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Figures and Tables

Figure 1.2.2.1: The amyloid cascade hypothesis, reproduced from Reitz’ 2012 paper. (Reitz, 2012)
Amyloid precursor protein (APP) leads to AP aggregation which causes oxidative stress leading to

cell death.

Table 1.2.2.1: A summary of various brain region studies from a collection of papers. Reproduced

from Haacke 2005 (Haacke et al., 2005)

Figure 1.2.1.1: Relationship between Fe brain levels (ug/g, dry weight) and age (years): mean value of
the different 14 brain regions for each individual (n = 42) (a) and Fe levels in putamen (b), globus

pallidus (c) and caudate nucleus (d). Figure and caption reproduced from (Ramos et al., 2014).

Figure 1.3.1.1: Substantia Nigra, highlighted in purple and indicated. Figure adapted from atlas.brain-

map.org. (Hawrylycz et al., 2012)

Figure 1.3.2.1: The Red Nucleus is easy to see as two dark black spots in the midbrain on T2

weighted MR images. Figure adapted from Zecca et al. (Zecca et al., 2004)

Figure 1.3.3.1: Brain anatomy including the Putamen and Globus Pallidus. Figure adapted from

Sandstrom and Dunbar’s textbook (“Huntington’s Dis. - Core Concepts Curr. Adv.,” 2012)

Figure 1.3.5.1: Non-haem iron in the globus pallidus at different ages. Filled circles represent cases
with large intestinal haemorrhages. Figure and caption reproduced from (B. Hallgren & Sourander,

1958).



Figure 2.2.1.1: The hydrogen atom’s magnetic moment, | |, aligns with the external magnetic field, B,
and begins to precess with angular frequency . This ® is known as the Larmor frequency. The angle

is exaggerated in the figure.

Figure 2.2.1.2: (A) No external field. Hydrogen atoms are randomly distributed and there is no overall
net magnetisation. (B) An external field is applied and the nuclei align with the external field. Some
align “with”, and some align “against” the field, with respect to the direction of the magnetic moment

of the external field.

Figure 2.2.3.1.1: Ata short TR = 500ms, the difference in overall contrast, Mz, between the material
labelled “Short T1” and the material labelled “Long T17, is larger compared to the difference in the
same material at TR=2000ms. Thus, the T1 weighting is reduced, by increasing TR. Figure

reproduced from (Weishaupt, 2003).

Figure 2.2.3,2,1: at a short TE = 20ms, there is little difference between the signal received from the
sample labelled “Long T2”, and the sample labelled “Short T2”. There has not been sufficient elapsed
time for the short T2 time of the “Short T2” material to have differed greatly from the “Long T2”
material. At a longer TE=80ms, the “Short T2”” material’s signal has decayed much more, meaning
the contrast between short and long T2 materials is amplified. In this way, longer TE means more
heavily weighted T2-image, where darker means a shorter T2 time (since the signal has decayed much
more and so appears less bright in the image reconstruction). Figure reproduced from (Weishaupt,

2003)

Figure 2.2.3.5.1: The top of the scalp, containing fat, is super-imposed on the bottom of the skull, due

to that part of the skull extending past the FOV. Image used from web reference (AD Elster, 2021)



Figure 2.2.4.1: (A) 3T with iPAT reconstruction algorithm, (B) 3T without iPAT, (C) 1.5T with iPAT,
(D) 1.5T without iPAT. The authors indicate that when comparing (A) with (C), and (B) with (D),
smaller vessels and delineation of small regions of detail are rated as significantly superior by

radiologists reviewing the images. Figure reproduced from (Gaa et al., 2004).

Figure 2.2.4.2: A field plot obtained using a human brain. Reproduced from Jezzard, 2006 (Jezzard,

2006)

Figure 2.2.6.1: Dependence on field strength for 2.01mg/mL iron in aqueous solution Reproduced

from Vymazal 1995. (Vymazal et al., 1995)

Figure 2.2.7.1: GE Healthcare Discovery MR750 3T MRI scanner. Figure reproduced from GE

healthcare (GE-Healthcare, 2009)

Figure 2.2.7.2: 5-Gauss line for 1.5T and 3T MRI Scanners. Figure reproduced from GE Discovery

MR750W Datasheet. (GE-Healthcare, 2009)

Figure 2.2.8a (left) and (b) right. The cooling mechanism is connected via pipes (a) to the MR probe
which it inserted into the underside of the NMR spectrometer. The cooling pump (b) maintains

constant temperature of the coolant water at 16.5 degrees Celsius during operation.



Figure 2.3.1.1: Schematic of an X-Ray tube as used in a clinical CT scanner. Reproduced from

(FCRPhysics, 2012)

Figure 2.3.3.1: Application of the optical transfer function in X-ray computed tomography — a review.

Reproduced from (N Flay, 2012)

Figure 2.3.3.2: A photon counter detector combined with a linear actuator is used to turn the incoming

light into a digital signal, which is processed by a connected computer.

Figure 2.3.5.1.1: The intensity of X-ray beam after passing through material 1 is the input X-ray to
material 2. The resulting attenuation is a combination of effects. By substituting the middle equation
for 11 into the equation for 12, the additive law of attenuation coefficients is clear. Figure reproduced

from (Bubba, 2019)

Figure 2.3.5.3.1 Typical setup for an X-ray source and detector pair. Reproduced from (Herman,

2000)

Figure 2.3.5.3.2: A diagram to show the formation of greyscale images from CT numbers determined

by X-Ray. Reproduced from s (S. W. Smith, 1998)

Figure 2.3.5.3.3. (a) Standard X-Ray image with a horizontal line marking the level at which the CT
cross section will be taken, (b) sinogram produced from projection data, (c) Convolved projection
data (a step in the image construction process), (d) final image of cross-sectional slice of the patient’s

abdomen. Reproduced from (Herman, 2009).
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Figure 2.3.5.3.4: Filtered back projection reconstructs an image by filtering each view before
backprojection. This removes the blurring seen in simple backprojection, and results in a
mathematically exact reconstruction of the image. Filtered backprojection is the most commonly used
algorithm for computed tomography systems. Image and caption Reproduced from Technical

Principles of Dual Source CT, 2008.

Figure 2.3.6.2.1: A figure demonstrating the fast-kVp switching of the DECT scanner from 140kVp to
80kVp, allowing image reconstruction at any monochromatic energy range from 40keV to 140keV,
while also reducing artifacts and obtaining accurate CT numbers. Figure reproduced from (GE-

Healthcare, 2011)

Figure 2.3.6.2.2: Number of views per rotation of the scanner. Figure reproduced from (GE-

Healthcare, 2011)

Figure 3.3.1.1.1: Evaluation of changes in abnormal white matter in the four participants who
completed the study. Abnormal white matter is expressed as a count of abnormal pixels. Abnormal
white matter volume is estimated using an assumed 10,000 pixels = 50cm3 of abnormal white matter.

Reproduced from Brown et al. 1998

Figure 3.3.1.1.2: One slice from T2 weighted MRI of one study participant. Numerical labels on the
figure refer to months after high-dose chemotherapy (E=Entry point = 0 months). Reproduced from

Brown et al. 1998
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Figure 3.3.1.1.3 The hyperintensities were read by the study neuroradiologist as of uncertain clinical
significance, but they appeared somewhat more prominent throughout white matter in (A) the
chemotherapy-treated twin than in (B) the twin who did not receive chemotherapy as confirmed by

volumetric analysis. Reproduced from Ferguson et al. 2007

Figure 3.3.2.1: Experimental design for animal study. Reproduced from (Cardoso et al., 2020)

Figure 3.3.2.2 (left) Comparison of [Fe] between control group and treatment group, and (right)
comparison of ferritin concentration between control group and treatment group. Reproduced from

Cardoso et al 2020.

Figure 3.4.1: Linear relationship between R2 and Iron concentration in human neurological tissue.

Note the units of R2 in 1/s rather than 1/ms. Figure reproduced from (Mary E. Finnegan, 2013).

Figure 3.5.1.1.1: Top left: One slice of Substantia Nigra (Left) from my brain MRI. Top right: The 3D

volumetric reconstruction of multiple slices (3 slices were used in these regions). Bottom left and

bottom right: As previously, but for Substantia Nigra (Right).

Figure 3.5.1.1.2: Top left: One slice of Red Nucleus (Left) from my brain MRI. Top right: The 3D
volumetric reconstruction of multiple slices (3 slices were used in these regions). Bottom left and

bottom right: As previously, but for Red Nucleus (Right).
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Figure 3.5.1.1.2: Monoexponential decay fit to echo time data for my brain. The above datapoints are
for Substantia Nigra (Left side), with resulting R2 = 0.025. Error propagation is used to calculate

resulting T2 values, shown in Table 3.5.1.1.1

Table 3.5.1.2.1: ANOVA results for comparison of echo time methodology.

Figure 3.5.3.1: Calibration measure from literature values of R2 and [Fe]. There are very few sources
of segmented human brain R2 values at 3T. Data is sourced from (Haacke et al., 2005). [Fe]

measurements are verified using ICP-MS.

Table 3.5.3.1 Linear fit statistics (3 significant figures) for the calibration curve.

Table 3.5.4.1: Measured T2 values with calculated [Fe] values for my brain regions.

Table 3.5.6.1: MRI scanner parameters for image acquisition

Figure 3.5.6.1 Left: Segmentation of the Red Nucleus (Left) for a study participant (Patient 1). Right:

The 3D reconstruction produced with ITK-Snap. The segmentation is exported to ImageJ for analysis.

Figure 3.5.7.1: Top, image echo times split into Blue, Green and Red Channels. Bottom: Recombined
image would be completely greyscale if the images were identical. Hues can help visually identify

regions of faster decay as well as image registration issues.
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Figure 3.5.7.4: Patients 4,5, and 7 do not show significant registration mismatch.

Table 3.6.1.1: Measured T2 values across each of the 5 participants.

Table 3.6.2.1.1 Measured [Fe] values based on T2 value. Error displayed is standard deviation.

Table 3.6.2.1.2 Comparison table for mean region with literature value. P-value obtained from one-

sample t-test.

Figure 4.3.1.1 Reproduced from (Kumar et al., 2018) HU against monochromatic keV for each
phantom. The authors did not use this data in order to plot HU against concentration over a
range of energies, which would have allowed them to see which energy was best at

determining concentration change among their sample size.

Figure 4.3.2.1 Reproduced from (Tsai et al., 2014) Linear relationship between HU and iron

concentration in the heart (Top) and liver (Bottom).

Figure 4.3.2.2 Reproduced from (E.-S. Ibrahim & Bowman, 2014) Linear relationship between iron
content and HU depends on the energy level chosen in the monochromatic reconstructed
image. (Right) The authors fit a linear model to the data, whereas a mono-exponential fit
would usually be most appropriate. If they had included energy levels down to 40keV it is

possible that this mono-exponential relationship would be apparent.
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Figure 4.3.2.3: Reproduced from (Luo et al., 2015) Comparison of CT measurements at 80 kV, 140
kV and 120 kV with virtual iron content (VIC) measurements derived from dual-energy CT

for iron quantification in fat-free phantoms.

Figure 4.3.2.4: CNR increases with kV with mA held constant. Figure reproduced from (Pauwels et

al., 2014).

Figure 4.3.4.1: Reproduced from (Hara et al., 2009) Noise reduction in images reconstructed with
adaptive statistical iterative reconstruction in phantom. Graph shows linear decrease in image
noise (SD) as percentage adaptive statistical iterative reconstruction increases. Images
acquired with 50% dose reduction (half dose) have 1.4 times SD value (28.57 compared with
20.39) without adaptive statistical iterative reconstruction. Reconstructing images with 30%
adaptive statistical iterative reconstruction for half-dose acquisitions produces images with
noise nearly equivalent to that of full dose images without adaptive statistical iterative

reconstruction (double arrow) (SD 20.52 compared with 20.39).

Table 4.3.4.1: Reproduced from (Hara et al., 2009). Results of 12 patient study into CT dose index

reduction as a result of using ASIR.

Figure 4.3.4.2: Reduction in noise due to ASIR observed in brain CT scan. Reproduced from (Beister

etal.,, 2012)

Figure 4.3.5.1 Reproduced from (Malvarosa et al., 2014) (Left) The gradient of the linear fit increases

as the energy level decreases. This is shown as the variable (S) in the Table 4.3 (Right).
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Figure 4.4.1.2.1: Layered agarose gel, with concentrations ranging from 0 to7681 pg/mL Iron (111)

Chloride

Table 4.4.1.4.1: Iron concentrations in each layer at the time of ICP-MS analysis.

Table 4.4.1.5.1: Mean HU and corresponding standard deviation for 80keV and 140keV

monochromatic reconstructions of images taken for the layered agarose gel.

Figure 4.4.1.5.1: Layered agarose gel, with concentrations ranging from 0 to 7681pg/mL Iron (III)
Chloride. Top: 80keV monochromatic reconstruction with R2=0.77. Bottom: 140keV

monochromatic reconstruction with R2=0.10.

Figure 4.4.1.5.1: R2 against Concentration for each of the layered gels. It was not possible to fit an
exponential decay for the highest concentration sample, due to the T2 signal decay at 9.4T

being faster than the gap between the first and 2nd echo time.

Figure 4.4.1.5.2: Concentrations ranging from 0 to 500ug/mL Iron (IIT) Chloride. Top: 80keV.

Bottom: 140keV.

Figure 4.4.1.5.3: The bottom layer has 10 random circular samples taken from it. The same is done
with the 4th, 8th and 11th layers. The 10 values for each layer are then compared using a t-

test.
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Table 4.4.1.5.2: 10 samples taken from each of the 4 layers indicated above, with mean HU from each

compared across layers.

Figure 4.4.1.6.1a: Layer 11, with concentration = 7681ug/g. The MR signal at the 2nd echo time has

already decayed to background. So, no T2 measurement is possible for this layer.

Figure 4.4.1.6.2: Layer 10 with concentration = 2851 ug/g. Note that measurement error in the signal

is very small at high resolution high field MRI.

Table 4.4.2.3.1: HU values for each of the five agarose phantoms at 80 and 140keV, along with

corresponding standard deviation values.

Figure 4.4.2.3.1: Top (previous page): Attenuation (HU) against concentration for 5 phantoms using
80keV monochromatic reconstruction. Bottom (this page): As above but using 140keV

monochromatic reconstruction.

Figure 4.4.3.3.1 For each phantom, the attenuation was greater at higher energy. This attenuating

effect is mostly due to Compton scattering and Photoelectric effect

Figure 4.4.3.3.2 The same dataset from Figure 1, showing dependency of attenuation on iron

concentration for a selected range of energies. For any given energy, attenuation was greater for

17



higher concentration of iron. Note however that the gradient is greater for the lowest energies,

indicating that the greatest scope for sensitivity to iron is at 40keV.

Figure 4.4.3.4.1.1: Research into measured HU variation with kVp across a range of CT
manufacturers shows that increased energy can lead to increased attenuation in certain polymer-based
phantoms — that is, the plastic casing of the aqueous phantom. In this figure, the sample is water, and
the casing is made of polystyrene. Additionally, the phantom has HU < 0. Figure reproduced from

(Sande et al., 2010)

Figure 4.4.3.4.1.2: A comparison of HU values using two different methods of image reconstruction
(filtered back projection, labelled FPB, and iterative reconstruction, labelled as ADIR). Image (a) is
Polypropylene, (b) is nylon, (c) is acrylic, and (d) is Delrin. The numbers 1, 2 3 and 4 refer to
135kVp, 120kVp, 100kVp and 80kVp respectively, i.e., the energy decreases from left to right, while

the attenuation also decreases in each case. Figure reproduced from (Suyudi et al., 2020)

Figure 4.4.4.2.1: Flow diagram of ASIR process. Based on the same diagram in GE Healthcare white

paper, Reproduced from (Jiahua Fan, 2014)

Table 4.4.4.4.1: Mean attenuation values and standard error of the mean for each of the 6 phantoms

with no ASIR.

Figure 4.4.4.4.1: The result of scanning with no ASIR. Error bars show the standard error of the mean

within the chosen region of interest. R2 = 0.64.
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Table 4.4.4.4.2: Statistics of the linear fit shown in Figure 5.4. RSS = residual sum of squares

Table 4.4.4.4.3: Mean attenuation values and standard error of the mean for each of the 6 phantoms

with 50% ASIR.

Figure 4.4.4.4.2: Scanning with 50% ASIR. Error bars show the standard deviation of the mean within

the chosen region of interest. R2 = 0.96.

Table 4.4.4.4.4: Statistics for the linear fit shown in Figure 5.5. RSS = residual sum of squares.

Figure 4.4.4.4.3: Residual plot for both No-ASIR (top) and 50% ASIR (bottom).

Figure 4.6.2.1: Left: The result of the localizer scan. The phantom is off centre within the imaging
probe. The sequence for the localiser is not optimised for a clean image, simply as a fast and practical
image registration tool for the spectrometer operator, so there are image artifacts present in the

localiser image. Right: The final image as obtained once the image registration is complete.

Figure 4.6.2.2: Free induction decay follows a mono-exponential decay when the scanner is correctly

tuned via the shim coils.

Figure 5.3.1.1: This non-contrast CT image shows loss of the grey-white differentiation, as well as an

inability to see the sulci of the brain. Figure reproduced from (A. B. Smith et al., 2012)
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Figure 5.3.1.3: Axial T2 weighted fast spin-echo MRI sequence of a cadaver with temperature

reduced due to storage in a mortuary. Figure reproduced from (A. B. Smith et al., 2012)

Table 5.4.1: The four heads used in the study for analysis

Table 5.4.2: MRI scan parameters for study

Table 5.4.3: DECT parameters used in study

Figure 5.5.1.1: Substantia Nigra segmentation from Patient A. This region is then exported to ImageJ

for analysis.

Figure 5.5.2.1: (Left) The slice of the brain of Patient B which was used for analysis of Globus
Pallidus and Putamen. (Right) a histogram showing the total distribution of pixels in the image. By

thresholding all pixels in the leftmost peak, all “noise” pixels are effectively removed from the image.

Figure 5.5.2.1 a, b: Patient E, large areas of damage and gas.

Figure 5.5.2.1 c, d: Patient F, large areas of damage and gas.

Figure 5.5.2.1e, f: Patient G, large areas of damage and gas.
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Figure 5.5.2.1g, h: Patient H, large areas of damage and gas.

Figure 5.6.1: Images are manually registered using a transparent overlay, and ROIs are drawn on the
MR image from the 3D regions produced from ITK-Snap 3D reconstructions. These then correspond

to the same location on the DECT image. Shown above: Red Nucleus and Substantia Nigra.

Table 5.6.1.1: T2 relaxation time found in brain regions of cadaveric heads. This data is then used to

produce corresponding iron concentration values shown in Table 5.6.1.2. Given to 2sf

Table 5.6.1.2: Calculated Iron concentration (pg/g) in each patient and each brain region

Figure 5.6.1.1: Brain iron concentration calculated from T2 relaxation times for each head and for

each brain region.

Figure 5.6.2.1a: Distribution of pixel values in each ROl on DECT images for patient A.

Figure 5.6.2.1b: Distribution of pixel values in each ROl on DECT images for patient B.

Figure 5.6.2.1c: Distribution of pixel values in each ROl on DECT images for patient C.
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Figure 5.6.2.1d: Distribution of pixel values in each ROl on DECT images for patient D.

Figure 5.7.1.1a: Attenuation against [Fe] concentration in 40keV (50% ASIR) DECT images for

patient A.

Figure 5.7.1.1b: Attenuation against [Fe] concentration in 40keV (50% ASIR) DECT images.for

patient B.

Figure 5.7.1.1c: Attenuation against [Fe] concentration in 40keV (50% ASIR) DECT images for

patient C.

Figure 5.7.1.1d: Attenuation against [Fe] concentration in 40keV (50% ASIR) DECT images for

patient D.

Figure 5.7.2.1a: Attenuation against R2 in 40keV (50% ASIR) DECT images for patient A

Figure 5.7.2.1b: Attenuation against R2 in 40keV (50% ASIR) DECT images for patient B

Figure 5.7.2.1c: Attenuation against R2 in 40keV (50% ASIR) DECT images for patient C

Figure 5.7.2.1d: Attenuation against R2 in 40keV (50% ASIR) DECT images for patient D
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Figure 5.8.3.1: Reproduced from Dr Mary Finnegan’s PhD thesis, a former group member, showing
how the segmentation was mapped using MR imaging and then the samples underwent ICP-MS for

accurate concentration determination.
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List of abbreviations.

Abbreviations used are listed here, and are defined on first use within the text.

AP
APP
ASIR
CICI
CT
DC
DECT
FBP
[Fel]
FDA
FID
FOV
GE
GP
HU
ICP MS
keV
kVp
mAS
MRI
NFT
NMR
NMV
PUT

QSM

Amyloid Beta

Amyloid precursor protein

Adaptive Statistical Iterative Reconstruction
Chemotherapy-induced cognitive impairment
Computed Tomography

Direct Current

Dual Energy Computed Tomography
Filtered Back Projection

[Concentration of] Iron

(United Stated) Food and Drug Authority
Free Induction Decay

Field of View

General Electric

Globus Pallidus

Hounsfield Units - also called CT Numbers
Inductively Coupled Plasma Mass Spectrometry
Kilo-electron volt

Kilovoltage peak

Milliamp seconds

Magnetic Resonance Imaging
Neurofibrillary Tangle

Nuclear Magnetic Resonance

Net Magnetisation Vector

Putamen

Quantitative Susceptibility Mapping
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R1

R2

RF

RN

ROI

SN

TE

T1

T2

Longitudinal relaxation rate = 1/T1

Transverse relaxation rate = 1/T2

Radio Frequency

Red Nucleus

Region of Interest

Substantia Nigra

Tesla

Echo time (example usage: TE = 80ms means Echo time of 80 milliseconds)
Longitudinal relaxation time

Transverse relaxation time
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Abstract

In a range of neurodegenerative diseases including Alzheimer’s Disease and Parkinson’s Disease, iron
is found in increased concentrations in various regions of the human brain. Quantitative analysis of
iron in the brain is a difficult task — while post-mortem study using highly sensitive analytical
techniques such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is somewhat
straightforward, accurately quantifying brain iron in living patients, necessitating the use of clinical
imaging, presents a range of unique challenges.

