations, the data size can be reduced, and
subsequent speed of calculations increased by eliminating excess anatomical areas.

Open Image-J software.

A suitable micro-CT data set should be selected with sufficiently high image quality to
visualise the liver and phantom clearly, to allow segmentation of these structures.

These require loading into Image -J.

“File” — “Import” — “Image sequence”

Scroll through the loaded volume and manually note the start and end positions of the
liver and phantom. It is necessary to save these volumes separately so the following

step should be performed separately for the liver and phantom.

“Image” — “Stacks” — “Tools” — “Slice Keeper” — and enter start and end as

required for each volume with an increment of 1.

“File™-“Save as™‘tif stack” — and name either “ks-liver” or “ks-phantom”.

This step can be completed by running the “keepstacks macro” in Python and for a

single patient required approximately 2.5 hours.
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14.3 Mask creation for segmentation

Creation of a mask for the liver and phantom volumes allows identical volumes to be
applied to multiple datasets ensuring a consistent approach to the data analysis.
These steps need to be completed separately for the liver and phantom volume.

Load either liver or phantom volume previously saved as a keepstacks into Image-J

and adjust the brightness to enable the anatomy to be clearly visualised.

“File’=“Import™-keep stacks tif volume previously saved.

‘Image™—"Adjust™—“Brightness”

Choose the kidney shaped tool to draw around individual slices — and draw around the
first slice of liver using the left-hand mouse button to trace the anatomy. This should

be completed every 10 slices throughout the volume.

“Ctrl-T” to save each ROI before advancing 10 slices and repeating

Select all the ROI throughout the volume and interpolate to fill in the gaps between the
10 slices.

“Ctrl-A™-*more™-“sort”-“more™“interpolate”

Individual ROI slice errors should be identified by and deleted before repeating the
above steps to redraw and re-interpolate the new volumes. Then select all ROI and

save as a single ROI volume, name as “phantomROI” or “liverROI”.

“Ctrl-A”-"more™“Save”

Select all ROI's again and ensure that they are combined together.

“more”-*fill” (if required double click dropper symbol and white at the front).
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Note the values within the ROI volume, there should be a single figure. This must be
entered at the next stage to recognise the volume as a single entity. The same value
must be entered for both minimum and maximum values and make take a couple of

attempts for the software to accept the values.

“Image™“Adjust™“Threshold” and fill in the values that are noted for within the

single volume.

“‘Apply”—deselect “calculate threshold for each image”

These volumes should be saved as either “segmentation-liver” or “segmentation-

phantom” as appropriate.
“File™-"Save as”
‘Image™—“Type™—“32bit”
“Threshold™-“Auto”
“Process™ “Math™"“NaN background” and repeat for “Subtract” (255)

“Save as™“segmentation-liver or phantom again.

These 2 files must remain within the file for the python coding to access. All other files
must be saved within a separate “holding” file during automated processing using the

python coding.
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14.4 Filter application

A filter must then be applied to the saved segmented volumes separately and to

separately save the individual volumes for the organ and phantom.

The segmented volumes must first be loaded into Image-J

Load Image-J — “File” — “Import” — “Image Sequence”— and choose the stack of
tif images saved from VG Studio, ensuring the following choices in figure 14.1 are

selected.

1" Sequence Options ﬁ

Number ofimages: |ZUUL

Starting image

Wi

Increment

=)
=)
&

Scale images: |1

W

File name contains:

(enclose regexin parens)

I™ Convert to 8-bit Grayscale
[~ Convertto RGB

¥ Sort names numerically
™ Use virtual stack

846 x 1120 x 2000 (3614.5MB)

OK | Cancel] Help]

Figure 14.1 Number of images can be used to ensure the correct data file is selected

Next, a filter is applied.

“Process™“Filters™—“3D Median™—and select 2 for all factors.