In this thesis, one of the current standard techniques of non-invasive brain iron quantification,
Transverse Relaxometry (T2 Relaxometry) using a clinical 3T MRI scanner, is compared with a
challenger technique, Dual Energy Computed Tomography. DECT is cheaper and faster than
Magnetic Resonance Imaging (MRI) (a standard T2 Relaxometry experiment can take 30-40 minutes,
while a DECT scan takes under 20 seconds), and can be used on patients that have some
ferromagnetic or electronic implants while MRI cannot. In addition, T2 relaxometry is used to attempt
to provide a case for iron concentration quantification as a novel method of diagnosing Chemo Brain,
a term that describes a set of symptoms experienced by some patients that have undergone

chemotherapy.

9.4T Magnetic Resonance Microscopy was used to investigate the relationship between iron
concentrations in agueous phantoms and the relaxation parameters, to support translational work with

3T clinical MRI.

The results of studies into the use of DECT for brain iron quantification show, for the first time, that
the technique can be used for sensitive analysis of neurologically relevant iron concentrations in
aqueous phantoms, but that there is still work needed to establish whether this is also true in the
human brain. The results of the novel human cadaver study described in Chapter 5 indicate that there
is no correlation with DECT-acquired CT Number data and iron concentration in cadaveric human

brain tissue, but that the discussed limitations of the available cadaver samples (including post-
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mortem tissue decay and putrefactive gas accumulation) may confound the results from DECT

imaging studies.
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Chapter 1 - Introduction and Background

1.1 Introduction

1.1.1 Motivation

The link between iron overload in the brain and a range of neurodegenerative diseases has been well
established over the past few decades (J. F. Collingwood & Davidson, 2014; Finnegan et al., 2019; Ke
& Qian, 2003; Thompson et al., 2001). Numerous studies have concluded that iron concentration,
location, and speciation may play a role in neurodegenerative disease pathogenesis (J. F. Collingwood
& Davidson, 2014; LaVaute et al., 2001). The importance of accurately quantifying iron concentration
in the brain to support diagnosis is clear — but this is not a straightforward task. The gold standard of
iron quantification is to take post-mortem biopsies of brain regions of interest and use high-specificity
analytical techniques such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The obvious
problem, of course, is that this cannot be applied to a living patient. The development of non-invasive
techniques for accurate, quantitative measurement of iron concentration in the human brain is
potentially key for early diagnosis which would feed into prospective therapies for these diseases.
There have not been any additional US Food and Drug Agency (FDA) approved drugs to treat

Alzheimer’s disease since 2003, and many drug trials have failed (Yiannopoulou et al., 2019).

In this thesis, the context of analytical Magnetic Resonance Imaging (MRI) is examined, with
particular interest in the role of quantifying iron concentration in the brain. A novel pilot study is
carried out looking into whether or not ChemoBrain patients exhibit increased levels of neurological
iron, as measured by these techniques. The technique of Dual Energy Computed Tomography
(DECT) is examined, and numerous phantom studies presented, offering a potential alternative to
MRI. Finally, a cadaver study using four human brains with varying confirmed levels of Alzheimer’s

Disease compares the efficacy of quantitative MR imaging with DECT.
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1.1.2 Aims

The aim of this thesis is to examine the methods in quantitative neuroimaging for determination of
iron concentration in the human brain. This is addressed in three distinct ways. Firstly, Chapter 3 aims
to determine whether or not T2 (transverse relaxation) relaxometry can be used to determine the
presence of Chemotherapy-induced cognitive impairment (CICI), or “ChemoBrain”, in a human trial
(Chapter 3). Further study (Chapter 4) then aims to develop a Dual Energy Computed Tomography
(DECT) approach which would allow quantitative analysis and determination of iron concentration at
neurologically relevant concentration levels (Chapter 4). Finally, the approach that was developed in
chapter 4 is used in a clinical human cadaver trial in order to determine whether or not the technique

developed in Chapter 4 can be used to assess brain iron concentration in human cadavers (Chapter 5).
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1.2 Literature Review

Each of chapters 3, 4 and 5 contains a review of relevant literature. A shorter general review is
presented here in addition to the literature review work presented in Section 3.3, Section 4.3 and

Section 5.3.

1.2.1 Iron in the brain

Iron plays an important role in numerous metabolic processes in the human body. In the brain, iron is
involved in oxygen transportation, DNA synthesis, mitochondrial respiration, myelin synthesis, and
neurotransmitter synthesis and metabolism (Ward et al., 2014). Iron in the brain can be categorised in
two groups: heme-iron and nonheme-iron. As long ago as 1886, Zaleski reported this finding, and

investigated the structure of these two types (Koeppen, 1995) .

Heme iron is usually found in the form of Fe?* within an organic complex, while nonheme-iron exists
in the form of ionic iron, or combined to generate low-molecular-weight complexes (Haacke et al.,

2005). 90% of brain iron is stored in the form of ferritin. (Ward et al., 2014)

Iron concentration in the brain can be affected by brain region, age, and the presence of
neurodegenerative disease (Ramos et al., 2014). Ramos et al (Ramos et al., 2014) collected brain
tissue samples from men (n = 27; 67 + 11 years old) and women (n = 15; 77 £ 12 years old) who were
not registered in the Portuguese National Registry of Refusal to Organ Donation. Inclusion criteria
were the absence of neurodegenerative disease, absence of injuries involving the central nervous
system, and macroscopically normal tissue. The authors also collected three samples from individuals
with documented neurodegenerative disease, Alzheimer’s disease (n=2, female, 73 and 85 years old)
and Parkinson’s disease (n=1, female, 91 years old). The authors produced linear regressions relating

concentration of iron in various brain regions with age. These are shown in Figure 1.2.1.1.
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Figure 1.2.1.1: Relationship between Fe brain levels (xg/g, dry weight) and age (years): mean value of the different 14 brain
regions for each individual (n = 42) (a) and Fe levels in putamen (b), globus pallidus (c) and caudate nucleus (d). Figure

and caption reproduced from (Ramos et al., 2014).

The authors state that this data represents a significant relationship between age and iron content in
the brain. However, the plots above show R? values of 0.1534 for all brain regions, and 0.151, 0.078
and 0.0094 for putamen, globus pallidus and caudate nucleus respectively. In a linear regression, the
R? represents the amount of the variance observed in the dependent variable, which is explained by
the variance in the independent variable. In this case, for instance, these results illustrate that only
~15% of the variance in brain iron is explained by age overall, and for caudate nucleus this is <1. This
is evident from the plots in Figure 1.2.1.1 if the linear regression trendline is ignored, i.e. simply
looking at the scatter of points — there is not a clear and obvious positive linear trend found, and the
low value of R? reflects this. Nonetheless, this is only one paper, and the result does not align with

some other studies into age related brain iron content (B. Hallgren & Sourander, 1958).
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While age has been shown to have an effect on brain iron (B. Hallgren & Sourander, 1958; P. A.
Hardy et al., 2005), it is not clear from the literature that this is a dominating effect. A recent large-
cohort study (Ayton et al., 2021) reaffirmed the role of neurodegenerative disease in increased levels
of brain iron. Therefore, the clinical significance of this research is evident — iron concentration is
more than a function of age, and the ability to detect increased levels of iron concentration could play
a key role in the development of non-invasive diagnostic techniques for the diagnosis of

neurodegenerative diseases.

1.2.2 Iron in Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disease, and the most common form of
dementia (Q. Li et al., 2018). It is categorised by extensive neuronal and synaptic loss (Tan et al.,
2013), (Gao et al., 2016), as well as neurofibrillary tangles (Lovell et al., 1998) and senile plaques (J.
Hardy & Selkoe, 2002) (Everett et al., 2018). The specific pathogenesis of the disease is still debated,
however there is evidence that supports the so called “amyloid cascade hypothesis”, as described in
Figure 1.2.2.1. This outlines a potential pathway for the disease progression of Alzheimer’s disease.
The proposition is that an aggregation of APP (Amyloid Precursor Protein), presenilinl (PSEN1) and
presenilin 2 (PSEN2) causes aggregation of Ap (Amyloid Beta). This aggregation, which leads to
both soluble forms of AP as well as deposited forms of A as a peptide, causes neuron stress. This,
combined with the aggregate stress when including Tau and NFT (neurofibrillary tangles) leads to
neuronal dysfunction and ultimately neuronal death. It is this loss of neurons that is posited to cause
the symptoms of dementia. There is still debate over whether the amyloid hypothesis is a primary
factor in diseases pathogenesis, outlined in a recent article arguing against the hypothesis (Makin,

2018)).
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Figure 1.2.2.1: The amyloid cascade hypothesis, reproduced from Reitz’ 2012 paper. (Reitz, 2012) Amyloid precursor

protein (APP) leads to AP aggregation which causes oxidative stress leading to cell death.

Two of the most significant advancements in the understanding of Alzheimer’s Disease (AD) led to
the amyloid hypotheses: Firstly, that Amyloidf (Ap) is a main component portion of senile plaques,
described by Glenner and Wong in their 1984 paper which attributed a “92% reliability” on the use of
AP as a biomarker for Alzheimer’s Disease (Glenner & Wong, 1984) as well as more recently
Palmgqvist et al. concluding that “Amyloid PET and CSF biomarkers can identify early AD with high
accuracy” (Palmqvist et al., 2015), and secondly that people with a family history of early-onset
Alzheimer’s Disease frequently shared the same gene mutations of APP, PSEN1 and PSEN2 (Goate
etal., 1991)(Levy-Lahad et al., 1995) (Sherrington et al., 1995) (Lanoiselée et al., 2017). In the most
recent literature, debate is still active. Herrup makes a case in a 2015 Nature paper that the Amyloid
Hypothesis is unable to explain enough of the disease pathology to be held as the current leading
theory on the progression of Alzheimer’s Disease (Herrup, 2015). Despite this, Herrup also clarifies
that even if AP is ultimately proven to merely correlate with (rather than be a contributing cause of)
Alzheimer’s Disease, this correlation is still a reliable biomarker. The extent to which A is related to
Alzheimer’s Disease is still unclear. Regardless of disease pathogenesis, it is however commonly
found that AP plaque build-up is a present in the Alzheimer’s Disease patient (Deture & Dickson,

2019; Ronald et al., 2009).
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Another candidate biomarker for AD is increased concentration of brain iron. Iron is stored
throughout the body (including the brain) inside the protein ferritin. ferritin is a globular (spherical)
protein complex, consisting of 24 protein sub-units, and is the primary iron storage protein in almost
living organisms including algae, bacteria, plants and animals. ferritin’s cage-like structure allows
each individual protein to hold up to approx. 4500 Fe atoms, though 20% saturation is typical (Reif,
1992). ferritin acts as a protective buffer to protect the human body from both iron deficiency and iron
overload. If the integrity of ferritin proteins in the body is compromised, iron may fail to be properly
regulated in the body, leading to the possibility of iron overload. In their 2010 paper, Duce et al.

describe a strong correlation between brain iron content and APP expression (Duce et al., 2010).

Haacke (Haacke et al., 2005) describes methods of analysing iron in the brain using imaging
techniques, as well as giving an overview of the role that iron is potentially playing in the
pathogenesis of a number of neurodegenerative diseases. The measurement of non-heme brain iron
may also lead to the ability to predict disease outcome (Haacke et al., 2005). Histochemical
techniques showed that the iron within the brain was heterogeneous, with further study clarifying the
precise distribution of iron throughout the brain. In particular, Haacke notes that from the various
studies, which are summarised in Table 1.0, the highest iron concentrations are found in the Globus

Pallidus (GP), Red Nucleus (RN), Substantia Nigra (SN) and Putamen (PT).

A range of brain iron sources are provided in the literature. The most widely cited source remains
Hallgren and Sourander’s 1958 paper (B. Hallgren & Sourander, 1958). A collection of sources is

presented in Table 1.2.2.1
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Brin Region lron pg Ratio w0 No, of Analysis Sampic Reference

Fo'g ww GM corex amples tochnique analyzed

Gray matrer

Globus pallidus 2130 2 55 Colonmetry Whole Hallgren and Sourander (1955)

Globus pallidus 1753 ix 10 AAS Wholc Chen ct al. (1989)

Globus pallidus 1820 6 AAS Whole Chen ot al (1993)

Globus pallidus latcral 1594 24 P Whole Dexter et al (1991)

Globus pallidus lateral 2070 6 AAS Wholc Griffiths and Crossman (1993)

Globus paltidus modial 1412 23 P Whole Dexter et al. (1991)

Globus pallidus modaal 1638 o AAS Whole Griffiths and Crosseman (1993)

Globus pallidus total 300.6 50 23 P Whole Dexter et al (1991)

Gilobus pallidus total 3708 74 6 AAS Whole Gnffiths and Crossman (1993)

Gilobus pallidus 1080 4 AAS Uncortain Ricderer ct al. (1989)

Gilobus pallidus s10 29 X Colonimetry Supernatant  Rioderer ct al. (1989)

Sabstantia nigra 1850 37 52 Colorimetry Whole Hallgren and Sourander (1955)

Substntia mgra ZC 1594 26 o P Whole Dexter et al. (1991)

Substantia nigra 1398 2 o AAS Whole Giriffiths and Crossman (1993)

Substantia nigra oral 650 4 AAS Uncertain Ricderer ct al. (1989)

Substantia nigra caudal 450 4 AAS Uncertain Ricderer et al. (1989)

Substantia nigra 480 1.7 8 Col y  Sup Ricderer ot al. (1989)

Substantia nigra ZC 63.0 9 Col Y Sup Sofic ct al. (1991)

Substantia ngra ZR Mo 9 Col Y up Sofic et al. (1991)

Substantia nigra ZC+ZR 1570 9 Colonmetry Supcrmatant  Sofic ct al. (1991)

Sobstantia nagra =0 6 Colonimetry Uncertain Thomas ct al (1993)

Putamen 1300 2 56 Colonmetry Whole Haligren and Sourander (195%)

Putamen 120% 2 10 AAS Wholce Chen et al. (1989)

Putamen 1100 L AAS Wholc Chen et al (1993)

Putamen 1645 27 3 cr Whole Dexter et al. (1991)

Putamen 1198 24 6 AAS Whole Griffiths and Crossman (1993)

Putamen 76.0 4 AAS Uncertain Ricderer ct al. (1989)

Putamen 96.0 34 s Col Y Sugp Ricds ct al (19%9)

Putamen 780 6 Colonmetry Uncertain Thomas et 2l (1993)

Caudate 930 18 58 Colonmetry Whole Hallgren and Sowrander (1958)

Candate 1156 22 4 INAA Whole Brooks ct al. (1989)

Caudate 92s 20 10 AAS Wholc Chen et al, (1989)

Caudate 1174 19 59 e Whole Dexter et al (1991)

Caudate w6 2 6 AAS Wholc Gnffiths and Crossenan (1993)

Caudate 76.0 4 AAS Uncertain Ricderer ot al, (1989)

Candate 56.0 6 Colonimetry Uncertain Thomsas et 2l (1993)

Hippocampas 520 21 INAA Whole Comett ct al. (199%)

Hippocampus 432 1 INAA Whole Deibel et al (1996)

Hippocampus 421 15 INAA Whole Thompsoa ct al. (1988)

Hppocampus 240 09 8 Cod Yy  Sup Ricderer ct al. (1989)

Amygdala 9o 2t INAA Whole Comett ct ol (199%)

Amygdala 486 1 INAA Whole Deibel et al. (1996)

Amygdala 489 15 INAA Whole Thompson <t al (198%)

Amygdala 200 4 AAS Uncertain Ricderer ot al. (1989)

Parictal cortex k0 7 Colonmetry Whole Hallgsen and Sourander (1958)

Inferior panictal 560 21 INAA Whole Comett ct o, (1998)

Inferior panctal 544 1" INAA Wholc Deibel et al. (1996)

Panictal cortex, 12 6 AAS Whole Gniffiths and Crossman (1993)

Prefrontal conex 292 2 Colonmetry Whole Hallgren and Sowrander (1958)

Frootal conex 336 4 INAA Whole Brooks ct al. (19%9)

Frontal lobe 460 10 AAS Wholc Chen ct al. (1989)

Frontal conex 320 2 INAA Whole Comett ct al. (199%)

Frootal conex 418 6 AAS Whole Griffiths and Crossmman (1993)

Temporal cortex 3 3% Colonmetry Whole Hallgren and Sourander (1955)

Temporal poke 510 21 INAA Whole Comett ct al. (199%)

Temporal gyrus 32 " INAA Whole Deibel et al. (1996)

Temporal cortex s0.1 6 AAS Whole Griffiths and Crossman (1993)

Temporal conex %0 8 Colosimetry Supcmatant  Ricderer ot al. (1989)

Motor corex 503 46 Colorimetry Whole Hallgren and Sourander (1955)

Occipital cortex 455 38 Colonimetry Whole Hallgren and Sourander (1958)
(continwed on mexs pagr)

Table 1.2.2.1: A summary of various brain region studies from a collection of papers. Reproduced from Haacke 2005
(Haacke et al., 2005)

It is noted that ferritin, and the abnormal ferritin molecular pathway molecule hemosiderinis, are
considered to be the only forms of non-heme iron storage in sufficiently high quantities to affect MR

contrast in the human brain (Schenck, 2003).
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1.3 Iron in the Human Brain

Iron distribution is not homogeneous throughout the brain, and specific brain regions have been
observed to manifest iron dysregulation in response to certain neurodegenerative disorders (Zhu et al.,

2009).

As evidenced from the literature (Haacke et al., 2005), four specific brain regions that are observed to
have typically high levels of iron (Perl & Good, 1992)(B. Hallgren & Sourander, 1958) are tracked

and compared. A brief summary and justification for each is given below.

1.3.1 Substantia Nigra

The Substantia Nigra (SN) is a component of the basal ganglia, as shown in figure 1.3.1.1, which is
split into the Substantia Nigra pars compacta and the Substantia Nigra pars reticulata. It is involved in
movement, motor control, and the reward dopamine response. The loss of SN neurons is a classic
hallmark of Parkinson’s disease, and the accumulation and dysregulation of iron in individual neurons

in this region was found to also correlate with the disease (Oakley et al., 2007) (Dias et al., 2013).
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Substantia Nigra

Figure 1.3.1.1: Substantia Nigra, highlighted in purple and indicated. Figure adapted from atlas.brain-map.org. (Hawrylycz

etal., 2012)

There has been conflicting evidence in the literature regarding iron concentration in Substantia Nigra.
Griffiths et al. observed that iron concentration in SN was more than double healthy controls in
Parkinson’s Disease patients (Griffiths et al., 1999), while Zhu et al. failed to see significant elevation
of iron levels in the SN in Alzheimer’s Disease patients (Zhu et al., 2009). Further, for patients with
both AD and PD, the iron level detected in the SN was significantly elevated compared to patients
with only AD (Brar et al., 2009). These results support and strengthen the evidence for a disease-
specific iron dysregulation response in the brain, allowing the potential differentiation of

neurodegenerative diseases.

Finally, SN is one of the highest iron concentration brain regions in adult humans (B. Hallgren &
Sourander, 1958)(Zecca et al., 2004), meaning that it is a good region to test an emerging technique
with an unknown sensitivity limit in human neurological tissue, in this case Dual Energy Computed

Tomography.
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1.3.2 Red Nucleus

The Red Nucleus is a structure in the midbrain involved in motor control. This region is naturally high
in iron (B. Hallgren & Sourander, 1958; Lewis et al., 2013), and is easy to spot on T2 weighted MR

images due to this, as in Figure 1.3.2.1.

“Substantia
..nigra

-

Figure 1.3.2.1: The Red Nucleus is easy to see as two dark black spots in the midbrain on T2 weighted MR images. Figure

adapted from Zecca et al. (Zecca et al., 2004)

Lewis et al. find that Red Nucleus iron content is positively correlated with Parkinson’s Disease
(Lewis et al., 2013). Further to this, evidence of Alzheimer’s Disease related senile plaques have been
found in the Red Nucleus (Iseki et al., 1989). As the region has naturally high iron content, then as
with Substantia Nigra it makes an excellent candidate for study when attempting to establish a

detection limit of a new technique.
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1.3.3 Putamen

The putamen belongs to the basal ganglia as shown in figure 1.3.3.1, and along with the Caudate
Nucleus is primarily responsible for coordinating movement and learning (Alkinoos et al., 2016)(C. S.
R. Li, 2000)(Seger & Cincotta, 2005). The putamen is another brain region that is typically high in
iron content (B. Hallgren & Sourander, 1958)(Drayer et al., 1987), while also showing significantly
elevated levels of iron concentration in patients with some neurodegenerative diseases including
Alzheimer’s disease and Parkinson’s disease (George Bartzokis et al., 2004)(G. Bartzokis & Tishler,

2000).

Caudate
Nucleus

Figure 1.3.3.1: Brain anatomy including the Putamen and Globus Pallidus. Figure adapted from Sandstrom and Dunbar’s

textbook (“Huntington’s Dis. - Core Concepts Curr. Adv.,” 2012)
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1.3.4 Globus Pallidus

The Globus Pallidus, shown in Figure 1.3.3.1, is involved with movement, and is also part of the basal
ganglia. The Globus Pallidus has the highest iron concentration of any brain region for a healthy
adult, with Hallgren and Sourander measuring an average 213ug/g as iron content per fresh tissue
weight (B. Hallgren & Sourander, 1958). There are conflicting results in the literature for the iron-
regulatory response of the Globus Pallidus in the case of various neurodegenerative diseases. For
example, House et al. found no significant iron content increase for Alzheimer’s Disease patients in
the globus pallidus using MRI (House et al., 2008), while Bartzokis in multiple MRI studies found
that there was a significant increase (G. Bartzokis & Tishler, 2000; George Bartzokis et al., 2004),

confirming the result from Loeffler’s 1995 paper (Loeffler et al., 1995).

Despite these conflicting observations, as the most iron rich region of the brain, it is naturally
included in our study as a target to support method development for a potentially iron-sensitive

scanning technique.
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1.3.5 Age and Iron concentration

As described in section 1.2.1, there have been numerous attempts to accurately model iron
concentration in the brain as a function of age. There are a number of practical reasons why this is a

difficult process, and suggests at least a partial explanation for conflict in the literature.

In general, iron content has been observed to vary with age (Ramos et al., 2014) (B. Hallgren &
Sourander, 1958), tending to increase with age at least up to a certain point, and with Hallgren &

Sourander also determining a model for iron concentration as a function of age in specific regions of

the brain (Figure 1.3.5.1).
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Figure 1.3.5.1: Non-haem iron in the globus pallidus at different ages. Filled circles represent cases with large intestinal

haemorrhages. Figure and caption reproduced from (B. Hallgren & Sourander, 1958).
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One of the challenges with this analysis is that iron concentration can vary greatly between
individuals. Furthermore, until recent developments in quantitative MR, it has been impossible to
obtain accurate brain-iron measurements without waiting for a post-mortem biopsy, meaning a person
cannot have had more than one datapoint in their lifetime. This means that collating literature results
and comparing data across studies leads to high uncertainty and large standard deviation. Recent MRI
techniques have made accurate iron concentration determination possible in living individuals — and
such techniques will be discussed and compared in this thesis. However, this still requires individuals
to be enlisted in longitudinal MRI studies with regular iron concentration measurements being made.
A review article identifies the issue and raises the point that longitudinal brain iron data on individuals

is still very rare (Degremont et al., 2021).
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1.3 Description of study

The main study in this thesis in Chapter 5 will scan 4 cadaveric human heads using both T2
relaxometry and DECT in order to determine the concentration of iron present in each of the four
brain regions detailed above. T2 Relaxometry was used as the iron-determining method, with DECT
being the test method. Two cohorts of 4 heads are used, however the second cohort turned out to have

significant damage and putrefactive gas build-up, making the images unusable for analysis.

Chapter 2 outlines the methods behind techniques used in this thesis and describes how each

technique is relevant or suited to iron concentration quantification.

Chapter 3 is a results chapter for the CICI study. It first presents relevant literature on similar studies,
and then presents novel data and insights in the use of T2 relaxometry attempt to quantify iron

concentration in brain regions in CICI patients.

Chapter 4 is a results chapter for the DECT phantom study. It first presents relevant literature on
similar studies, and then presents novel data and insights from a number of developmental studies in
order to provide a technique that can be used to quantify iron at neurologically relevant concentration

levels.

Chapter 5 is a results chapter for the cadaver study. It presents brain scans from cadavers where we
attempt to calculate iron concentration using DECT in order to illustrate and compare the technique to

T2 relaxometry.

Chapter 6 discusses the overall conclusions of thesis. Where there was a negative result, we discuss if
this was likely to be the underlying hypothesis or technology that caused the failure. We also discuss

which techniques show promise for iron concentration quantification in living patients in the future.
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Chapter 2 — Methods, principles, and instrumentation

2.1 Introduction

The research and results contained in this thesis aim to answer questions relating to the detection and
measurement of iron concentration in tissue or other media. This chapter introduces the
methodologies used, the instrumentation used in measurement, and describes the underlying physics

principles involved.

The principal techniques used are clinical MRI at 3T (3 Tesla), and clinical Dual Energy CT.
Additional research and development using 9.4T MR Microscopy (Magnetic Resonance Microscopy)
as well as the use of Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for accurate iron-

concentration determination in some phantom studies are also used, and are introduced in this section.

This section will introduce and discuss the clinical hardware itself, as well as the underlying physical

principles and the way in which images are captured, stored, processed and analysed.

2.2 MRI

The MRI system used in all studies presented in this thesis is a clinical 3T MRI scanner (GE

Discovery MR750W) located at University Hospitals Coventry and Warwickshire.

2.2.1 Nuclear magnetic resonance - NMR
All hadrons and elementary particles have an intrinsic angular momentum property called spin, s. This
value is intrinsic to the particle itself, much like rest mass or charge. Nucleons (neutrons and protons)

both have a spin value of s = % Atomic nuclei have an overall spin, called the spin quantum number,

S. However, two protons in a nucleus are at a lower (and thus more desirable) energy state when they
are anti-parallel, not when they are parallel, which allows spins to cancel each other out within the
atom. The lower energy state means that they are more likely to be found in this configuration. In fact,
147 out of the 152 stable even-numbered nuclei (nuclei with an even number of protons) have spin 0,

meaning all spins have cancelled each other out. The 5 remaining ones are odd-proton, odd-neutron
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nuclei which have non-zero spin, namely: 2H, §Li, 1B, 14N, 189Ta. Odd numbered nuclei, however,

. . R . 1
all necessarily have non-integer spin, e.g., 1H has spin s = >

Spin plays an important role in magnetic resonance. Any nucleus with non-zero spin will give rise to a
magnetic moment, i, because of the positive charge found within all nuclei. Magnetic moment is the
vector that describes the magnetic strength and orientation of any object that produces a magnetic
field. When a nucleus with a magnetic moment is placed into an external magnetic field, the magnetic

moment aligns with the field and will precess around the magnetic field, illustrated in 2.2.1.1.

Figure 2.2.1.1: The hydrogen atom’s magnetic moment, p, aligns with the external magnetic field, Bo, and begins to precess

with angular frequency w. This w is known as the Larmor frequency. The angle is exaggerated in the figure.

In a general population of, say, 1H atoms (with s = %), these magnetic moments are all pointing in
random directions, and so the net magnetisation (i.e., the vector sum of the population) at thermal
equilibrium is 0. However, if this population is placed into a strong magnetic field B,, the magnetic
moments will align either with (called parallel, spin-up, or low energy) or against (antiparallel, spin

down, or high energy) the magnetic field. See figure 2.2.1.2.

46



& P

Y ®®@¢
b ¢ P

& ® &

A: No external field B: With external magnetic field B,

Figure 2.2.1.2: (A) No external field. Hydrogen atoms are randomly distributed and there is no overall net magnetisation.
(B) An external field is applied, and the nuclei align with the external field. Some align “with”, and some align “against”

the field, with respect to the direction of the magnetic moment of the external field.

Due to the lower energy requirement for parallel / spin-up / “with the field” alignment, there will
always be more of these low energy nuclei, each of which can cancel out the magnetic moment of
precisely one high energy nucleus. The remaining excess low energy nuclei form the Net

Magnetisation Vector. The stronger the magnetic field, the more nuclei are in the spin-up state.

As protons are being influenced by the strong external magnetic field, they do not simply sit still —
they precess around the magnetic field lines of B, at a particular frequency called the Larmor
frequency (wg). In fact, the stronger the magnetic field, the higher the frequency, and this is detailed
in the Larmor equation, w, = yB,, where y is the gyromagnetic ratio of a particular atomic species.
This is what is meant by, for example, a 400MHz NMR spectrometer — it means that the field strength
of the magnet is such that hydrogen will precess at 400MHz (this corresponds to around 9.4T). NMR
can be conducted with any atom that possesses nonzero spin, but since hydrogen is so abundant in the

human body, it is the obvious choice for MR imaging.

By applying a pulse of energy with a frequency equal to the Larmor frequency, the system energy is

increased, forcing a population of low energy nuclei to excite to a high energy state. The mechanism
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by which this pulse of energy is applied is by activating another external field, B;, which is
perpendicular to B,. This B; field rotates at the Larmor frequency and causes the NMV to align into
the xy plane and to rotate around the B, field. This rotating NMW is then detectable by the RF coil
via the induced voltage and resulting current. When the RF pulse is switched off, the nuclei begin to
regress back to their original state aligned with B, reducing the induced voltage in the RF coil. This

is Free Induction Decay (FID) and is the source of the “signal” in an NMR experiment.

2.2.2 Relaxation and relaxometry

Relaxation is the physical process of a nucleus returning to its ground state after excitation by an RF
pulse. The individual components of relaxation can be understood by the Bloch equations; all of the
nuclei in a sample can be modelled as a single vector, M, known as the net magnetisation vector

(NMV). M can then be resolved into its longitudinal (T1) and latitudinal (T2) components.

2.2.2.1 T1 Relaxation
Longitudinal recovery of the net magnetisation vector, or T1 recovery, is the process describing how
the NVM returns to its original maximal value, parallel to the external B, field. In 1946, Felix Bloch

et al. (Bloch et al., 1946) described this process mathematically as a mono-exponential recovery,

-t
which can be modelled as M = M, (1 — eT1). When t=T1, this becomes M = My(1 — e~ 1) = My(1 —
i). Thus, one T1 time is equal to the amount of time for the recovery of roughly 63% of the overall

net magnetisation vector. As the NMV returns to alignment with the By, field, the system loses energy
as more spins become aligned to the spin-up orientation of the field. This energy is lost as heat, which
is passed into the surrounding atoms and molecules within the field, i.e., passed into the lattice, hence

the name spin-lattice relaxation.

2.2.2.2 T2 Relaxation and use for quantifying iron
Spin-spin relaxation, or T2 relaxation, is the transverse component of the NMV. This decays

exponentially towards its default equilibrium value. It is characterised by the mono-exponential decay

-t
equation M = MyeTz. When t=T2, this becomes M = Mye~1. The T2 time is defined as the amount of

time taken to reach 1/e, or approximately 37% of the original value.
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The presence of iron in a sample has been shown to not only decrease T2 time(Vymazal et al., 1996),
but to also be linearly correlated to iron concentration (House et al., 2007a; St Pierre et al., 2004;
Vymazal et al., 1996). This principle allows accurate iron quantification based on T2 value to be

carried out in biological tissue (Drayer et al., 1987; House et al., 2007b).
The reciprocal of T2 is R2, i.e., transverse relaxation rate, measured in s~1.

2.2.3 Imaging

Magnetic Resonance Imaging, MR, is the process by which we can visualise the manipulation of
nuclear magnetic moments by our application of magnetic fields. A general view of MRl is that it is
simply a Hydrogen-NMR experiment, where we use additional coils (gradients) to spatially locate the

source material, in order to build up a pixel-wise greyscale image.
There are three intrinsic properties of biological material that dictate the MR contrast:

1. The proton density, that is, how many hydrogen atoms are available to contribute to the net
magnetisation vector. Images that are primarily generated by minimising the effect of T1 and
T2 times on the resulting image are known as proton density weighted images.

2. T1time. This is the time taken for excited spins to recover and be available to be re-excited
by the RF pulse. Images that are primarily generated from T1 recovery are called T1-
weighted images,

3. T2time. This determines the time taken for the MR signal to fade after excitation. Images that

are primarily generated from T2 decay are called T2-weighted images.

2.2.3.1 T1-weighted imaging

In order to actually generate an image of a biological sample, a slice of that material must be excited
by the external field, and the resulting signal recorded. Repetition time, TR, describes the length of
the relaxation period between excitation pulses. This is important in T1 weighted images, as
incomplete relaxation will reduce the available net magnetisation for the next pulse, which reduces the
overall MR signal that can be collected. By using a short TR, say 500ms, tissue with a short T1 time is
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able to recover fully before the next pulse, meaning they produce a strong signal in the subsequent
pulses, and appear brighter on the image. Tissue that does not fully recover cannot contribute to the

MR signal as much, due to a resulting smaller net magnetisation, and so appear darker.

If a longer TR is selected, say TR=2500ms, then all tissue (both short and long T1 tissue) will have
recovered fully in between each repetition, meaning the “advantage” of the short T1 tissue is lost, and
so the overall effect of T1 time of the tissue is much lower, as shown in figure 2.2.3.1.1. So, by

adjusting TR, we can adjust the effect of T1 weighting on the image.

Short TR = strong T1 weighting

Long TR = low T1 weighting

90°

P — Time
TR A: 500 msec

P >

/ TR B: 2000 msec

Figure 2.2.3.1.1: At a short TR = 500ms, the difference in overall contrast, Mz, between the material labelled “Short T1”
and the material labelled “Long T1”, is larger compared to the difference in the same material at TR=2000ms. Thus the T1

weighting is reduced, by increasing TR. Figure reproduced from (Weishaupt, 2003).

2.2.3.2 T2-weighted imaging

As different gradients are applied, they induce magnetic field inhomogeneities. These
inhomogeneities are required to spatially encode the MR signal. These gradients also contribute to
spin dephasing, which means a refocusing pulse is required to obtain an MR signal. The signal which
is induced at the end of this process, in the receiver coil, after re-establishing phase coherence with the

refocusing pulse, can itself be measured — and this is called spin echo.

50



Echo time, TE, is a measure of how long the instrument waits between applying the excitation pulse
and collecting the MR signal from the receiver coil. Where Figure 2.2.3 showed that shortening of the
TR helps to add more weight to T1-weighted images, the reverse is true of the TE <-> T2 relationship

i.e., a longer TE results in a more heavily weighted T2 image. This is clear from Figure 2.2.3.2.1.

Signal
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90° E T2,
i Short
: T2

[ TE A: 20 msec | Time

————
' TE B: 80 msec'

Figure 2.2.3,2,1: at a short TE = 20ms, there is little difference between the signal received from the sample labelled “Long
727, and the sample labelled “Short T2". There has not been sufficient elapsed time for the short T2 time of the “Short T2”
material to have differed greatly from the “Long T2 material. At a longer TE=80ms, the “Short T2 material’s signal has
decayed much more, meaning the contrast between short and long T2 materials is amplified. In this way, longer TE means
more heavily weighted T2-image, where darker means a shorter T2 time (since the signal has decayed much more and so

appears less bright in the image reconstruction).Figure reproduced from (Weishaupt, 2003)
Short TE = low T2-weighting
Long TE = strong T2-weighting

It follows that tissues with short T2 time appear darker on more heavily T2-weighted images i.e.,

longer TE times, and tissues with longer T2 time appear brighter.

2.2.3.3 Slice selection and spatial encoding

In order to achieve slice-wise images of the sample, we need some method of precisely affecting the
magnetic field of a cross-section of the sample only. If a uniform magnetic field were applied across
an entire biological sample (say, a person’s body), then all protons would be excited at once by the RF

pulse, meaning it would be impossible to determine the spatial information of any particular set of
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protons. Instead, by deliberately inducing a magnetic field inhomogeneity with the use of gradient
coils, a linear magnetic field gradient is applied across the entire sample. At one end of the sample
(say, the person’s head) the magnetic field will be stronger, and at the other end, will be weaker. By
carefully moving and placing the field gradient, a perfect “slice” which is at precisely the field
strength required to excite protons with an RF pulse at the Larmor frequency can be created.
Therefore, the RF pulse will excite only those protons, and not the others, meaning the signal detected
will be from the intended cross-sectional slice of the material. A gradient which changes slowly will
create thicker slices, while a gradient that drops quickly from one side of the sample to the other will

produce thinner slices.

So far only slice selection has been discussed i.e., magnetic field gradient in the Z direction. The more
difficult problem is X and Y spatial encoding. A similar physical principle is involved i.e., the use of
magnetic field gradients to adjust the magnetic field such that only a select range of protons in the

sample are excited.

For y-axis spatial encoding, phase encoding is used. This is a magnetic field gradient in the Y
direction, which is switched on after the protons have been excited. This way, phase encoding alters
the Larmor frequency of the spins, along the Y axis. Excited spins which are towards the stronger end
of the magnetic field gradient experience a stronger magnetic field, which causes them to gain phase,
while lower down the gradient there is a loss of phase. This is called a phase shift and the detection of

signal from protons in different phase states is what allows Y -axis spatial encoding.

X-axis spatial encoding is done via a frequency encoding, where a 3 and final magnetic field
gradient is applied. If the higher field strength end of the gradient is on the left, then protons from the
left of the sample will precess faster than those on the right, and this frequency difference is again
detected in the receiver coil, since we always receive the entire frequency spectrum (each pixel can be

thought of as an independent NMR experiment).
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2.2.3.4 K-Space

As described in 2.2.3.3, X and Y axis data are detected in the form of phase encoding and frequency
encoding. As data is fed into the computer which is attached to the MRI scanner, it is received in the
form of a phase-frequency coordinate system. In order to convert from phase-frequency to (x, y), a 2D

Fourier transform is used.

2.2.3.5 Real world limitations.

MR images can suffer from image artifacts. This is spurious signal that manifests in the image,

despite not being as a result of free induction decay from the sample recorded in the receiver coil.

Some of the common causes of artefacts are:

Ambient temperature and consistency of DC power supply to the instrument. This can cause a
central point artefact where a dot in the centre of an image is very bright due to a constant offset in

the DC current, which after Fourier transform, appears as a bright spot in the centre of the image.

Electric fields that interfere with the scanner, for instance in a hospital room with insufficient
shielding, or a patient with electronic devices near the scanner. This can cause so called zipper
artefacts which appear as a black and white striped band across the image. The gradient coils
themselves will have imperfections in their ability to create and maintain a constant electric and
magnetic field, and fluctuations can cause the Herringbone artifact, which again looks like a striped

pattern. This effect can also be caused by fluctuations in the power supply to the instrument.

Inhomogeneity in the main B, magnetic field (aside from the intentional inhomogeneity introduced
by the gradient coils) can cause super-imposition of pixels, where a particular signal is erroneously

assigned the wrong spatial coordinates. This results in an effect known as Moire fringes.

Uneven excitation of nuclei by the RF pulse due to flip angles other than 90 or 180 degrees. This can

cause a shading artefact if the correct coil size is not used for the given sample or patient.
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Incorrect field of view (FOV), for example attempting to image a patient whose body extends past
the FOV. This can be corrected by over-sampling the data, however if this is not addressed, then

aliasing can occur. Aliasing is also known as a wrap-around effect. This is shown in Figure 2.2.3.5.1

Figure 2.2.3.5.1: The top of the scalp, containing fat, is super-imposed on the bottom of the skull, due to that part of the skull

extending past the FOV. Image used from web reference (AD Elster, 2021)

2.2.4 MRI Equipment

This study uses a GE Healthcare Discovery 750W 3T Clinical MRI scanner along with a head coil to
ensure uniform excitation across the brain. It is generally desirable to have a higher field strength in
an MRI system. The higher field strength means that a larger NMV is produced when a sample is
placed in the bore of the magnet, and so the benefit is seen in the signal-to-noise ratio (SNR). NB:

Wattjes argues in a 2012 paper that this may not always result in an increased level of diagnostic
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ability, and the research publications they reviewed producing results on 1.5T systems have produced

equally accurate diagnoses compared to 3T systems (Wattjes & Barkhof, 2012)).

However, even work cited within that review paper would conclude that diagnostic accuracy was
more often increased by using 3T MRI, and that signal-to-noise ratio was increased by 1.8-2.3 times

for 3T systems compared to 1.5T systems (Wardlaw et al., 2012).

Work by Gaa et al (Gaa et al., 2004) illustrate the difference in figure 2.2.4.1

Figure 2.2.4.1: (A) 3T with iPAT reconstruction algorithm, (B) 3T without iPAT, (C) 1.5T with iPAT, (D) 1.5T without iPAT.
The authors indicate that when comparing (A) with (C), and (B) with (D), smaller vessels and delineation of small regions of

detail are rated as significantly superior by radiologists reviewing the images. Figure reproduced from (Gaa et al., 2004).
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Shimming

One of the properties of an MR system is field homogeneity. This will be measured in ppm over a
specific diameter of spherical volume (DSV). For example, say a magnet is claimed to have <lppm
over a 30cm DSV, this means that any point within 15cm of the magnet isocentre will experience a
field strength of 3 + 3x10° T (1 part per million). The reason this is so important will be clear in the
next section regarding gradient coils and localisation. What’s important, though, is that if you were to
buy a magnet and install it in a hospital, you would probably find that the magnetic field strength
would vary by over 100ppm at first. This is due to the location of the scanner in the building, the
electrical wires running though the walls, the placement of metallic objects in the vicinity, and even
other magnets from nearby MRI scanners. The installation will therefore include a shimming process,

both active and passive, which aims to reduce the field inhomogeneity to within an acceptable level.

Passive shimming involves installing magnetic materials around the bore of the magnet which
counteract the local field inhomogeneities. The full mathematical detail was given by Rome6 and
Hoult in their 1984 paper which addressed the specific issue of vector field inhomogeneity applied to
MRI scanners that need high degrees of accuracy in order to perform high resolution imaging (Roméo
& Hoult, 1984). While passive shimming provides a huge amount of correction to local field
inhomogeneities, the magnetic material itself is sensitive to temperature, and so the ambient
temperature of the room and the temperature of the sample affects how much the material can
contribute to the field corrections. Furthermore, each sample that is placed in the bore of the magnet
will interact with the By field and produce its own field inhomogeneities. Therefore, active shimming
is also used. This is done by a series of coils, known as shim coils, through which current can be
automatically or manually varied. Naturally the shim settings must be adjusted and modified for every
sample. In clinical MRI, this is normally done automatically by the MRI software package attached to

the scanner, which is able to detect and apply the optimal settings after an iteration process.
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Gradient Coils

The gradient coils are what turns an NMR experiment into MR Imaging. They slightly alter the
magnetic field in the X, Y or Z direction in a predictable way, forming a gradient from one end of the
axis to the other. The coils can be used in combination to alter the gradient in any direction in 3D
space. In this way, when the FID is detected, the specific magnetic field strength at that precise
location will change the Lamour frequency of the corresponding voxel. This allows us to spatially
encode the MR signal. By applying an RF pulse that matches a slice of the sample at the newly
modified Larmour frequencies, slice selection is achieved. A Fourier transformation is used to
separate out the combined signal into frequency and amplitude. In this way the Fourier transformed
signal is used to uniquely identify the position of the signal source. It is clear now why shimming is so
crucially important — if there is uncertainty about the source of the signal, the image will not be an
accurate representation of the sample. Regardless of how perfectly the MRI system is shimmed, once
a sample is placed into the bore, magnetic field inhomogeneities are introduced by the sample itself.
Figure 2.2.4.2 shows the process of tracking a head scan as the shim is manually adjusted from -
0.6ppm to +0.6ppm. These images are from one slice, but the spatial registration is adjusted as the

shim coil is adjusted.
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Figure 2.2.4.2: Afield plot obtained using a human brain. Reproduced from Jezzard, 2006 (Jezzard, 2006)

The values of magnetic field strength variation across the gradient coils can be determined by
adjusting the amount of current through them. This variance simply adds to, or detracts from, the Bo

field.
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Taking this concept further, as the gradient coils determine the Larmor frequency at a particular
location, and the RF pulse will excite nuclei at their resonant frequency, the gradient coils also allow
individual slice selection. The slice through the object formed from a plane composed of specific (X,
y, z) magnetic field strength coordinates can be selectively excited and therefore the FID comes only
from a given plane. This plane can be angled and placed in any way, as it is simply a collection of
coordinates on which we send an excitation pulse, and then collect the resulting FID. Contrast this to

CT, where the X-ray emitter and detector pair limit the geometries of slices that can be achieved.