Following this separate volumes are required to be saved for the organ and phantom.
Therefore, the start and end positions of each volume should be identified by viewing

the volume in the axial plane.
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14.5 Image-J — calculation of mean and standard deviation

These steps allow calculation of the mean and standard deviation for both the liver and
phantom for each micro-CT acquisition which is used to calculate the corresponding
SNR and CNR.

Load Image-J
“File”-“Import’—“Image Stacks”™- and select segmentation volume
This volume should be changed to 32-bit data,

“Image” _ “Type” _ ‘l32_bit”

The background outside the volume should be made dark and converted to be “Not a

Number” (NaN) whilst the liver values must equal one.

“Image”-“Adjust™“threshold”’-choose “dark background” and no other options.

“Process™“Math™“NaN background™“Yes to all”

“Process™—“Math™-“Subtract™-“255"

To ensure completion of this step, move the cursor over the volume and the

background and a zero and a NaN should be observed.

Save these volumes as “segmentation_liver” or “segmentation_phantom”

“File™“Save as”

Next it is necessary to add the individual volumes of each experiment to the segmented
volumes to calculate the mean and standard deviation values of individual

experiments.
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“Process™“Image Calculator™-select segmented volume™—“add™“individual

experiment™—“create™-“32-bit float result”—“yes to all”

You can now visualise the image by adjusting the histogram range to 0-255.

“Image™“Adjust™-“Brightness and Contrast™“Set™-“0 and 256™-“OK”

Now you are able to visualise a histogram, with associated values for the selected

volume.
“Ctrl and H” or “Analyse”™-"select stack histogram™“OK”
Note the mean and standard deviation of the entire volume.

These steps can be automated using the Python coding.

It is essential for the correct automation of the associated Python coding that the data

is saved in the correct format and file tree, (Figure 14.2).
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Segmentation Phantom
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Figure 14.2 Correct labelling and arrangement of the file tree will be automated data
processing as demonstrated
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N I H R Great Ormond Street
Hospital Biomedical
Research Centre

Following the tragic miscarriage of a baby, as well as coping with their loss, parents want to know why
their baby died. Answers may only be provided by investigating what happened by carrying out a post-
mortem examination (autopsy) of the baby, to tell whether there is a risk that existing children or future

pregnancies will be affected.

Traditional autopsy often involves a large procedure like an operation, in which all parts of the body can
be examined in detail, which requires a large incision. This approach is useful in answering these
questions in around 30-40% of all cases. However, for a range of reasons, the majority of parents do
not currently agree to this investigation being carried out, a main reason being their dislike of a large

incision being made on the body.

Recently, our research has shown that by performing detailed imaging tests (including MRI, CT,
ultrasound, and x-rays), and carrying out tests that do not require any cuts to the baby (such as blood
tests and examining the placenta) we can find out almost the same amount of information, without
needing to make an incision. We have also shown that it is possible to take similar samples to a full
autopsy using a ‘keyhole surgery’ approach through a much smaller incision. However, these imaging

tests can only provide accurate answers in babies older than 20 weeks gestation.

A new clinical test called Micro-CT has now been developed to provide high detail 3D images of the
internal organs on much smaller babies (less than 20 weeks gestation) without any cuts being made.
Our studies have shown that it can provide answers in a similar number of cases as conventional

autopsy, although it involves temporary skin discoloration.

By taking part in our focus group, we hope you will tell us what you think of this new technique and how

it could help parents who suffer from miscarriage in future.
We hope that by working together to develop this project, we will be able to maximise the amount of

useful information given to clinicians and parents for each individual family's circumstance. Thank you

for attending our focus group on Micro-CT.
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Timetable of Focus Group

Time Duration

12.00 30 mins Arrival: drinks will be provided

12.30 10 mins Introductions from the focus group team
12.40 10 mins Short presentation on Micro-CT imaging test
12.50 | 1 hour 40 mins Focus group interaction

14.30 30 mins Drinks and light snacks

15.00 Close of meeting

Focus Groups to consider:

1. Micro CT — opinions and acceptability

2. Main benefits and barriers

3. How to recruit participants — a sensitive approach

4. Opinions about who could most benefit
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