To achieve high resolution imaging, steep gradients are required to have sufficient differentiation of

the magnetic field strength in 3 dimensions.

2.2.5 Pulse Sequences

The original MRI experiments by Bloch and Purcell (Bloch et al., 1946)(Purcell et al., 1946) used
continuous wave fixed frequency B; field, while the main magnetic field B, was varied, and
resonance was detected as coil voltage fluctuations. After that, it was noticed that immediately after
the resonance was detected, there was a small oscillating signal that was left behind. From this
observation came the progression of pulsed MRI sequences, where the By field was fixed, and the B
field was pulsed on and off at the Larmor frequency. Hahn then discovered that after the B, field RF
pulse, the same oscillating signal was present (Hahn, 1950). He called it “nuclear induction decay”,
now referred to as free induction decay (FID). In reality, the FID is only one kind of NMR signal.
There are four basic types: FID generated by a single RF pulse, Gradient Echo (GRE) generated by an
RF pulse followed by a gradient coil reversal, Spin Echo (SE) generated by two RF pulses, and finally

Stimulated Echo generated by 3 or more RF pulses.

Gradient Echo

For Gradient Echo, a 90-degree RF pulse is applied to the sample, followed by a gradient reversal via
the gradient coils. In this way, the resulting signal has both a net magnetisation vector which is
decaying, and also specific spatial information on the sample. Gradient echo sequences do not account

for local field inhomogeneities, and therefore measure T2* rather than T2.
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Spin Echo
A spin echo sequence accounts for field inhomogeneity by first applying a 90-degree pulse, and then a
flip via a 180-degree pulse. In this way, the sample has regained spin phasing, ensuring that the signal

is due to spin-spin relaxation and not due to local field inhomogeneities.

Our study uses a collection of single echo spin echo sequences, one for each echo time. Collecting
resulting T2 relaxation time allowed exponential decay curves to be fit and graphed separately using

statistics and graphing software OriginPro 2016 (OriginLab Corporation, Northampton, MA, USA).

2.2.6 Iron in MRI

Brain iron is found in the iron storage protein ferritin. ferritin is not ferromagnetic (permanently
exhibiting magnetism) but is paramagnetic (requiring an external magnetic field to exhibit
magnetism) (Vogt, 2016). In their 1995 paper, Vymazal et al. quote Hallgren and Sourander as saying
that total brain non-haem iron accounts for 1/3 of all iron content, however then also go on to point
out that more recent studies from Brookes and Bauminger confirm that the overall impact on T2
signal decay from ferritin is much higher in the iron rich grey matter (R. A. Brooks et al.,
1995)(Bauminger et al., 1994) (Vymazal et al., 1995). Thus, Vymazal et al. conclude that iron-related
MRI signal changes in these areas are due to ferritin. As shown in Figure 2.2.6.1, R2 relaxation rate
for ferritin displays a linear dependence on magnetic field strength. R2 is the reciprocal of T2, i.e.,

transverse relaxation rate, measured in s 1.
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Figure 2.2.6.1: Dependence on field strength for 2.01mg/mL iron in aqueous solution Reproduced from Vymazal 1995.

(Vymazal et al., 1995)

This linear dependence also holds at higher fields. Work by Finnegan et al (Finnegan et al., 2019)
involved the use of 9.4T magnetic resonance microscopy to calculate parametric maps of post-mortem
brain tissue from Alzheimer’s disease (n=3, ages 73, 75, 98) and healthy controls (n=2, ages 76, 78).
The tissue samples were analysed using ICP-MS to determine accurate iron content in the given brain
regions. A linear relationship was identified in all brain regions studied with correlation coefficient r
= 0.87, with experimental uncertainty of 12%. This study published the first set of results that

demonstrate the linear relationship between R2 and iron concentration at field strength above 7T.

It is important to note that this is a model system, which is dependent only on iron, and there are no
additional effects from paramagnetic radicals. Any additional paramagnetic material in a real-world
system will contribute some non-zero effect in decreasing the T2 relaxation rate, meaning that Figure
2.2.6.1. represents an idealised “best case” scenario, whereas in reality the observed R2 would be

higher.

Iron that is found in neurodegenerative disease pathways are ferrous iron (Iron(I1)) and ferric iron
(Iron(l11)), as well as magnetite and ferrihydrite (P. Kumar et al., 2016). Iron in its metallic form, as
well as Iron (111) are paramagnetic. Iron(ll) is usually also paramagnetic, but due to the two free
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electrons, can be found in diamagnetic complexes. In 2020, Birkl et al (Birkl et al., 2020) found that
the change in oxidation state from ferric to ferrous iron showed no influence on R1, but let to a

decrease of 18% in white matter and 13% in cortex tissue for R2.

2.2.7 GE Discovery 750W 3T MRI Scanner - Overview

The MRI scanner used in this thesis is a GE Discovery 750W 3T MRI scanner located at the
Department of Nuclear Medicine, University Hospitals Coventry and Warwickshire NHS Trust,

Coventry, UK. Figure 2.2.7.1.

Figure 2.2.7.1: GE Healthcare Discovery MR750 3T MRI scanner. Figure reproduced from GE healthcare (GE-Healthcare,

2009)

This system uses a 3T magnet to create the main magnetic field. The magnet specifications are

detailed in Table 2.2.7.1.
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Operating field strength 3.0T (127.8 MHz)

The Magnetic field strength of the magnet

Number of Shim coils 18 superconducting

Magnet shielding Active

Whether active or passive shielding is used

EMI shielding factor 97%
EMI = Electromagnetic Interference. The EMI
Shielding Factor is used (along with magnetic
field strength) to calculate the 5 Gauss Line, i.e.,
the physical “line” around an MRI scanner at

which the stray magnetic field is equivalent to 5

gauss (0.5mT).

Magnet size (without enclosures) (L x W) 173 cm x 206 cm

Magnet length with enclosures 196 cm

Magnet weight with cryogens 9,750kg

Long-term stability 0.1ppm/hr over 24-hour period

This describes the MRI Scanner Drift, which is
the gradual degradation of signal and scan
intensity over time. This is corrected with

regular calibration.

Fringe field (axial x radial) 5Gauss=50mx2.8m
The 5-Gauss line and the 1-Gauss line of this l1Gauss=74mx44m

system.

Table 2.2.7.1: List of MR system parameters (GE-Healthcare, 2009)

The 5-Gauss line is further away (i.e., the magnetic field strength remains stronger, for a greater
distance) for stronger magnetic fields. Figure 2.2.7.2 shows this effect compared between a 1.5T and

3T GE Healthcare MRI scanner system.
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Fringe Field: 3.0T vs. 1.5T

Figure 2.2.7.2: 5-Gauss line for 1.5T and 3T MRI Scanners. Figure reproduced from GE Discovery MR750W Datasheet.

(GE-Healthcare, 2009)

2.2.7.1 Calibration

MR Scanners at UHCW undergo daily calibration checks by radiographers using a GE Healthcare-
provided phantom and standard calibration pulse sequence (Daily Quality Assurance sequence). This
ranges through various pre-programmed image acquisition modes including T1-weighted imaging and
T2-weighted imaging. Mean and standard deviation of expected MR signal are recorded and a signal-
to-noise ratio is calculated and compared to a reference. The system warns the operator if any values

are outside of normal ranges.

Throughout the course of this project, the machine was never re-calibrated, although daily checks
were being done and so no parameters had fallen outside of normal ranges. Changes over time to

signal-to-noise, field strength or field inhomogeneity were not recorded.

2.2.8 MR Microscopy

MR Microscopy is effectively MRI at micron-level resolution. It is defined as MRI with spatial

resolution lower than 100 microns (Glover & Mansfield, 2002).
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MR Microscopy is a useful non-clinical environment to test assumptions about the behaviour of
phantoms without using clinical scanner time. However, the MR probe that was available was
attached to a 9.4T NMR spectrometer, which means there will be field-dependent differences to
account for when comparing findings from the 9.4T MR microscopy probe with those from the 3T

clinical scanner.

In addition to the clinical scanner at UHCW, a Bruker 400MHz 9.4T NMR spectrometer with Bruker
Micro 2.5 gradient system (ID/OD = 40/72 mm), compatible with the 89 mm wide-bore magnet
(MICWBA40) was also used to test and develop MR pulse sequences outside of the clinical
environment. The imaging probe was used in this thesis to image 1.5mL to 15mL polypropylene test

tubes with aqueous and agarose gel-based phantoms.

This probe requires an external cooling system, pictured in Figures 2.2.8a-b.

Figure 2.2.8a (left) and (b) right. The cooling mechanism is connected via pipes (a) to the MR probe which it inserted into the
underside of the NMR spectrometer. The cooling pump (b) maintains constant temperature of the coolant water at 16.5 degrees
Celsius during operation.
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2.3 Computed Tomography

2.3.1 X-Ray generation and detection

X-Ray Tube

Glass envelope containing vacuum
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Figure 2.3.1.1: Schematic of an X-Ray tube as used in a clinical CT scanner. Reproduced from (FCRPhysics, 2012)

X-rays for medical imaging are generated by an X-Ray tube. This device is effectively an energy
converter; it takes electrical energy from the power supply and transforms this into X-rays and heat.
Heat is an unwanted by-product of the interaction, and there are various mechanisms thata CT
scanner manufacturer must put in place to deal with this build-up of thermal energy (Alvarez &

MacOvski, 1976).

As shown in Figure 2.3.1.1, the X-ray tube consists of a hot wire cathode on one side, and a rotating
anode on the other. The heat in the cathode results in in thermionic emission of electrons, while a
potential difference across the cathode anode configuration causes electrons to accelerate towards the
anode. The tube is kept at high vacuum so that electrons do not hit molecules in the air and lose
energy(Alvarez & MacOvski, 1976). The amount of energy carried by an electron is dependent on the
voltage between the cathode and anode. A voltage of 1kV provides 1keV of energy to the electron.
Collisions with the anode resulting in a sharp decrease in kinetic energy release X-ray radiation. Only
1% of the energy of the electrons is converted to X-rays, with the rest being converted to heat

(Yoshizumi, 2011). For this reason, the anode rotates to distribute heat across it.

65



The factors affecting how many photons are produced at the anode are anode material, tube current,
and electron energy. Historically, tungsten was used for the anode, as it has a high Z number (74) and
the ability for the metal to retain its strength at very high temperatures. In recent years, research into
material science has shown that a more effective anode is a tungsten-rhenium alloy, on top of a
graphite or molybdenum base. The base provides heat storage for the system allowing longer

continuous use.

The X-ray tube, schematic shown in figure 2.3.1.1, has casing typically made of some heavily
attenuating material like lead. This is to protect users from harmful radiation outside of the X-ray
beam, and is also used as a means of heat dissipation. Typically, there will be a layer of oil between

the glass envelope and the lead casing, in order to absorb thermal energy from the anode.

2.3.2 Types of photon production

The two main types of photon production within the X-ray tube are ‘characteristic x-rays’ and
‘Bremsstrahlung x-rays’.

Characteristic x-rays occur when an electron released by the cathode via thermionic emission interacts
with the electron shell of an atom on the anode. One of the incoming electrons hits a bound electron in
the anode, causing it to get ejected from a low valence level. This leaves a gap, which must be filled
by an electron from a higher energy state. This electron drops down to fill the gap, causing a photon to

be released.

Bremsstrahlung x-rays account for the majority (80%) of emitted photons from the x-ray tube (Jiahua
Fan, 2014; Yoshizumi, 2011), and occur from interaction with the nucleus of the anode atoms.
Electrons that pass close to the positively charged nucleus of an anode atom experience significant
deceleration as the electrostatic forces pull the electron towards the nucleus. This loss of energy
manifests as an X-ray photon. X-rays produced in this way are not all of the same energy — the nature

of Bremsstrahlung radiation is that different electrons will experience different amounts of
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deceleration depending on how close they are to anode nuclei, meaning a wide spectrum of X-ray

photons are released in this way.

2.3.3 Relationship between Bremsstrahlung photons and kVp

Very few photons in the X-ray tube will emit with the energy of the incoming electrons. Electrons that
pass very close to an anode nucleus will experience strong deceleration, and therefore release a
photon close to the maximum energy. Conversely, an electron narrowly passing by will only be
slowed a small amount, releasing a low energy photon. The distribution of photon energies released is

shown in Figure 2.3.3.1.
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Figure 2.3.3.1: Application of the optical transfer function in X-ray computed tomography — a review. Reproduced from (N

Flay, 2012)

It is not possible for X-rays beyond the kVp to be released via bremsstrahlung radiation, however any
energy level continuously over the interval can be released. Characteristic radiation, on the other

hand, can only take specific energy levels due to quantisation of electronic energy levels present in the
anode material. Figure 2.3.3.1 is a general example, however each characteristic radiation spectra is
unique to each material. The peaks represent the Ko and Kp peaks. This refers to the quanta of energy
which is released when an incident electron collides with a K-shell electron, ejecting it, and an outer

shell electron fills this vacancy in the K shell. Figure 2.3.3.2 shows a specific example for X-rays
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pass through a filter to remove low energy photons which would not contribute to the imaging process

(but would contribute to patient dose)

Once X-rays pass out of the X-ray tube, through the filter and into the sample, they are either

absorbed, scattered, or pass through the sample without interaction.

The maximum possible energy in the GE 750W DECT clinical scanner is 140kVp resulting in a

maximum energy of 140keV.

While there are various specific methodologies for X-ray detection, the mechanism used in the
scanner used in this research is as follows: X-ray detection is accomplished by a series of flat panel
detectors along the other side of the scanner. These work by a layer of scintillation material which
absorbs X-rays and converts them to light via luminescence. This light is absorbed by a photodetector
array which generates an electrical signal proportional to the amount of light received. This data, after
reconstruction, is what produces voxel specific intensity data which is given in Hounsfield Units.

Figure 2.3.3.2 shows a schematic for a simple scintillator and photodiode CT setup (Leng et al., 2019)

X-rays
Reflector
l I Septa o

| *i Scintillator
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4/ Electronic signals —s| Integrator |—| Total Energy

Figure 2.3.3.2: A diagram showing a scintillator and photodiode CT detection setup. Figure reproduced from (Leng et al.,

2019)

2.3.4 Absorption and scattering

The differentiation of material in computed tomography (CT) is based on their X-ray attenuation as

quantified in Hounsfield Units (HU) and displayed via greyscale images. The two main mechanisms
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responsible for these effects in the photon energy range used in CT are Compton scattering and the
photoelectric effect(Yoshizumi, 2011). For the energy range in a CT scan, the Compton effect is
independent of photon energy, whereas the photoelectric effect is strongly energy dependent. As will
be shown in results sections later, the HU value of tissue does not vary terribly much for tissue, but
does vary considerably more for iron, due to the increased impact of the photoelectric effect on this

material.

A simple analysis of X-Ray absorption is possible for the idealised case of a narrow monochromatic

well collimated X-Ray beam. The x-ray beam intensity follows the exponential attenuation law:

I = Ioe_#s

Where lg is the incident intensity of the monoenergetic beam of photons, s is the material thickness, p

is the linear attenuation coefficient, and | is the final intensity of the photon beam(Hubbell, 1996).

Absorption in CT experiments occurs due to Compton scattering, and the photoelectric effect. The
photoelectric effect is where an incoming photon is absorbed by a nucleus, resulting in an electron
being excited to a state where it has sufficient energy to be released from the atom (known as a

photoelectron).

And so, a narrow, well collimated beam of X-Rays will decay exponentially with distance travelled
through a material. However, in a more typical broad beam case, this analysis does not hold; there are
now competing effects, since having some X-rays scattered does not mean that they are no longer
considered at all, but rather they may or may not be detected at another location. It is important
therefore to understand how scatter occurs and what proportion of photons can be expected to scatter

for a given material with a given density.

Compton scattering is where an incident photon is deflected by the electric charge on a sub-atomic
particle, typically an electron, when it interacts with the atom, thus changing its energy and direction.

The formula for the wavelength after Compton scattering is as follows:
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Where:

A is the initial wavelength of the photon
A" is the wavelength after scattering

h is the Planck constant

m, is the electron rest mass

c is the speed of light

6 is the scattering angle.

2.3.4 Beam hardening

The X-ray source used in CT scanning is polychromatic, that is to say there is a distribution of photo
energies that are emitted, and which pass through the object material. If the beam of radiation were
monochromatic, this effect would be simple to understand and quantify — there would be some linear
attenuation coefficient which would predict the intensity seen at the detector. However, in a
polychromatic energy environment, the photos that happen to have a lower energy are more likely to
be absorbed or scattered than the higher ones. In this way, the distribution of energies itself is changed
by the material. This phenomenon is known as beam hardening. The results of beam hardening are a
streak artifact (where the resulting image contains dark bands) and cupping artifacts (where at the
boundary between a dense object and a non-dense object, such as bone and air, the high levels of
beam hardening due to the bone causes the boundary to show up very brightly). The ways that CT
scanner manufacturers have come up with to avoid this effect are varied, but generally are a
combination of pre-hardening the beam using some form of metallic filter, in addition to calibration
with manufacturer-specific phantoms which effectively normalise the distribution on the assumption

that some predetermined “standard” amount of beam hardening has occurred.
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2.3.5CT Scan

2.3.5.1 Measuring attenuation

Attenuation is the reduction of intensity of an x-ray beam as it passes through matter.

The attenuation of photons moving through a medium is described as a function of the linear
attenuation coefficient p, and the length of the material the photons pass through. This is described by

the Beer-Lambert Law:

I = Ioe_#s

Where:
I = intensity of X-ray after passing through the material, a function of wavelength (1).
lo = intensity of initial X-ray beam, a function of wavelength (A).

u = linear attenuation coefficient of the material

s = the length of the material that the photons pass through

The effect of multiple media is to attenuate one after another, i.e., the resultant x-ray attenuation after

being attenuated by material 1 is the input to material 2. This is shown in figure 2.3.5.1.1.

71



IU Il = I{] e H1951 I2 — Il o H2s2

~

X-ray
source

~
~+
~
~+

S1 So

1>

~N

Figure 2.3.5.1.1: The intensity of X-ray beam after passing through material 1 is the input X-ray to material 2. The resulting
attenuation is a combination of effects. By substituting the middle equation for 11 into the equation for 12, the additive law of
attenuation coefficients is clear. Note that the figure above uses the linear attenuation coefficient, rather than the mass

attenuation coefficient. Figure reproduced from (Bubba, 2019)

The mass attenuation coefficient for a given material is defined as (pi) where p is the linear
m

attenuation coefficient of the material and p,, is the material density. Using the mass attenuation
coefficient, the attenuation coefficient can be calculated for a given heterogeneous material as

follows:
7 7
U= (l—))lpl + ([—))zpz + e

Where each term in the sum above is the mass attenuation coefficient of a given component of the
material, multiplied by the material density. When using mass attenuation coefficient, for example in

radiology, the beer lambert law is then stated in an alternate form as follows:

-~
1= le o

Where A = s X p,,, is defined as the area density, i.e. the length of material multiplied by the density.
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2.3.5.1 Hounsfield Units

In the above workflow, a CT image is produced by mapping signal from a photomultiplier on to a
pixel value is the range [0,255]. Hounsfield Units (HU) are a convenient way to express CT numbers.

The linear attenuation coefficient of radiation within a given material produces a grayscale image.

The Hounsfield Unit is an arbitrary definition where distilled water is defined to have a value of 0,
and air has a value of -1000. All material values are linearly mapped onto this scale. Therefore HU is

defined as:

HU = 1000 X _H ~ Hwater

Uwater — Hair

where p,qter and pg;,- are the linear attenuation coefficients of water and air, respectively.

Some additional HU values are given for reference in table 2.3.5.1.1.

Material HU
Dense cortical bone 1000

Fat -30to -70
White matter 25

Grey matter 35

Soft tissue 20to 30

Table 2.3.5.1.1: Some typical HU values for various materials. (Kamalian et al., 2016)

Limitations of HU include the fact that different X-ray beam energies result in different absorption,
and therefore different HU values. Therefore, to ensure that HU values are reliable, machine

calibration is required.

Software that is used to analyse CT images often automatically adjusts pixel values into Hounsfield

Units. This is a property of the DICOM image format, where information in the DICOM header
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(specifically Attribute Name: Rescale Intercept, DICOM Tag: (0028, 1052)) is used to establish that
pixel values are to be reported in Hounsfield Units (DICOM Nema, 2016). ImagelJ, which is used for

image analysis in this thesis, uses this setting by default.

2.3.5.3 Image construction

A Computed Tomography (CT) scan is a process by which a computer combines X-Ray attenuation
data, gathered from multiple angles, to construct cross-sectional slices of an object. Original CT
scanners would take one snapshot using a source-detector pair, then be manually moved, take another
snapshot, and so on. CT scans were incredibly lengthy and if the object to be imaged was a person, as
is the typical use for a CT scanner, any movement in between scans made imaging difficult. CT
technology improved and in 1998 the modern multi slice helical scanning system was introduced,
where multiple detectors are mounted on a circular array which spins as the object to be images
moves through the bore of the scanner. A schematic of the source-detector pair is shown in Figure

2.3.5.3.1.
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Figure 2.3.5.3.1 Typical setup for an X-ray source and detector pair. Reproduced from (Herman, 2009)
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Absorption of X-ray radiation, as outlined above, forms the basis of CT image reconstruction. For a
given image, each pixel is given a greyscale value which is based on the CT number that is assigned
to a particular voxel. The way of assigning that CT number is a function of the attenuation

experienced through that region of space.

It is shown in figure 2.3.5.3.2 that an individual slice of a CT reconstruction is a matrix of CT

numbers, measured in Hounsfield Units, with each number given a greyscale value.

The way that CT number is calculated from this matrix is using a sinogram. Shown in Figure 2.7b, the
sinogram is a collection of all the line integrals from each source-detector pair as the object is
scanned. Taking them all together produces a full image, shown in Figure 2.3.5.3.3d. Since different
tissues and materials have different attenuation characteristics, their sinograms will also be different,

meaning the ultimate reconstructed image will show areas of contrast that allow diagnostic analysis.
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Figure 2.3.5.3.3. (a) Standard X-Ray image with a horizontal line marking the level at which the CT cross section will be
taken, (b) sinogram produced from projection data, (c) Convolved projection data (a step in the image construction

process), (d) final image of cross-sectional slice of the patient’s abdomen. Reproduced from (Herman, 2009).

Finally, image reconstruction itself takes two main forms. Traditional CT uses a process known as
filtered back projection, while more modern iterative reconstruction techniques can produce images

with lower noise at the expense of additional computing power (Ter-Pogossian, 1984).
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Figure 2.3.5.3.4: Filtered back projection reconstructs an image by filtering each view before backprojection. This
removes the blurring seen in simple backprojection, and results in a mathematically exact reconstruction of the image.
Filtered backprojection is the most commonly used algorithm for computed tomography systems. Image and caption
Reproduced from Technical Principles of Dual Source CT, 2008.

Back projection is effectively a way of taking enough averages of a sample that eventually the image
must resemble the original object to within a certain degree of error. With enough views combined
and averaged, the resulting CT numbers in each pixel will approach the true value, as shown in Figure
2.3.5.3.4. Applying a filtering kernel to this process completes what is known as filtered back

projection (FBP).

Filtered back projection is an intuitive way of recreating spatial data with a large number of single-
track sources, however it leaves the resulting images open to a number of issues. If no filtering was
applied at all, and simple back projection used, the areas of overlap between the beams would always
have a huge amount of noise. In particular, regions of overlap between source-detector pairs will
always result in a circular “dot” of image data, which fades away towards the edges. There is no
reason that this is necessarily a true reflection of reality (and in biological tissue imaging this almost

certainly is not the case), and so appropriate filters are used to counteract this effect. In fact, with
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infinite source-detector pairs, the filtered back projected image would be identical to the real image.

This would be the most comprehensive and exhaustive way of imaging a piece of 3D space.

Iterative reconstruction is notable in its ability to reduce patient dose while maintaining or even
enhancing image quality compared to traditional FBP reconstruction methods. One of the most
important considerations in choosing to scan a patient is the dose that is being delivered to that
person. In a low-dose scan, traditional FBP suffers from noise and artifacts. IR techniques have been
known to be possible since the 1970s, but only in recent years has processing power been sufficient to
make these techniques feasible in the clinical setting. To understand what IR does, first consider a
standard filtered back projection reconstruction. Effectively, we are trying (impossibly) to solve

Ax = p for x, where A the forward projection matrix, x is the forward projected “artificial” image,
and p is the measured FBP image. However, while we cannot solve this system of equations due to
the system being overdetermined, we can optimise X = min||Ax — p||. (Jiahua Fan, 2014) Simply,
this means that while we cannot algorithmically find an exact solution for the “best” image that fits
the data from a single CT scan, we can take a low dose scan, use standard FBP to construct an image,
and then iterate that image multiple times until we find the lowest possible difference between the
image we constructed with FBP and the image we constructed using forward projection. The true

image lies somewhere between these two.

2.3.6 Dual Energy Computed Tomography - DECT

The idea of using more than one x-ray energy in CT imaging is not a new one — since the 1970s, it
was known that using two energy sources for the purpose of obtaining spectral image data from CT
scanning was possible(Hara et al., 2009), and the benefits were being discussed. With over 1,800
citations, the well-known 1976 paper from Alvarez and MacOvski (Alvarez & MacOvski, 1976)
“Energy-selective Reconstructions in X-ray Computerized Tomography” documents this fact and
details that researchers have long been aware of the possibility to use some form of DECT, typically
by producing two successive CT scans with different energies and combining the resulting images via

some form of postprocessing. In modern systems, the idea is to have an emission and detection setup
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that is capable of producing x-rays at two different k\Vp values while also having a detector that is
capable of differentiating between the two different x-ray sources. There are three main ways this is
implemented, though the first two (Dual Source CT and rapid kVp switching) are more commonly

used than the third (layer detector technology).

2.3.6.1 Dual Source CT

Dual Source CT is employed in Siemens DECT scanners, and the setup is probably the most intuitive
one; if you want two different x-ray sources and a detector setup that knows which photons came
from which source, the simplest way to do it is to have two different x-ray tubes at 90 degrees to one
another, complete with their own detectors in the array around the gantry. As the system rotates, the
entire object is imaged by both detectors and the composite image can be reconstructed. One evident
benefit is that patient motion should not produce a large effect due to fast rotation time. Typically,
these scans are done with an 80kVp and a 140kVp x-ray source. Conventional CT images can be
obtained from averaging the scans, however more than just that can be reconstructed (McCollough et

al., 2015).

The low kVp scan in the dual source setup is typically the one with more noise, because a smaller
proportion of photons are able to penetrate the object being imaged (which is usually a person)(T. R.
C. Johnson, 2012). On the other hand, for iodine enhanced images, contrast is typically better at lower

kVp since the average keV of an 80kVp x-ray source is closer to the k-edge of iodine (33keV).

2.3.6.2 Gemstone detector and fast kVp switching — GE Discovery 750HD

The scanner used in all original DECT work presented this thesis is a GE Healthcare Discovery
750HD Dual Energy CT scanner, located at University Hospitals Coventry and Warwickshire. It is
notable that the majority of DECT studies performed in the wider community, some of which are

reviewed in Chapter 2, use the Siemen’s Dual Source DECT system. The GE scanner has two main
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technological advances over similar scanners, namely rapid kVp switching and the gemstone detector.

(GE-Healthcare, 2011)

The Discovery CT750 HD was the first quantitative dual energy spectral imaging scanner on the

market. (GE-Healthcare, 2011).

Image acquisition is powered by the Gemstone detector, and its ability to recreate monochromatic

reconstructions from a dual source CT. This is shown in figure 2.3.6.1.

+ HHH""""

Figure 2.3.6.2.1: A figure demonstrating the fast-kVp switching of the DECT scanner from 140kVp to 80kVp, allowing
image reconstruction at any monochromatic energy range from 40keV to 140keV, while also reducing artifacts and

obtaining accurate CT numbers. Figure reproduced from (GE-Healthcare, 2011)

The number of views per rotation of the scanner is increased compared to a traditional scanner also,
allowing for a higher amount of data acquisition which is used in the reconstruction algorithm to

produce images with reduced artifacts (GE-Healthcare, 2011). See figure 2.3.6.2.2.
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Figure 2.3.6.2.2: Number of views per rotation of the scanner. Figure reproduced from (GE-Healthcare, 2011)

The scintillator in a CT scanner absorbs a photon from the resulting beam of x-rays that have passed
through the sample, which causes the material to experience luminescence. This light is then
converted to current and produces the signal that is then fed into a computer for reconstruction. Some
issues that can arise are that the scintillator therefore has a time required to “ramp up” to
luminescence, i.e. the time delay from the photon hitting the detector to the light being produced, and
a “ramp down” delay, i.e. the time that the scintillator is still producing light, rendering it unable to
record another signal in that position until it has stopped (Svensson et al., 2020). GE therefore
developed a proprietary material that would have desirable properties for a fast scintillator. The
material is a complex rare-earth based oxide, which has a chemically replicated garnet crystalline
structure (GE-Healthcare, 2011). The main features of the material are very fast primary speed (the
speed at which luminescence occurs given an incident photon), and very low afterglow (the “ramp
down” time for the luminescence). In fact, compared to the previous gold standard scintillator
material used by GE called GOS (Gd,0,S), the new Gemstone material is 100 times faster in primary
speed (30ns), and has an afterglow 4 times shorter(Kargaaltincaba & Aktas, 2011). If this scintillator
were not used, then incident photons from the ‘new’ energy would be hitting the detector plate while
previous photons were still being dealt with, either by still inducing luminescence or by the presence
of afterglow. The GE scanner can switch between kVp values approximately once every 0.25

milliseconds, and they report this as “near simultaneous” dual energy acquisition.
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Dual Energy CT is able to not only enhance material differentiation by acquiring CT Number data at
two different energies for each voxel, but also reduce the effects of beam hardening (Da Zhang et al.,

2011).

Svensson et al used fast kVp switching DECT to be better able to detect urate build-up in gout
patients, and attributed this ability to the gemstone detector’s low afterglow and inbuilt algorithmic
reconstruction which combines the 140kVp and 80kVp images in order to recreate monochromatic

reconstructions with lower artifact levels. (Svensson et al., 2020)

2.3.6.3 Calibration
All CT scanners at UHCW have daily air calibration performed by the radiographers. The X-Ray
beam hits the detector through air only, and the machine steps through a range of tube voltages and

currents in order to calibrate the detector. As described in 2.3.5.1, the HU of air is defined to be 0.

Radiographers also perform daily QA using an inbuilt GE Healthcare protocol, which checks that the
HU of water is within 5SHU of baseline, and that noise is within 10% of baseline. These are measured
as mean and standard deviation of an ROI which obstructs 75% of the FOV. The phantom used is

made of Perspex and has various chambers filled with either water or air, and the calibration protocol

steps through each of them in turn.

Engineers perform quarterly (4x per year) calibration of the CT numbers for water and air.

No additional calibration was done before or during any of the experiments in this thesis.

2.4 ICP-MS

Inductively Coupled Plasma Mass Spectrometry is an analytical technique used for accurately
determining the elemental content of a sample. Electrical current provided by electromagnetic
induction to energise and ionise a sample, which then allows an attached mass spectrometer to detect
the Mass/Charge ratio. Samples are digested in nitric acid prior to analysis, and then heated to approx.
10,000 K. This ensures total dissociation of atoms within the sample, and the energy applied to the

system causes ionisation.
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The device used in these studies is an Agilent 7500cx Inductively Coupled Plasma Mass Spectrometer

(ICP-MS). A schematic is shown in Figure 2.4.1
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Figure 2.4.1: Agilent 7500cx ICP-MS system. Figure reproduced from (Agilent, 2022).

ICP-MS has the ability to determine iron concentration with high accuracy and with a low detection
limit, as low as 1.5 ng/L (Chemnitzer, 2019; Quemet et al., 2012). This technique is used in later

phantom studies in order to obtain accurate iron concentration measurements in phantoms.

83



Chapter 3 — Quantifying iron concentration in the brain of post-
chemotherapy patients suffering from ChemoBrain symptoms

3.1 Summary

After receiving chemotherapy, patients sometimes express symptoms of cognitive impairment
including memory loss and processing speed (H.C., 2014). The purpose of this pilot study was to use
clinical MRI to observe whether or not R2 values in brain regions often associated with
neurodegenerative disease were affected in such patients, possibly suggesting elevated concentrations

of iron in these brain regions.

This chapter will present the methods and results of the pilot study. Patients (n=5) with ages ranging
from 40 to 73 were scanned on a GE Discovery 750W 3T MRI scanner, using three single echo
sequences: TR=2500ms, TE=10, 45, 80ms respectively, where the image size was 256x256 pixels.
The four brain regions investigated were Substantia Nigra, Red Nucleus, Globus Pallidus, and

Putamen.

This chapter will outline how manual segmentation of image data was performed, and then
exponential decay curves were fit in order to derive T2 values. Evidence will be presented that T2 is
decreased in most regions, and that all patients have at least one reduced region. Statistical analysis
shows that all 5 patients had significantly (p<0.05) elevated levels of brain iron. It was decided that
these results merit further study and were used in a funding application for a longitudinal study at

University Hospitals Coventry and Warwickshire.
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3.2 Introduction

3.2.1 Chemotherapy

Cancer — characterised by uncontrollable cellular growth, is one of the deadliest diseases in the world.
In 2018, an estimated 1 in 6 deaths was caused by a form of cancer (World Health Organisation,

2018).

Cancer can be treated in a number of ways, including surgery (removal of cancerous tissue),
radiotherapy (the use of ionising radiation in order to kill cancer cells), or chemotherapy (the use of

cancer-targeting drugs to Kill cancer cells).

A full review of the field of chemotherapeutics is beyond the scope of this thesis — but a few

fundamental principles can be summarised as follows:

1. Chemotherapy drugs are toxic
Cancer drugs produce several side effects due to their toxicity in humans. Research has indicated that
drug toxicity is one of the leading causes of poor therapeutic outcomes in cancer patients (G. Tao et
al., 2020), and so work is active in trying to reduce toxic side effects. As an example, one avenue of
active research into chemotherapeutics involves the drug Doxorubicin (Dox). While an effective anti-
cancer drug, it’s highly toxic side effects on non-cancer tissue makes it unsuitable for clinical
application (Y. Chen et al., 2007) (S. Li et al., 2018). Therefore, research is active in combining Dox
with other treatments (other drugs, as well as other types of treatment including bone marrow rescue)
in order to reduce its toxicity while maintaining its effectiveness (S. Li et al., 2018)

2. High-dose chemotherapy can be more effective in improving cancer patient outcomes
Numerous studies have shown an improvement in patient outcome when high-dose chemotherapy is
used as part of their cancer treatment (Bacci, 2001; Nieboer et al., 2005; R. L. Smith et al., 2012). In
order for high-dose chemotherapy to be successful and not overwhelm the patient with toxic side

effects, this type of treatment is usually combined with some form of stem cell transplant or bone
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marrow rescue (Bock et al., 2006; R. L. Smith et al., 2012) — re-transplanting the patient’s own bone

marrow pre-treatment into their body post-treatment.

Due to the potential for more effective treatment, it is desirable to utilise high-dose chemotherapy for
cancer treatment. However, due to the inherent toxicity of the drugs themselves, there has been some
concern over the accentuated side-effects as a result of high-dose chemotherapy (Cetkovské et al.,

2002; Tavcar et al., 2010).

3.2.2 CICI or “ChemoBrain”

Understanding the side-effects of high-dose chemotherapy has a great deal of importance due to the
advent of using bone marrow rescue (transplant). This technique allows modern chemotherapy
treatment to utilise chemotherapy drugs at much higher doses than before — potentially reaching levels
that would otherwise be lethal (M. S. Brown et al., 1995). But while bone marrow rescue technigques
can mitigate the potentially harmful effects of the chemotherapy itself (Garaventa et al., 1996), they
are not necessarily involved in protecting against the mechanism of the side effects. This leaves open
the possibility that side effects are potentially worse as a result of the increased dose (Bock et al.,

2006; Nieboer et al., 2005).

Some of the adverse side-effects following chemotherapy are well known, for example hair loss, hot
flushes and fatigue. However, far less is known about the decline in neurological function after
treatment. Chemotherapy-induced cognitive impairment (CICI) or ‘ChemoBrain’ is a collective term
for a set of symptoms experienced by some people after undergoing chemotherapy, with estimates
that the condition affects anywhere from 15% to 75% of patients (Kovalchuk & Kolb, 2017; Wieneke
& Dienst, 1995). Further, these symptoms can remain with patients for many years after treatment

(Koppelmans et al., 2012). Patient studies in the past have shown that in addition to cognitive
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difficulties, often the residual cognitive dysfunction has a negative impact on patient wellbeing

(Boykoff et al., 2009).

Although the existence of CICI itself is well documented, the specific pathophysiology is still
uncertain (EI-Agamy et al., 2019; Walker et al., 2012) . In Kovalchuk and Kolb’s 2017 review paper
(Kovalchuk & Kolb, 2017), they identify that a growing number of studies appear to attribute CICI
symptoms to the use of chemotherapy drugs, and in particular oxidative stress associated with them
(Y. Chen et al., 2007; Gaman et al., 2016). Even if the initial cause were to be determined, the disease
mechanism itself is still another unknown. One area of research is into voxel-based morphometry,
where shrinking of the brain post chemotherapy has been observed (Blommaert et al., 2019; Mark S.
Brown et al., 1998). This involves a volumetric comparison of grey and white matter between a test
subject and a control in order to determine neurological atrophy. While this shines crucial light on the
potential macro-physical changes of the brain post-chemotherapy, one shortcoming of this approach is

the inability to determine material-specific composition of that grey of white matter.

3.2.31ronin CICI

Iron accumulation in the brain has long been associated with neurodegenerative diseases (Kruer et al.,
2012), (Schipper, 2012). For example, though there is still debate over the cause and progression of

Alzheimer’s Disease, iron accumulation in the brain is a classic hallmark, and the extent to which iron
deposits are found in the brains of dementia patients has been (and continues to be) widely studied (G

Bartzokis et al., 1994), (Jellinger et al., 1990).

Despite this, there is little existing literature pointing towards iron as a cause or biomarker for CICI.
In their 2005 paper, Joshi et al. conclude that free radical mediated oxidative stress from the

chemotherapy drug Adriamycin is a potential cause of CICI (Joshi et al., 2005). They point towards
the fact that Fe?* catalyses free radical production, acting as a catalyst for oxidative stress leading to

neurodegenerative disorders (Schipper, 2012), however do not go on to hypothesise that concentration
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of iron build-up in the brain could be related to onset of CICI. It is, therefore, the aim of this chapter
to establish whether or not a link exists between the onset of CICI and elevated iron concentration

measured using T2 relaxometry.

3.2.4 Study Design

Given the above, this chapter documents a study designed to determine the iron concentration in four
key brain regions in a set of five patients who have received chemotherapy and are exhibiting
symptoms of CICI, and to further determine whether there exists a relationship between the existence
of CICI symptoms and transverse R2 relaxation rate. Using established analytical quantitative MR
techniques, this R2 value is used to estimate iron content in each brain region, which is compared

between the study participants and reference literature values.

We assume that prior to chemotherapy, each patient has an age-typical amount of brain iron in each
region. This assumption is necessary due to the lack of pre-chemotherapy head MRI scans with
suitable sequences for T2 analysis, and indeed the difficulty of finding patients that would fit such a
criterion. We also acknowledge the limitations of this pilot study in that we are deriving results from
only 5 patients. Following this proof of-concept investigation, a longitudinal study should be carried
out with a larger population and where a head MRI scan of each patient is taken before they begin

treatment.
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3.3 Literature review

3.3.1 Neuroimaging studies in CICI

Previous neuroimaging studies in the field of CICI research have aimed to quantify the change in
volume associated with CICI symptoms of various regions of the brain (Blommaert et al., 2019; B. T.
Chen et al., 2018; Inagaki et al., 2007), with little research in the wider literature into structural
change on a material or trace-element-composition level (recent studies that do address this are
examined in Section 3.3.2). This literature imbalance is echoed in various systematic reviews (M. Li
& Caeyenberghs, 2018; Simo et al., 2013). It was found that while there were indeed studies into the
manifestation of CICI as a physical change in the brain, these were mostly centred around measuring
atrophy of white matter, rather than measuring change in the composition of the brain tissue (Simd et

al., 2013).

3.3.1.1 White matter volume

Structural neuroimaging studies require manual brain-region segmentation in order to directly
measure regions of interest. Early research from the late 1990s (M. S. Brown et al., 1995; Mark S.
Brown et al., 1998) found that patients treated with chemotherapy exhibited volumetric differences in
white matter lesion volume compared to controls. A longitudinal study was conducted (13 months),
treating participants (N=8, Age 47.4 + 8.6 years) with high-dose chemotherapy (cyclophosphamide at
1875 mg/m? per day for 3 days as a 1-hour intravenous infusion, cisplatin at 55 mg/m? per day as a
continuous intravenous infusion for 72 hours, and carmustine at 600 mg/m? as a 2-hour intravenous
infusion on the fourth day, followed by autologous hematopoietic progenitor cell support (AHPCS)) ,
and measured the participants volumetric white matter brain regions over time using images obtained
from T2 weighted MRI. The authors note that this treatment regime was used effectively to treat stage
I1-1V breast cancer. Six of the participants completed the initial round of chemotherapy, and all 6

presented as normal when measuring white matter volume on structural MR images. Four patients
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completed the study in its entirety. It was found that the volume of abnormal white matter increased
over time in three of the four participants (Figure 3.3.1.1.1). Visual confirmation with T2 weighted
MRI scans agreed that white matter appeared to stop expanding at around 6 months into the study

(Figure 3.3.1.1.2).
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Figure 3.3.1.1.1: Evaluation of changes in abnormal white matter in the four participants who completed the study.
Abnormal white matter is expressed as a count of abnormal pixels. Abnormal white matter volume is estimated using an

assumed 10,000 pixels = 50cm? of abnormal white matter. Reproduced from Brown et al. 1998
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Figure 3.3.1.1.2: One slice from T2 weighted MRI of one study participant. Numerical labels on the figure refer to months

after high-dose chemotherapy (E=Entry point = 0 months). Reproduced from Brown et al. 1998

So, while there is some evidence in the literature for white matter changes associated with CICI, there
are also conflicting reports. A 2007 paper (Ferguson et al., 2007) looked into possible effects in brain
structure in identical twins (Twin A and Twin B, age = 60), one of which had stage 1l breast cancer
and received high-dose chemotherapy. Twin A underwent 22 months of high-dose chemotherapy for
stage Il breast cancer prior to the study, four cycles of doxorubicin 108.6 mg and cyclophosphamide
1,086 mg, with each cycle administered every 3 weeks. She also received four cycles of docetaxel 178
mg over a 1-hour infusion administered every 3 weeks. Her post-treatment hormonal therapy
consisted of oral tamoxifen at 20 mg/day. The presence of CICI was clinically diagnosed using a
MASQ (Mood and Anxiety Questionnaire) score, a 77-item report used in psychiatric diagnoses.
Structural MRI was acquired in the same session at 1.5T. A gradient echo, echo-planar sequence was
used to provide whole-brain coverage for functional MRI (repetition time [TE], 2,500 msec; echo
time [TE], 40 msec; field of view [FOV], 24 cm; number of excitations [NEX], 1.29; 5-mm-thick
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sagittal slices with no skip, yielding a 64 x 64 matrix with 3.75 mm2 in-plane resolution). Finally,
functional MRI scans were obtained by asking the participants to match a string of letters that were

being fed into an earpiece and respond on an answer button while in the MRI scanner.

The results of the tests were not conclusive: Twin A had significantly higher MASQ scores than twin
B, indicating that she was indeed suffering from CICI symptoms and was therefore correctly
diagnosed. However, there were minimal differences in neuropsychological testing prior to the
MASQ, with Twin A scoring higher in some areas and lower in others than twin B. Furthermore, the
structural MRI shown in Figure 3.3.1.1.3 does show areas of white matter hyperintensity, which the
authors classified as a “nonspecific finding of uncertain clinical significance by a neuroradiologist
blinded to participant identity”. They also clarify that while white matter hyperintensity would be an
indicator of brain tissue atrophy, it is also characteristic of carriers of the APOE ¢-4 gene, which both

twins are. Brain activity was noted to be higher in twin A who underwent chemotherapy.
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Figure 3.3.1.1.3 The hyperintensities were read by the study neuroradiologist as of uncertain clinical significance, but they
appeared somewhat more prominent throughout white matter in (A) the chemotherapy-treated twin than in (B) the twin who

did not receive chemotherapy as confirmed by volumetric analysis. Reproduced from Ferguson et al. 2007

The results of this study offer an example that despite the wider literature having a focus on structural
and volumetric change of white matter in the brain, the results of these studies are not necessarily
conclusive and cannot be used to reliably detect presence of CICI. The authors acknowledge that it is
unclear whether or not the observed white matter structural changes are a result of normal aging
versus CICI. This gives further merit to an imaging study that looks at potential neurophysiological

damage that is not limited simply to white matter volume and/or density reduction.
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3.3.1.2 Hippocampal volume

Another possible but contested explanation that has been offered in the wider literature is
hippocampal volume change as a result of chemotherapy (Peukert et al., 2020). In Yoshikawa et al.’s
2005 paper (Yoshikawa et al., 2005) the authors find that decreased hippocampal brain volume is not
responsible for CICI symptoms, while a number of subsequent studies (Bergouignan et al., 2011;
Chaddock-Heyman et al., 2015; X. Chen et al., 2017; Perrier et al., 2020) found weak links between
hippocampal deformation and/or volume reduction as a potential contributing factor to CICI. The
novel study presented in this chapter does not aim to reproduce or involve structural studies into brain

regions, and instead focuses on iron concentration in tissue.

3.3.21ronin CICI

From the structural studies reviewed and understood in section 3.2.2, it is clear that there is some
evidence that CICI is at least in part a physical condition with associated morphological change in the
brain, and not entirely contained as a mental illness. Finally, as discussed in 3.2.3, oxidative stress has
been hypothesised as a potential disease mechanism for CICI (Schipper, 2012). In other neurological
diseases, iron plays a role in the oxidative stress associated with disease pathogenesis, including
Parkinson's disease, Alzheimer's disease, Huntington's chorea and Amyotrophic Lateral Sclerosis

(Carocci et al., 2018).

To date, only one animal study (Cardoso et al., 2020) has approached the topic of quantitative brain
iron measurement in post-chemotherapy drug use. In this study, Doxorubicin (DOX) was
administered to an experimental group (N=20) of rats. There was an equal sized control group
(N=20). A number of indicators were measured, including antioxidant enzyme activity and Nitrite
content, but of particular interest to my own research was the inclusion of measures of both iron

content and ferritin content.

The researchers had the following experimental design:
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40 male Wistar rats, 3 months of age and weighing 290+-20g, were housed in polypropylene cages
and temperature controlled to 22+-2 degrees Celsius. Artificial lighting produced a 12-hour day-night
cycle and all treatments were administered between 9am and 12am to account for the possible effects

of difference in circadian rhythm between the individuals.

Rats in the control group were administered 2.5mg/kg of DOX weekly, for 4 weeks. The control
group were injected with the same volume of 0.9% saline solution for the same period. For reference,
the recommended human dose for most cancer patients is 60-75mg once every 21 days (Doxorubicin

Dosage Guide + Max Dose, Adjustments - Drugs.com)., i.e. a dose that is 24-30 times stronger,

though delivered 3 times less frequently, and a 75kg human would have approximately 259 times

greater body mass. Experimental design is shown in Figure 3.3.2.1
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Figure 3.3.2.1: Experimental design for animal study. Reproduced from (Cardoso et al., 2020)

Total brain iron in tissue was estimated using the modified Goodwin and Murphy (Goodwin &

Murphy, 1966) method, using colorimetric iron estimation.

ferritin was measured using a Turbilatex ferritin kit (Spinreact, Sant Esteve de Pas, Spain), according

to the recommendations provided by the manufacturer.

Results are shown in Figure 3.3.2.2.
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Figure 3.3.2.2 (left) Comparison of [Fe] between control group and treatment group, and (right) comparison of ferritin
concentration between control group and treatment group. Reproduced from Cardoso et al 2020.
No significant (p<0.05) difference in Fe concentration was measured between the two groups using an

unpaired 2-tailed t-test.
The difference in ferritin was significant (p<0.05), although decreased rather than increased.

In 2020, Spence et al (Spence et al., 2020) documented in their review paper that there is consistent
evidence that brain iron is detrimental to cognitive health. The authors concede that it is not known
whether iron build-up is a primary cause or a secondary effect of brain atrophy, but that MRI
techniques show promise to continue providing iron determination as a biomarker for cognitive

decline.

There has never been a quantitative MR investigation into relating brain iron concentration in human
CICI patients in Globus Pallidus, Red Nucleus, Substantia Nigra, and Putamen, to presence of CIClI,

which the results of this chapter will present.
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3.4 T2 Relaxometry

T2 relaxometry was used to determine iron concentration in specific brain regions of each patient.
Theory is detailed in Section 2.1.5.

In this study, we employ the use of a single-echo T2 MRI sequence at three different echo times in
order to produce an exponential decay curve from which a T2 relaxation time can be measured.
Previous research within the group (Collingwood et al. 2014) has shown the dependency of R2 on
iron concentration within the basal ganglia, of which the Globus Pallidus, Substantia Nigra, and
Putamen are a part. The summary of this work is that there is a linear relationship between R2
measured at multiple field strengths (1.5T — 9.4T) and iron concentration in human neurological
tissue, illustrated in Figure 3.4.1. Furthermore, individual single echo times, rather than a multi-echo

sequence, are used in order to reduce the impact of B, field inhomogeneity.
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Figure 3.4.1: Linear relationship between R2 and Iron concentration in human neurological tissue. Note the units of R2 in

1/s rather than 1/ms. Figure reproduced from (Mary E. Finnegan, 2013).
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3.4.1 Dependency of T2 on Iron concentration

The linear dependence of R2 on iron concentration has been shown from 1.5T to 7T (Gossuin et al.,
2004), and this dependency has been used repeatedly in the wider literature in order to obtain non-
invasive iron concentration measurements from T2 relaxometry data (Ghadery et al., 2015;
Langkammer et al., 2014; X. Tang et al., 2018). A full description of using T2 relaxometry to measure

iron concentration is given in Section 2.1.5.

3.5 Method

3.5.1 Echo time selection

In order to improve the feasibility of this study, image alignment between spin echo sequences is
crucial. While a limited amount of image post-processing can correct for minor translational errors,
having participants lay still in the MRI scanner is the most effective method of ensuring well-aligned
image slices. Since each single echo sequence takes around 6.5minutes, a reduction in the number of
echoes would be beneficial provided it did not give rise to a significantly worse exponential fit
through the data, nor to a T2 value that was significantly different to the value obtained with more

echo times.

This section shows the results of an initial study that was conducted in order to determine whether
decreasing the number of echoes from 4 to 3 would make a significant difference to the calculation of
T2 value. Using the author of this thesis as a participant, an initial test of the study protocol was

carried out using 1 participant (Male, 27),

Figure 3.5 shows a scan of my brain, scanned using four echo times (10, 27.5, 45, 80ms) on a 3 Tesla
GE Discovery MR750W MRI scanner, using the same settings that were to be used in the

ChemoBrain study itself.

98



3.5.1.1 Brain image segmentation

In order to make measurements from MR images, manual image segmentation was carried out. This is
a highly laborious process, but ensures accuracy when focusing on specific brain regions. 3D images
were produced using ITK-Snap (Yushkevich et al., 2006), which were then exported to ImageJ for

analysis. Figures 3.5.1.1.1 and 3.5.1.1.2 show the segmentation process and resulting 3D volume.
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Figure 3.5.1.1.1: Top left: One slice of Substantia Nigra (Left) from my brain MRI. Top right: The 3D volumetric
reconstruction of multiple slices (3 slices were used in these regions). Bottom left and bottom right: As previously, but for

Substantia Nigra (Right).
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Figure 3.5.1.1.2: Top left: One slice of Red Nucleus (Left) from my brain MRI. Top right: The 3D volumetric reconstruction
of multiple slices (3 slices were used in these regions). Bottom left and bottom right: As previously, but for Red Nucleus

(Right).

Slice Thickness: 2.5mm, Repetition time (TR): 2500, Echo times: 10, 27.5, 45, 80ms, FOV: 256*192,

Flip angle: 90 degrees.

The data was analysed firstly as a whole set of 4, and then in the triplets (10, 45, 80) and (10, 27.5,
80), shown in Table 3.5.1.1.1. Exponential decays were fit to the data. An example fit is shown in

figure 3.5.1.1.2. Mean T2 values from each of the 3 sets are compared with an ANOVA test, to check
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if there is significant difference when using three images rather than four, or if there is a difference

with dropping the 27.5ms echo time rather than the 45ms echo time.
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Figure 3.5.1.1.2: Mono-exponential decay fit to echo time data for my brain. The above datapoints are for Substantia Nigra

(Left side), with resulting R2 = 0.025. Error propagation is used to calculate resulting T2 values, shown in Table 3.5.1.1.1

All 4 times used TE=10,45,80ms TE=10,27.5,80ms

Brain Region | Mean T2 (ms) SD MeanT2(ms) SD MeanT2(ms) SD

RN_L 4520 6.91 45.63 6.67 4535 7.37
RN_R 43.34 6.57 43.36 6.03 43.24 6.69
SN L 40.51 4.68 40.59 4.70 40.58 4.84
SN_R 40.73 5.14 40.89 5.14 40.79 5.38

Table 3.5.1.1.1: Mean T2 value measured when using all 4 echo times, only using TE=10,45,80ms, or

only using TE=10,27.5,80ms
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3.5.1.2 Analysis of Variance (ANOVA)

To see whether there are any differences between the three calculated sets of values, an ANOVA test
was carried out for each of the 4 regions measured, across each of the three sets of echo times. Results

are shown in Table 3.5.1.2.1.

A p-value of 0.05 would be required to reject the null hypothesis and provide a positive result that the

groups were different.

ANOVA - Analysis of Variance

Brain Region No. Voxels F-statistic p value
RN_L 46 0.045 0.956
RN_R 42 0.004 0.996
SN_L 82 0.007 0.993
SN_R 96 0.023 0.978

Table 3.5.1.2.1: ANOVA results for comparison of echo time methodology.

The groups were found not to be significantly different with a very high p-value (p=0.956-0.996),

providing strong evidence that we fail to reject the null hypothesis.

Therefore, using 3 echo times obtains a statistically significantly similar result for T2 as using 4 echo

times. The TE=10,45,80ms set was chosen as the SD was slightly smaller in each case.

This data showed that with 3 echo times, the quality of the exponential fit was always at least
R2=0.98, with a 25% reduction in scan time. A Mann-Whitney U test confirmed that each of the 3
outputs are not significantly different. This test was chosen as its purpose is to determine is two
groups are significantly different from each other, however unlike a t-test, it does not require that the
data be normally distributed. In the interest of time availability with the clinical scanner, the decision

was made to eliminate the 27.5ms single echo sequence. The result shows that 3 echo times (plus a
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background reading) are sufficient to fit an exponential decay and accurately determine T2 in this

context.

3.5.2 Control Brain Regions — typical T2 relaxation times

In order to produce Iron concentration estimates, some typical T2 relaxation times to use as control

values are required per region.

Control values for T2 at 3 Tesla for human brain tissue are uncommon in literature — the majority of
clinical scanners are 1.5T scanners. There is a scarcity of literature values for fully segmented human
brain regions at 3T, so it is difficult to compare across multiple studies. Haacke’s 2005 study collated,
at that time, the most comprehensive list of human brain region T2 values from a variety of studies,

most of which were at 1.5T.

3T values are used here as literature reference values. Globus Pallidus, Putamen and Red Nucleus
only had 1 study reporting values (Gelman et al., 1999). Substantia Nigra had three sources (D. J.

Brooks et al., 1989; Gelman et al., 1999; Ordidge et al., 1994) and so an average was used.

To date there have been no additional studies reporting brain region-specific values in segmented Red

Nucleus, Globus Pallidus, Substantia Nigra or Putamen at 3T in human brain tissue.

Values obtained were used to form a calibration curve. Since the number of samples is low, there is a

large Standard Error of Slope (see discussion for more details on this).
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3.5.3 Calculating iron concentration from R2
Given the linear relationship between iron concentration, literature values are used to form a linear
regression to calculate the slope and intercept of the linear model in brain tissue. The linear model

will take the form:
(1) [Fe] =m=* R, +C

It is therefore necessary to find a value of m and C, which is the slope of the linear relationship
between R2 and [Fe] at 3T and the intercept. This is shown in Figure 3.5.3.1, using linear regression

based on literature values of both R, and [Fe]. This relationship is then used as a calibration curve for

further [Fe] measurement from R, values.

Reference [Fe] concentration in midbrain against
reference R2 values, at 3T

250
y = 11536x - 74.647

200

150

100

Concentration (Ug/g)

(8}
o

0.018 0.02 0.022 0.024 0.026 0.028
R2 (ms?)

Figure 3.5.3.1: Calibration measure from literature values of R2 and [Fe]. There are very few sources of segmented human

brain R2 values at 3T. Data is sourced from (Haacke et al., 2005). [Fe] measurements are verified using ICP-MS.
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Linear fit statistics (3 significant figures)

Gradient 11500
Intercept -74.6
Standard Error of Slope 4030
Correlation coefficient r? 0.803

Table 3.5.3.1 Linear fit statistics (3 significant figures) for the calibration curve.
The linear model fit to the literature data has properties summarised in Table 3.5.3.1.

The gradient value of m = 11,500 (3 s. f.) can then be used in the calibration curve equation for

measuring Iron concentration:

[Fe]ObseTved = 11500 * (RZObserved) —74.6

Note that the standard error of the slope is large, due to the large relative error sizes on literature R2

values.

3.5.4 Calculating test-case brain iron concentration

In order to test the protocol itself, | used the methodology to calculate my own brain iron in four
regions (Substantia Nigra Left and Right (SN_L, SN_R), Red Nucleus Left and Right (RN_L,
RN_R)) shown in Table 3.5.4.1 along with standard deviation and propagated error. This used the
relationship above along with error propagation in order to achieve confidence intervals on the stated

value.
Propagated error is calculated using:
(A[Fe]Obserued)z = (RZ)Z(Am)Z + m? (ARZ)Z + (AC)Z

Where Ac is estimated as 75, approximately equal to the linear offset of the intercept.
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Propagated
Concentration Error
Region | T2(ms)  SD (Hg/g) (hg/g)
RN_L 45.2 6.9 180 123
RN_R 43.3 6.6 191 126
SN_L 40.5 4.7 209 129
SN_R 40.7 51 208 129

Table 3.5.4.1: Measured T2 values with calculated [Fe] values for my brain regions.

3.5.6 Image Acquisition

Five patients, aged 73, 50, 40, 57 and 52, were scanned using a GE Discovery 750W 3T MRI scanner,

using three single echo sequences: TR=2500ms, TE=10, 45, 80ms respectively. Image analysis was

carried out using ImageJ, and exponential decays were fit using MATLAB.

MRI Scan parameters are described in Table 3.5.6.1

Parameter Value
Slice Thickness (mm) 2.5
Repetition Time (ms) 2500
Echo Time (ms) 10, 45, 80
Number Of Averages 1
Imaging Frequency (MHz) 127.8
Imaged Nucleus 1H
Magnetic Field Strength (T) 3
Spacing Between Slices (mm) 2.5
Pixel Bandwidth (Hz) 244.141
Rows 256
Columns 256

Table 3.5.6.1: MRI scanner parameters for image acquisition
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Image segmentation was carried out manually with assistance from the Harvard Brain Atlas (K.
Johnson, 1999). Each brain region was manually traced in software ITK Snap (Yushkevich et al.,

2006).

Using ITK-Snap, multi-slice 3D regions can be traced slice-by-slice and reconstructed into a 3D

region. This can then be exported to ImageJ for pixel-wise analysis.

Each individual voxel in each brain region therefore has a value for each of 10ms, 45ms, 80ms, and

exponential decay curves fit to each triplet using non-linear least squares regression, fitting to an

-t
exponential function of the form y = AeTz. This approach of calculating the T2 map slice-pixel-wise

allows calculation not only of an overall R2 value, but also the full distribution of values contained
within a given ROI, allowing for error propagation and analysis (see Results for details). One example

is detailed in figure 3.5.6.1, while all others are found in Appendix 2.

Figure 3.5.6.1 Left: Segmentation of the Red Nucleus (Left) for a study participant (Patient 1). Right: The 3D reconstruction

produced with ITK-Snap. The segmentation is exported to ImageJ for analysis.

3.5.7 Image Processing
An RGB-combination of each echo time was used to check for alignment. This involves assigning

each echo time to one of a red, blue and green channel, and re-combining these image stacks (see

108



Figure 3.5.7.1-2). In this way, areas of low attenuation will appear more white (due to an equal
amount of R, G, B), while areas of high attenuation will appear more red. Further, areas of
misalignment will become evident, aiding in image registration. See reference: (Toga & Thompson,

2001)

109



Patient 01

Figure 3.5.7.1: Top, image echo times split into Blue, Green and Red Channels. Bottom: Recombined image would be
completely greyscale if the images were identical. Hues can help visually identify regions of faster decay as well as image

registration issues.
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Patient 03

Figure 3.5.7.2 Before (left) and after (right) manual image registration. Splitting into three channels allows visual

identification of mismatched image regions.

From figure 3.5.7.2, it is clear that there is misalignment between the echo times. This means that the
patient moved slightly in between scans. It is therefore not possible to draw an ROI on one slice, and
simply propagate it to another. This is a problem, as segmenting a low-echo time image is difficult
due to low contrast, so the ideal approach is to first align the images, then segment on the highest

contrast image (80ms), and then propagate ROIs through to the other echo time image stacks.

The image stack in figure 3.5.7.2 (Left) is fixed using lateral transformations in ImageJ (Right). The

“red halo” effect is no longer seen.

Patients 4,5 and 7 did not appear to have obvious alignment issues, and so these stacks were used

without additional transformation.
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Figure 3.5.7.4: Patients 4,5, and 7 do not show significant registration mismatch.

3.6 Results

3.6.1 Results and data

The existence of a linear relationship (Wood et al., 2005),(House et al., 2007b) between R2 value and
iron concentration in brain tissue, published values of healthy T2 (Haacke et al., 2005) and iron
concentration measurement, along with linear equations determined from prior analysis allows iron

concentration determination from R2 measurement (B. Hallgren & Sourander, 1958).

Using literature values for brain iron concentration (Haacke et al., 2005; Bo Hallgren & Sourander,
1960a) along with T2 relaxation times, a calibration curve is fit using linear regression.

[Fe] = 11500 * R2 — 74.6 for R2 measured in ms™
Standard Error of the Slope calculated as 4.0 s*and r? = 0.80.

Therefore we have calculated our required slope, m = 11500 ms™~1, in order to calculate iron

concentration given an R2 value at 3T.

Sources of error are the slope of the linear fit (m), the R2 observed and R2 control values, and [Fe]

control. Error propagation is used to determine error for final calculated concentration values.
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3.6.1.1 T2 Values from image analysis

Brain images of each of the five participants were segmented into 8 regions as follows: Substantia
Nigra Left (SN_L), Substantia Nigra Right (SN_R), Red Nucleus Left (RN_L), Red Nucleus Right
(RN_R), Putamen Left (PT_L), Putamen Right (PT_R), Globus Pallidus Left (GP_L), Globus Pallidus

Right (GP_R). Resulting data for each of the five patients are shown in tables 3.2-3.6.

Stated values for T2 are the mean of all values within the given ROI. Each pixel has three associated
values (one for each echo time), which are used to fit the monoexponential decay and extract the T2

value, and the overall distribution is shown in more detail in 3.6.1.2.1-5 for each patient in a box plot.

Note: The original dataset had the five participants labelled as Patient 01, 03, 04, 05, 07. To avoid
confusion and maintain consistency between our analysis and the original data, we have kept these
labels throughout the study, despite there only being data for 5 patients (rather than relabelling the

data to, for example, Patient 1, 2, 3, 4, 5). T2 values are presented in Table 3.6.1.1

Abbreviations: Substantia Nigra Left and Right (SN_L, SN_R), Red Nucleus Left and Right (RN_L,

RN_R), Globus Pallidus Left and Right (GP_L, GP_R), Putamen Left and Right (PT_L, PT_R).
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Measured T2 values (ms) = Standard Deviation

Region Patient1  Patient3  Patient4  Patient5  Patient7  Control

RN_L 44+5 48+3 39+4 40+4 43+4 46+4
RN_R 38+5 48+4 40+5 41+5 45+4 46+4
SN_L 39+6 43+6 38+4 39+5 4145 365
SN_R 4145 43+5 36+4 4016 4145 36+5
PUT_L 43+8 59+6 46+4 50+6 51+4 52+2
PUT_R 45+4 58+9 46+4 4845 47+5 52+2
GP_L 377 48+6 35+4 35+5 38+4 39+2
GP_R 35+5 42+7 3414 3916 3916 39+2

Table 3.6.1.1: Measured T2 values across each of the 5 participants.
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3.6.1.2 Descriptive statistics

3.6.1.2.1 Patient 1

Top left: comparison of T2 time (ms) with each brain region, compared to literature control.

Top right: The same data shown on a radar plot for clarity

Bottom: The distribution of T2 values displayed as a box plot for each region. Cross = mean, Middle

line = median, box edges = interquartile range, whiskers = max values excluding outliers, circles =

outliers.
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All regions normally distributed as tested with Shapiro Wilkes test (p<0.05).
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3.6.1.2.2 Patient 3

Top left: comparison of T2 time (ms) with each brain region, compared to literature control.
Top right: The same data shown on a radar plot for clarity

Bottom: The distribution of T2 values displayed as a box plot for each region. Cross = mean, Middle

line = median, box edges = interquartile range, whiskers = max values excluding outliers, circles =

outliers.
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3.6.1.2.3 Patient 4

Top left: comparison of T2 time (ms) with each brain region, compared to literature control.

Top right: The same data shown on a radar plot for clarity

Bottom: The distribution of T2 values displayed as a box plot for each region. Cross = mean, Middle

line = median, box edges = interquartile range, whiskers = max values excluding outliers, circles =

outliers.
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117



3.6.1.2.4 Patient 5

Top left: comparison of T2 time (ms) with each brain region, compared to literature control.
Top right: The same data shown on a radar plot for clarity

Bottom: The distribution of T2 values displayed as a box plot for each region. Cross = mean, Middle
line = median, box edges = interquartile range, whiskers = max values excluding outliers, circles =

outliers.
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3.6.1.2.4 Patient 7

Top left: comparison of T2 time (ms) with each brain region, compared to literature control.
Top right: The same data shown on a radar plot for clarity

Bottom: The distribution of T2 values displayed as a box plot for each region. Cross = mean, Middle
line = median, box edges = interquartile range, whiskers = max values excluding outliers, circles =

outliers.
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3.6.2 Analysis and Discussion

3.6.2.1 Calculation of [Fe] from T2

Iron values are calculated using the measured T2 relaxation rate according to the calibration

determined in Section 3.5.2. Standard Deviation of the T2 value is used to provide a range in iron

concentration, with error propagation used according to Section 3.5.4. Measured [Fe] values are

shown in Table 3.6.2.1.1

Measured [Fe] values (ug/g)

Region Patient1  Patient3  Patient4  Patient5  Patient7 Control
RN_L 190+110 165+99 218+118 216+117 194+109 176+104
RN_R 2261122 1671101 215+118 208+115 179+105 176+104
SN_L 222+124 195+113 231+122 220+121 209+116 242+129
SN_R 204+115 191+111 242+126 216+122 203+£114 2424129

PUT L 192+117 121487 177+104 157+100 151+96 148493

PUT_R 180+105 125491 174+103 163+100 171+103 148493
GP_L 234+133 1671103 257+131 252+132 227+122 222+116
GP_R 252+133 202+118 264+134 221+123 218+121 222+116

Table 3.6.2.1.1 Measured [Fe] values based on T2 value. Error displayed is propagated error.

In order to test for a significant effect, a one-sample t-test was used to compare the CICI patients

cohort to the literature reference values in each brain region, shown in Table 3.6.2.1.2.
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Brain Region Mean SD Control p-value
RN_L 197 19 176 0.13
RN_R 199 21 176 0.11
SN L 215 27 242 0.16
SN_R 211 26 242 0.11

PUT L 160 19 148 0.35
PUT R 163 17 148 0.23
GP L 228 30 222 0.77
GP_R 232 32 222 0.63

Table 3.6.2.1.2 Comparison table for mean region with literature value. P-value obtained from one-

sample t-test.

No significant effect could be detected in any region, Red Nucleus, Substantia Nigra, Putamen or
Globus Pallidus. Although mean value was higher, the large error term propagated through meant that
we were unable to reject the null hypothesis. It is possible that with more data, either patients in
cohort or having additional values for reference values would reduce the Standard Error of Slope in

the linear fit, which may reduce overall error.

3.6.2.2 Sources of error

Factors that can influence the T2 measurement include patients moving in between scans causing loss
of image registration, user error in drawing manual ROIs, as well as the experimental uncertainty

associated with the scanner itself.

The largest effects will be produced from the lack of perfect image registration. For instance, the red
nucleus is 5mm in diameter approximately. If a patient moves even 1 mm between scans, and this

registration is not accounted for, up to 20% of the pixels in the exponential decay slice will be
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misaligned and will instead be measuring neighbouring tissue. For this reason, extreme care is taken
to ensure all images are registered correctly and ROIls propagated accurately, as well as ensuring as
much as possible that the patient lies still in the scanner, with their head restrained in an MR head
coil. Image registration was accounted for by manual adjustment of ROIs on every slice and at every

echo time.

Given the results in this chapter and with the significance levels stated, this study cannot conclude
whether there is evidence of an increase in brain iron concentration in Globus Pallidus, Red Nucleus,

Putamen, or Substantia Nigra with having undergone chemotherapy.

As evidenced in Finnegan et al, however, this technique can indeed accurately determine iron
concentration in the brain (Finnegan et al., 2019). The lack of significant effect here could be caused

by multiple factors, including low sample size and poor image registration.

Finnegan et al found a high field relationship of:

R2 =7.2x107%[Fe] + 0.02
at 9.4T. No errors were specified.

Literature developed calibration curves in this study obtained the relationship (R2 in ms):

R2 =9 x 10~>[Fe] + 0.006

at 3T, which is a rearrangement of the linear relationship:

[Fe] = 11500 X R2 — 74.6

with error of slope = 4030, error in intercept estimated to be approximately the size of the offset i.e.

75.

The limitation of forming calibration curves from literature values are that there is a huge range of
stated acceptable values, as summarised in a review paper by Tao et al in 2014 (Y. Tao et al., 2014).

In order to obtain valid and interpretable FDRI results, it is necessary to consider the same individuals
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under multiple field strengths, as the inter-patient variability of iron concentration makes comparison

difficult.

Finally, there are other factors affecting T2 time aside from iron concentration, for example radicals in
tissue. This is a real challenge of any real-world brain imaging study, and so any results will always
have the caveat that effects from non-iron sources on T2 will be present, and not necessarily

straightforward to quantify.

3.6.3 Future work - Improving the study methodology

This was a pilot study where the numbers were too small for it to be possible to attempt to draw
statistically significant conclusions. However, it did provide an opportunity to test whether iron-
sensitive sequences could be obtained from individuals with CICI, i.e., whether the participants could

tolerate sequences of this duration without involuntary movement being a problem.

If this study were to be extended, it would be important to increase the number of participants, ideally
through a multi-centre coordinated study of C patients and age- and gender-matched controls to
enable robust investigation of iron-associated contrast as a function of disease. With sufficiently large
cohort, the impact of the type of cancer, and the type of treatment received, could be explored as
variables. Additionally, if there were access to routine healthy MRI brain scans of people which were
later used if/when that individual developed CICI symptoms, though extremely logistically difficult to
orchestrate, this would be the ideal paired test — this way, pre and post brain iron concentrations
would belong to the same individual, and could be compared to pre- and post- measurements from a

cohort of individuals who did not develop CICI, using a paired t-test.

This work was part of a feasibility study to see if the CICI patients could tolerate the scans, and to test
the quality of the data obtained. Funding was not granted for the full follow-on study, but in future if
this took place it would allow access to clinical data (e.g., motor function, measures of cognitive
function, psychiatric assessments and evaluation) so that contrast changes in the brain areas affected

are linked to clinical symptoms could be tested.
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3.10 Individual contribution

This experiment was proposed by Prof Joanna Collingwood (University of Warwick), with support
from Dr. Sarah Wayte (University Hospitals Coventry and Warwickshire, UHCW) and Professor
Charles Hutchinson (UHCW). Images were acquired by Dr. Sarah Wayte, UHCW. Individual

contributions by myself were:

1. Designed and carried out pilot study on my own brain, in order to determine whether 3 echo
times would produce a measurement that was sufficiently close to the measurement made
using 4 echo times

2. All image analysis, manual segmentation and thresholding.

3. All resulting data analysis from the experiment.
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Chapter 4 - DECT Phantom Studies

4.1 Summary

Computed Tomography provides a fast method of acquiring clinical images in patients. While an MRI
scan can take anywhere from 20 minutes to over an hour depending on patient requirements, with
high costs associated with the time required as well as liquid helium for cooling the gradient coils, CT

scans are completed in seconds.

In this chapter, studies are presented which aim to develop the technique of using DECT to provide
accurate quantitative iron concentration data, validated with ICP-MS analysis of phantoms, in order to
apply this principle to iron quantitation in the human brain for future work (cadaver study detailed in

Chapter 5).
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4.2 Introduction

Computed Tomography (CT) scans are cheap and fast ways of imaging the clinical patient. In recent
years, Dual Energy CT (DECT) has become increasingly interesting on the research level for its
ability to differentiate materials from one another from the spectral data acquired (Obaid et al.,
2014),(E. S. H. Ibrahim et al., 2015). By scanning the patient or sample using two different X-ray
energies, information relating to elemental composition can be obtained, whereas single energy CT
limits the user to attributing attenuation changes to some unknown combination of materials — for

example fat, tissue, trace metals, and water.

There are two main ways of achieving this effect currently; the first is by having two separate x-ray
sources in a DECT configuration (a method employed by Siemens Medical Ltd.), and the second by
Rapid kVp Switching, which as the name suggests, changes the energy of the photons being emitted
quickly in order to obtain image data at near-simultaneous time points. This method is employed by

GE Healthcare’s Discovery scanner, which is the equipment used in this study.

DECT is starting to make headway in clinical trials. In 2012, a trial involving 38 patients and 43

controls showed that DECT had the ability to diagnose and stratify cirrhosis (Lv et al., 2012).

The typical iron concentration in the brain is lower than the liver, which is where much of the recent
research has been focused (Tsurusaki et al., 2021)(Elbanna et al., 2020). The possibility to quantify
iron in the brain using a cheap, fast, non-invasive technique is something that is widely sought after.
Healthy liver iron is less than 2000ug/g, with Liver Iron Overload starting at anything above that.
Brain iron on the other hand is approximately an order of magnitude less (Haacke et al., 2005; B.

Hallgren & Sourander, 1958; Bo Hallgren & Sourander, 1960b).

Alzheimer’s disease has been associated with iron, with ongoing debate over its role in terms of the
pathogenesis of the disease. A prevailing view is that oxidative stress is one of the earliest hallmarks
of the disease (Schipper, 2012) (Duce et al., 2010). Increased cortical iron has been established as a
biomarker of the disease, even in its earliest stages. Chelation therapies being developed rely on early

detection of AD, which at this stage relies mainly on waiting for a clinical diagnosis of Mild
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Cognitive Impairment (MCI). Confirmation in the form of an MRI scan is a time consuming and
expensive process. In this study we investigate the possibility of using Dual energy CT to provide
spectral imaging which may allow iron quantification at the diagnostic stage. This early diagnosis

would feed into prospective therapies for AD.

4.3 Literature Review

The relevant literature on this topic is broadly split into two main areas: Firstly, the use of
monochromatic reconstructed images from DECT to make quantitative measurements in general —
while not specific to detecting iron — are reviewed and understood. The approaches and methods
described feed into the experimental design of the studies presented in this chapter where
monochromatic reconstruction is used from DECT images in order to quantify iron concentration in
phantoms. In this way the approach can be validated before subsequent studies (Chapter 5) aiming to
apply this technique to iron detection in the human brain. Secondly, research into the uses of DECT
for detecting iron in biological tissue, which is what is being attempted at neurologically relevant iron
concentrations (this chapter) as well as in post-mortem cadaver brain tissue (chapter 5). In the
literature, the use of DECT in quantifying iron in tissue has been limited to liver iron overload, where
the iron concentrations can exceed 10 times the concentrations of the highest iron concentrations
found in the brain (Ahmed et al., 2013; Sheth et al., 2019). Hemochromatosis, or iron overload
disease, is a genetic disease of iron metabolism. The fundamental issue caused by the disease is
increased iron uptake in the first part of the small intestine, the duodenum. Over the lifetime of the
patient, iron accumulates in the body at an excessive rate, resulting in deposits of iron throughout the
body (especially in the liver), and increases in serum transferrin saturation (Tsat) and ferritin.
Common symptoms include the breakdown of cartilage in the joints and generalised fatigue. In some
cases, hemochromatosis can lead to scarring of the liver (fibrosis), into the eventual replacing of the
liver tissue with nodules and excessive scarring (cirrhosis), and ultimately hepatocellular cancer.

(Batts, 2007)
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Liver iron is typically measured by biopsy, with non-invasive alternatives being MRI. With MRI
scans being both more expensive and hugely more time consuming than equivalent CT scans, DECT
is investigated for its potential to replace MRI in situations where MRI may not be possible (presence

of a pacemaker or metal implant in the patient, for example).

Ultimately, there is a gap in the literature looking specifically at brain iron and brain-iron-relevant

iron concentrations with DECT, which the results of this chapter along with Chapter 5 aim to fill.

4.3.1 DECT for material specificity with monochromatic reconstruction

One of the key uses of DECT is the ability to produce virtual monochromatic CT images. The benefit
of this process, as opposed to a polychromatic single energy system, is a reduction in artifact noise
and ability to provide guantitative material-specific measurement (Ueguchi et al., 2018; Yu et al.,
2012). In their 2018 study, Kumar et al. (V. Kumar et al., 2018) wished to investigate the presence of
myocardial fibrosis, an accumulation of collagen in cardiac muscle, with a non-invasive analytical
technique. They state that the current standard practice would be to use cardiac magnetic resonance
(CMR). The motivation is that this technique cannot be used on every patient; specifically, it is
unsuitable for patients with non-MR suitable implants, among other possible reasons. They
investigate the possibility of using DECT as previous studies (Johnson 2017, Lamb 2015) have

indicated sensitivity to collagen concentration change at appropriate energy levels.

The authors reconstruct the data into 11 different energies, 40keV to 140keV in increments of 10keV
as shown in Figure 4.3.1 They plot the HU against energy for each phantom, shown in Figure 4.3.1.1.

Unlike Ibrahim 2014, they do not use this data to produce linear relationships.
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Figure 4.3.1.1 Reproduced from (V. Kumar et al., 2018) HU against monochromatic keV for each phantom. The authors did
not use this data in order to plot HU against concentration over a range of energies, which would have allowed them to see

which energy was best at determining concentration change among their sample size.

The authors reasoned that they wanted to compare using data acquired at all 11 energy levels as a
grouping variable versus just using 70keV (since this most closely resembles a typical 120kVp single
energy CT scan) - however if they had done a linear fit on a per-energy basis, it is possible that a
particular energy may have been found to contain most of the sensitivity (most likely the lowest
energy, 40keV) and that considerably better agreement with a certain single energy could be achieved

rather than one chosen to resemble an alternative technique.

4.3.2 DECT iron

Research into DECT has specifically looked at quantifying iron in tissue, although not in the brain. A
2014 study (Tsai et al., 2014) observed that DECT may be used for the determination of iron
concentration in the liver and heart, given that the authors were able to produce linear correlation

between observed HU from monochromatic reconstructed images from DECT, with R2* values from
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T2* relaxometry at 1.5 Tesla (Figure 4.3.2.1). Iron concentration values are assumed to be correct by

the authors based on the target concentrations when making up the phantoms. No additional

verification (e.g., with Mass Spectrometry) was performed to confirm the exact concentrations.
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Figure 4.3.2.1 Reproduced from (Tsai et al., 2014) Linear relationship between HU and iron concentration in the heart

(Top) and liver (Bottom). Note that CT value at 100 and 140kVp are shown, as well as their difference. The difference in

30

energy forms a linear relationship going through the origin, i.e., the CT value for 0 concentration is equal at both energies.
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This linear relationship between iron concentration and Hounsfield units has been corroborated in the
literature (Abadia et al., 2017; Fischer, Gnannt, et al., 2011; E.-S. Ibrahim & Bowman, 2014; Luo et

al., 2015).

In a 2014 study, Ibrahim et al. (E.-S. Ibrahim & Bowman, 2014) hypothesise that Dual Energy CT
could be an alternative to T2* weighted MRI for determining iron concentration in tissue and compare
the two techniques. They find that, in the concentration range they are looking in, DECT is a good

alternative and can be used to determine iron concentration.

The methodology used in this study is well-designed to allow replication for neurologically relevant
guantitative analysis; Agarose takes the place of human tissue, and each vial contains a different
concentration of iron. The entire collection of 10 vials are then scanned using DECT and MR, and
results are compared. The main aim for this study was to determine whether or not DECT is suitable
for detection myocardial iron overload, and as such the concentration ranges used reflect that. The
iron concentrations used in this study are 0, 25, 50, ..., 225umol/g, or around 0, 1.4, 2.8, ...,
12.6mg/g. This is far higher than the typical concentrations found in the human brain, which range

from 150-300pg/g.

The study concludes that R2* is strongly correlated with Hounsfield Units (HU) at all energy levels,

i.e., in monochromatic reconstructions.
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Figure 4.3.2.2 Reproduced from (E.-S. Ibrahim & Bowman, 2014) Linear relationship between iron content and HU

depends on the energy level chosen in the monochromatic reconstructed image. (Right) The authors fit a linear model to the
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data, whereas a mono-exponential fit would usually be most appropriate. If they had included energy levels down to 40keV it

is possible that this mono-exponential relationship would be apparent.

Figure 4.3.2.2 shows that Ibrahim et al. were able to achieve increased levels of CT Number for
increasing levels of iron concentration at all levels, with the lowest energy used (80kVp) exhibiting

the highest sensitivity to iron concentration change.

DECT has also been used to quantify iron in animal models. Luo et al. (Luo et al., 2015)

demonstrated in their 2015 paper that iron can be detected in rabbits at concentrations above 2mg/g.

The authors state that liver biopsy is the main method used to determine liver iron concentration, but
that research has been done into the use of MRI to accurately quantify iron concentration. A common
theme from the literature is the experimentation of DECT as a potential replacement technique for
guantitative MRI. Once again, the difference between this study and the results presented later in this
chapter is the concentration range of interest. A mixture of liver tissue and Ferric Nitrate (Fe (NO3)3
was made up for each test tube with concentrations ranging as follows:

0, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, and 400, 600, 800 umol/g of dry liver.

Note that the lowest (non-zero) concentration of 20umol/g iron is around 1.1mg/g.

One set of phantoms contained only liver tissue and iron from the Ferric Nitrate, while the second set
al.so contained goose fat to simulate the normal conditions found in the liver, i.e., the existence of fat.
All phantoms were submerged in water.

CT images were obtained using a Siemens dual source DECT scanner. Single energy CT scans were
obtained at 120kV, 210mAs. DECT images were obtained at 80 and 140kV. Images were
reconstructed using the standard Siemens software at a slice thickness of 1.5mm. Siemens software

“Liver VNC” was used to determine HU. Accurate liver iron content was determined by titration.
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Figure 4.3.2.3: Reproduced from (Luo et al., 2015)Comparison of CT measurements at 80 kV, 140 kV and 120 kV with

virtual iron content (VIC) measurements derived from dual-energy CT for iron quantification in fat-free phantoms.

The investigators found a positive linear relationship between liver iron content and HU across the
monochromatic reconstructed images. In particular, Figure 4.3.2.3 shows that as energy is reduced,
sensitivity change in iron concentration was also increased. The trade-off with lower energy is that
contrast-to-noise ratio is decreased, for a given tube current. Figure 4.3.2.4 illustrates the increase in

contrast-noise ratio (CNR) as kV is increased while keeping mA constant.

60kV 70kV 80kV 90 kV
5mA 5mA 5mA 5mA
CNR: 5.3 CNR: 8.1 CNR:10.4 CNR:12.2

Figure 4.3.2.4: CNR increases with kV with mA held constant. Figure reproduced from (Pauwels et al., 2014).
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Contrast-to-noise is determined using a cylindrical polymethyl methacrylate (PMMA) phantom,
containing four materials (air, aluminium, polytetrafluoroethylene and low-density polyethylene).
Contrast-noise-ratio for a material, i, is defined in this paper as follows:

MGV; — MGV,
CNRi — | i PMMAl

\/SDL'Z - SD}%MMA

Where MGV = mean grey value, and SD = standard deviation.
Given our own use case, we would want to maximise sensitivity to iron as much as possible, and so

the lowest possible energy should be used such that there is still sufficient CNR.

4.3.3 Detection limits

There is a fundamental minimum level of quantitation that is possible due to the fact that quantitative
CT information comes directly from photon counts hitting the detector. This fundamental limit has
been investigated in the literature. In Luo et al’s 2015 study (Luo et al., 2015), while a lower limit of
20umol//g was given, this was simply the lowest non-zero phantom concentration involved in the

study.

The authors acknowledge that they did not investigate the lower end of the detection limit.

In 2019, Jacobsen et al. published a paper investigating the lower limits of iodine detection and
guantification using DECT (Jacobsen et al., 2019). The limit of blank (LOB) was defined as the upper
limit of the 95% confidence interval of the water sample. The limit of detection (LOD) was defined as
the concentration with a 95% chance of having a signal above the LOB. The limit of quantification
(LOQ) was defined as the lowest concentration where the coefficient of variation was less than 20%.
The authors determine that iodine could not be differentiated from a blank phantom at concentrations
below 210png/g. This investigation was repeated with the LOQ of iron (Jiang et al., 2021), where the
authors determine that the LOQ of iron was 0.50/1.73/6.25 mg/ml in the small/medium/large
phantoms respectively. ASIR (see section 4.3.4) was found to improve the LOQ by 11%. The result of

this study is that for a small region of interest, it may be possible to determine iron concentration at
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500pg/g. Though still higher than neurotypical iron concentration, this is approaching the

concentrations found in the human brain.

4.3.4 ASIR

A highly cited paper from Hara (Hara et al., 2009) is one of the key pieces of literature discussing the
use of ASIR in clinical CT and specifically the effects it has on dose and noise. The authors first
scanned both a stock phantom at the standard dose and then at half that value (12.5 mGy), and then
ASIR was used to scan 12 patients (7 male, 5 female) to compare image noise, low-contrast
resolution, image quality and spatial resolution, with two radiologists (blinded to the technique used)
rating images in each of those 4 categories from 1 (best) to 4 (worst). Hara concludes that by using
ASIR, body CT dose index can be reduced by 32-65%.

For the phantom study, a stock phantom, the American College of Radiology (ACR) Phantom
Gammex 464, was scanned using both the standard ACR guideline settings and then at half of the
dose value (12.5mGy). Images were reconstructed with FBP and also ASIR, at values of 0-100% in
intervals of 10%.

For the patient study of 12 individuals (seven men, five women; average age, 67.5 years; range, 53-86
years) who had all undergone routine-dose CT of either the abdomen, or the abdomen and pelvis
together, a follow up low dose CT scan was done at most 10 months after the initial routine CT scan.
Comparison scans were matched in terms of IV contrast agent and imaging settings.

The phantom study results along with original image caption from Hara et al. is shown in Figure

4341
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Figure 4.3.4.1: Reproduced from (Hara et al., 2009)Noise reduction in images reconstructed with adaptive statistical
iterative reconstruction in phantom. Graph shows linear decrease in image noise (SD) as percentage adaptive statistical
iterative reconstruction increases. Images acquired with 50% dose reduction (half dose) have 1.4 times SD value (28.57
compared with 20.39) without adaptive statistical iterative reconstruction. Reconstructing images with 30% adaptive
statistical iterative reconstruction for half-dose acquisitions produces images with noise nearly equivalent to that of full dose

images without adaptive statistical iterative reconstruction (double arrow) (SD 20.52 compared with 20.39).

Dose reduction from the patient study are shown in Table 4.3.4.1.

TABLE I: Comparison of Low-Dose CT and Routine-Dose CT of Same Patients

Body Dose-Length Product (mGy-cm) CT Dose Index

Patient IV Contrast Mass Percentage Percentage
No. Type of Examination | Enhancement Index | Routine Dose | LowDose Reduction Routine Dose | LowDose Reduction

1 Abdomen Yes 34 707 L 38 vy 17 37

2 Abdomen No 30 1,008 773 23 3 20 37

3 Abdomen, pelvis Yes 28 1,209 886 27 26 18 32

4 Abdomen Yes 25 376 305 19 14 9 35

5 Abdomen Yes 25 848 502 4 26 15 44

6 Abdomen, pelvis No 22 921 549 40 20 n 43

7 Abdomen, pelvis Yes 22 860 548 36 18 n 39

8 Abdomen Yes 20 396 197 50 13 ] 52

9 Abdomen, pelvis Yes 20 1,128 451 60 21 8 62

10 Abdomen Yes 19 353 14 68 14 5 65

1 Abdomen, pelvis Yes 19 1,198 442 63 26 9 65

12 Abdomen, pelvis Yes 18 1,073 430 60 22 8 62

Average 24 840 470 44 22 n 48

Table 4.3.4.1: Reproduced from (Hara et al., 2009). Results of 12 patient study into CT dose index reduction as a result of

using ASIR.

The reduction in noise due to ASIR is confirmed in Beister’s 2012 paper (Beister et al., 2012), where
a brain image is reconstructed using FBP and ASIR and a standard deviation reduction from 28HU to

10HU is observed, shown in Figure 4.3.4.2.
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Filtered Backprojection Iterative Reconstruction

Figure 4.3.4.2: Reduction in noise due to ASIR observed in brain CT scan. Reproduced from (Beister et al., 2012)

4.3.5 CT Energy

In Malvarosa et al.’s study (Malvarosa et al., 2014), the influence of energy level on sensitivity to iron
concentration was investigated. This study is important to our own study in this chapter not only
because it is concerned with detecting iron with DECT in biologically relevant material and
concentrations, but because the investigators are explicitly testing whether or not lower energy levels
result in higher sensitivity to changes in iron concentration. The investigators do not, however, use
full monochromatic reconstructions. Instead, they use the two energy sources from the Siemens dual
source DECT scanned (80kVp and 140kp) and use various weighted combinations of these to
interpolate possible values. In our own study, spectral imaging is used to generate true
monochromatic reconstructions as low as 40keV, which allows a more detailed analysis of low energy

DECT for the detection of iron. The investigators combined ferric nitrate with homogenised liver in
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11 test tubes with iron concentration within the liver as follows: 0, 20, 40, 60, 80, 100, 120, 160, 180,

200, and 300 umol/g.

Phantoms were scanned using a Siemens Somatom dual source dual energy CT scanner. Relationship
between measured liver iron concentration and HU is shown in Figure 4.3.5.1. They also investigated

the impact of varying mAs.
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Figure 4.3.5.1 Reproduced from (Malvarosa et al., 2014)(Left) The gradient of the linear fit increases as the energy level

decreases. This is shown as the variable (S) in the Table 4.3 (Right).

The authors conclude that sensitivity goes down with increased energy. This is an important result and
one that we verify in our own phantom study. In particular for our iron-based phantoms, the highest
sensitivity was at 40keV which was the lowest available reconstruction, although noise is increased. It
would have been interesting to see how they would have reconstructed their raw 80kVp and 140kVp
into true monochromatic reconstructions with their available workstation software. The authors also
conclude that varying mAs had no impact on the sensitivity of quantifying iron concentration
(Malvarosa et al., 2014). This is not an expected result, as it would be expected that increased mAs

would increase sensitivity to iron concentration changes.
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4.4 Studies

To develop the process of iron quantification with DECT, and specifically the use of monochromatic
reconstructed images, a number of pilot studies were carried out in order to inform future

experimental design.

4.4.1 Layered experiment

4.4.1.1 Summary and aims

The aim of this experiment was to investigate whether monochromatic reconstructed images from
DECT could be used to differentiate between neighbouring regions of different iron concentration. By
forming a multi-layered gel with a different amount of Iron (I11) Chloride in each layer, we can then
image the final gel and see which of the layers shows a difference to the plain agarose in a DECT
image. The intention was to replicate, to some degree, the environment that may be found in-vivo
where areas of different iron concentration are in direct contact with one another. As long as the
consistency and integrity of the agarose gels remained intact, it was thought that the iron content of
each of the layers should remain consistent. Furthermore, this would allow us to see the effect of other
nearby sources of iron. The experiment was designed as a test of the technique — if the resulting image
analysis allowed us to check which layer a particular ROI was in by simply checking the resulting HU

values, then the technique would be deemed a success.

4.4.1.2 Method

20mL of stock TAE 50x was added to 980mL of deionised water in a 1L bottle.

The stock solution of Iron (111) Chloride was made up to be 10x more concentrated than the highest
concentration layer intended to be in the gel. 500mg of Iron (111) Chloride was weighed out and

dissolved in 100mL of TAE.
To make each layer:

1) Add 1g Agarose powder to a 100mL conical flask.
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2) Make up to the mark with TAE buffer and swirl gently.

3) Microwave for 3 minutes on full power.

4) Swirl gently and ensure there are no floating particles.

5) Microwave for 2 more minutes.

6) Add Iron (1) Chloride stock solution.
After microwaving, some solution will be lost to evaporation (approx. 20%). Make back up to
the 100mL mark in the conical flask.

7) Pour first layer into 1L plastic beaker, which is the container for the gel. Place container in
cold room and allow to set for 10-15 minutes.

8) Repeat the process until all concentrations are done.

The final product, pictured in Figure 4.4.1.2.1, was scanned at University Hospitals Coventry and
Warwickshire on the GE Discovery HD Dual Energy CT scanner. Images using monochromatic

reconstructions at 80keV and 140keV were used in subsequent calculations.

Figure 4.4.1.2.1: Layered agarose gel, with concentrations ranging from 0 to7681 ug/mL Iron (IIl) Chloride
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4.4.1.3 Image Analysis

Monochromatic reconstructions at 80keV and 140keV are obtained and analysed to get HU values.
ROIs are manually drawn in each of the 1cm horizontal regions, with Imm either side just to ensure
there is no overlap (resulting in an 8mm thick ROI for each layer). These ROIs are then projected
through the image stack to give a 3-dimensional region. These regions are entirely enclosed by the
material that is to be analysed. The mean pixel value of this 3D region is then calculated. Mean HU

and Standard Deviation are recorded and shown in Table 4.5.

ImageJ is used to determine HU from the DICOM images. Metadata in the DICOM header is
automatically interpreted by ImageJ and HU is presented in place of Pixel Value when selecting a
region. These regions are saved, and HU numbers calculated pixel-wise, and averaged to obtain the

overall HU reading for each region.

4.4.1.4 ICP-MS

In order to determine whether or not the result implied that the technique itself was incapable
accurately quantifying iron concentration at lower concentrations, the experimental design was
challenged. The layers were broken apart and analysed using ICP-MS. The results showed a large
amount of inter-layer leeching that had occurred. Different concentrations in each layer were
intended. The intended concentrations ranged from 0 to 5000 pg/g. Note that the resulting
concentrations were not the same as intended, which was verified by ICP-MS, and that the highest
concentration layer was excluded from analysis. The final concentrations of each layer, after a number

of days had passed between creating the layered gel and the DECT scans, are shown in table 4.4.1.4.1.:
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Layer Number Measured (ng/g) SD
1 131.7 0.41
2 147.6 0.68
3 166.1 0.36
4 219.8 0.45
5 249.7 0.91
6 272.3 0.65
7 236.7 0.87
8 315.1 0.41
9 1141 0.76
10 2851 0.56
11 7681 0.44

Table 4.4.1.4.1: Iron concentrations in each layer at the time of ICP-MS analysis.

Additionally, the individual layers were segmented and placed into 15mL plastic polypropylene tubes

and scanned at 9.4T using an MRI probe.

4.4.1.5 Results

Concentration (ug/g) CT Number (HU) SD CT Number (HU) SD
80keV 140keV
131.7 6.04 3.63 7.88 3.56
147.6 6.98 3.26 8.35 3.24
166.1 7.05 3.46 8.75 3.5
219.8 6.82 3.49 8.2 3.42
249.7 6.61 4.47 8.08 4.3
272.3 6.59 3.45 7.91 3.48
236.7 7.26 3.26 8.51 3.24

142



315.1 6.73 3.49 8 3.58

1141 7.69 3.45 8.66 3.58
2851 8.46 3.06 8.98 3.03
7681 9.18 3.49 8.43 3.63

Table 4.4.1.5.1: Mean HU and corresponding standard deviation for 80keV and 140keV

monochromatic reconstructions of images taken for the layered agarose gel.

Relationship between concentration of Iron (lll)
Chloride (ug/ml) and CT Number (HU) in layered
agarose gel at 80keV

14
12
o)
T 10
o 8
o]
2 6 |
>
< 4
5 y = 0.0003x + 6.7925

2 R2=0.7788

0

0 1000 2000 3000 4000 5000 6000 7000 8000
Concentration (pg/g)
Relationship between concentration of Iron (lll)
Chloride (ug/ml) and CT Number (HU) in layered
agarose gel at 140keV

14
12
)
Z 10
o 8 J
Q0
€ 6
Z
= 4
o, y = 5E-05x + 8.2805

R2 =0.0977
0
0 1000 2000 3000 4000 5000 6000 7000 8000

Concentration (pg/g)

143



Figure 4.4.1.5.1: Layered agarose gel, with concentrations ranging from 0 to 7681ug/mL Iron (III) Chloride. Top: 80keV

monochromatic reconstruction with R?=0.77. Bottom: 140keV monochromatic reconstruction with R?=0.10.
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Figure 4.4.1.5.1: R2 against Concentration for each of the layered gels. It was not possible to fit an exponential decay for
the highest concentration sample, due to the T2 signal decay at 9.4T being faster than the gap between the first and 2™ echo

time. Concentration values verified with ICP-MS.

4.4.1.6 Discussion

Positive correlation between concentration and HU is observed in the 80keV reconstructed images,
however the corresponding R? for 140keV is very low at 0.098, showing a very low percentage of the
overall variance explained by concentration. At higher energy levels, the linear relationship is not as
apparent. Even when the higher iron concentration layers are removed from the data leaving only the
neurologically relevant concentrations in the analysis (0 to 315 ug/g), the correlation remains very
low leaving R?=0.021 for 80keV and R?=0.10 for 140keV, implying that below 1mg/mL of Iron (lI)
Chloride, the DECT method cannot determine the difference between presence of FeCls or no FeCl; at

all (Figure 4.4.1.5.1).
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Figure 4.4.1.5.2: Concentrations ranging from 0 to 500ug/mL Iron (III) Chloride. Top: 80keV. Bottom: 140keV.

DECT was unable to specify a difference in Iron (111) Chloride concentration, even up to the highest
concentrations shown in figures 4.4.1.5.1-2. The research of Jiang et al (Jiang et al., 2021) as
discussed in Chapter 4.3.3 indicated a LOQ of 0.5mg/g, however this result was unable to reproduce
the same level of specificity even above this limit. Additionally, the lowest and highest concentration
datapoints for CT Number are both contained within 1SD of each other. There is no ability to

determine concentration from HU value.
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Data at 9.4T finds a linear fit of slope = 0.02, intercept 23ms. The intercept agrees closely with
Finnegan’s measurements at 9.4T (Mary E. Finnegan, 2013), finding the same order of magnitude for

the slope (Finnegan’s value = 0.07), and a similar intercept (Finnegan’s value = 21ms).

In order to be detectable, there would need to exist a linear relationship with error small enough such

that individual datapoints are at least 1SD away from neighbouring points.

To study the differences between the layers, 10 random ROIs were placed across the 1%, 4", 8" and
11th layers. Their mean pixel intensity was recorded, and a t-test was performed to ascertain whether
or not there was a significant difference in random sampling from each layer, as shown in table

4.4.1.5.2 and Figure 4.4.1.5.3.
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Figure 4.4.1.5.3: The bottom layer has 10 random circular samples taken from it. The same is done with the 4", 8th and 11th

layers. The 10 values for each layer are then compared using a t-test.

146



CT Number (HU) CT Number (HU) CT Number (HU) CT Number (HU)

Layer 1 Layer 4 Layer 8 Layer 11
8.1+36 56+38 6.9+ 3.7 8.9+ 3.6
79+34 8.1+3.1 75+3.1 8.3+ 3.9
76132 7.2+ 3.3 7.6+3.3 9.6+ 3.5
75+31 7.1+ 43 7.3+ 3.6 8.9+ 3.6
43+38 6.0+ 3.5 6.3+ 3.2 6.9+ 34
51+36 6.5+ 3.7 7.0£35 8.9+ 3.7
71.7+42 5.1+ 3.2 7.9+3.1 8.2+ 4.1
6.4+3.7 6.9+ 3.2 7.0£34 10.1+3.1
7.1+3.6 7.3+3.1 7.3£3.6 10.3£ 34
7.3+3.0 5.6+ 3.5 7.2+ 4.4 8.3+ 4.6
Mean + SD: Mean + SD: Mean + SD: Mean + SD:
6.9+ 35 6.5+ 3.5 7.2+35 8.9+3.7
T-test p-value 0.24 0.26 0.0006

Table 4.4.1.5.2: 10 samples taken from each of the 4 layers indicated above, with mean HU from each compared across

layers.

Each test is a one-sided t-test between the 0 layer and one of the other 3 layers.

The test statistic shows no statistically significant difference between the bottom layer (131.7 pg/mL
agarose) and 219 pg/mL or 315ug/mL of Iron (III) Chloride detectable by DECT. However, there was
a significant difference between 131.7 and 7681ug/mL at the 0.1% confidence level. While these
results seem to indicate an inherent detection limit on the technique itself, it may also be due to non-
ideal experimental design; the intention of the layered gel experiment was to recreate an environment
where different iron concentrations are next to one another, but still self-contained and without any
inter-space movement of iron. Retrospective analysis of the layers was conducted in order to test

whether or not this was the case.
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Analysis of the layers with MR Microscopy at 9.4T also took place. The highest concentration layer
had a T2 signal decay that was faster than the gap between the first and 2" echo time, which meant
that fitting the mono-exponential decay was not possible. This is shown in Figure 4.4.1.6.1. By
comparison to layer 10, the 2" highest layer, the iron content is such that the signal does not decay

before the first few echo times, as shown subsequently in figure 4.4.1.6.2.
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Figure 4.4.1.6.1a: Layer 11, with concentration = 7681ug/g. The MR signal at the 2" echo time has
already decayed to background. So no T2 measurement is possible for this layer.
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Figure 4.4.1.6.2: Layer 10 with concentration = 2851 ug/g. Note that measurement error in the signal is very small
at high resolution high field MRI.

MR Microscopy at 9.4T was used to calculate R2, which was capable of determining iron
concentration and distinguishing between each layer as predicted. A calibration curve was produced

with linear regression with:

slope =2x 1075+ 1 x 107° [Fe] 'ms™!, intercept = 0.023 4 0.001 ms™1, shown in Figure

44151,
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Future experimental design should reflect the limitations identified in this study regarding layered

agarose phantoms, and as such, samples should remain separated for all future studies.

Systematic error may also have been present in constructing the phantoms. The method is detailed in
4.4.1.2. Further studies should include a measure of systematic by creating multiple copies of the
phantoms, which would allow a quantitative analysis of the systematic error present. This was not
possible due to limited scanner time on the clinical scanner, however an experimental design that
allowed for the accurate scanning of multiple phantoms at once could have achieved this while using
the same amount of scanner time. Additional work on ASIR could also provide a more appropriate

monochromatic reconstruction energy which may also reduce artifacts and noise.
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4.4.2 Agarose 5 gels

4.4.2.1 Summary and aims

To follow up on the layered gel experiment 5 separated agarose gels were made with varying iron
concentrations. Each tube contained 50mL of agarose combined with an appropriate amount of Iron
(1) Chloride to make up the desired concentration. Concentrations were within a normal neurological

range as shown in table 4.4.2.3.1.

4.4.2.2 Method

Five agarose gels were made using stock TAE buffer, diluting with distilled water, and making five of
the lower concentration samples up in separate tubes. In this way any possible motility-driven
leeching between layers is avoided. Resulting HU values along with corresponding standard deviation
values are shown in table 4.4.2.3.1. The process for creating the gels is the same as described in

section 4.4.1.2.

4.4.2.3 Results
The five agarose gels were made using another stock TAE buffer, appropriately diluting with distilled
water, and making five of the lower concentration samples up in separate tubes. In this way any

possible motility-driven leeching between layers is avoided. Resulting HU values along with

corresponding standard deviation values are shown in table 4.4.2.3.1.

Energy 120pg/g 180pg/g 250pg/g
80keV 4.66 6.69 6.42 6.56 6.39
140keV 6.46 8.68 8.54 8.84 9.3
SD (80keV) 4.05 4.49 4.43 4.22 4.24
SD

(140keV) 4.09 4.58 4.47 4.2 4.36
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Table 4.4.2.3.1: HU values for each of the five agarose phantoms at 80 and 140keV, along with corresponding standard

deviation values.

5 Agarose tubes containing Iron (I} Chlorde, HU against concentration (pgfg)
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Figure 4.4.2.3.1: Top (previous page): CT Number (HU) against concentration for 5 phantoms using 80keV monochromatic

reconstruction. Bottom (this page): As above but using 140keV monochromatic reconstruction.
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4.4.2.4 Discussion

Linear fits to the data resulted in R?=0.49 (80keV) and R?=0.78 (140keV), indicating a stronger linear
relationship than that found with the layered experiment (Figure 4.4.2.3.1). However, relatively large
standard deviations on datapoints still render the outcome unclear. The large amount of uncertainty in
the values makes drawing conclusions difficult from this data. It is unclear if the issue still remains as
the low sensitivity to iron in the technique itself, or if the agarose adds an extra layer of complexity. A

further study using aqueous phantoms is conducted in the next section.

One-way ANOVA analysis of both the 80keV and 140keV found that the differences in the mean

were not significant (p=0.55 for 80keV, p=0.26 for 140keV).

This result also adds more evidence to the issue in the layered experiment not being solely due to

inter-layer leaching, as this cannot have taken place in this experiment.

4.4.2.5 Conclusions

Separation of the phantoms did increase the quality of the data compared to the layered gel
experiment, however the large uncertainty in the data still makes quantitative analysis impossible. It is
therefore suggested that a study is done without agarose i.e., aqueous phantoms, to allow the best

possible chance at quantitate analysis of iron concentration without any confounding factors.

For the main study in this chapter, the learnings of the previous studies are taken into account. Firstly,
the phantoms themselves are aqueous solutions with ferric chloride used as the iron source. Secondly,
the full range of the GE DECT scanner is used. While the previous studies have looked only at using
80kev and 140keV, the full spectrum of integer energies from 40 to 140kev are available as
monochromatic reconstructions in the GE software. An analysis of the full range of energies will
allow a more accurate analysis of whether or not DECT can detect iron at neurologically relevant iron

concentrations.

A follow up study to this should be to investigate multiple energy levels and see if there is any
dependency on energy. This is not possible to do at this time as monochromatic reconstructions were

created at the time using the GSI software and the original data is no longer available — large multi-
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energy data is routinely wiped from the hospital scanner system, and the NHS trust does not have

capacity to retain data which was not used at that time.

Further, it was not possible to perform ICP-MS on these samples at the time of this experiment.
Future experimental design should ensure that this is always possible in order to obtain accurate iron

concentrations for phantoms as well as experimental error in concentrations.
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4.4.3 Aqueous Phantom Study

4.4.3.1 Summary and aims

The GE Discovery scanner has the capability to reconstruct any integer energy value between 40 and
140keV inclusive. In this study, we investigate the sensitivity to changes in iron concentration present
at each energy level, in order to determine which energy levels should be used in quantitative analysis

of reconstructed DECT images.

4.4.3.2 Method

Five 15mL aqueous phantoms were created using Ferric Chloride, FeCls.6H.O as an iron source. ICP-
MS was used for accurate determination of concentration.

The phantoms were placed on the tray table of the GE Discovery 750 W Dual Energy CT scanner
using the alignment lasers to position them such that no air pockets were visible in the regions of
interest. A GSI-9 protocol was used with 512x512 matrix size, 25cm field of view, 2.5mm slice
thickness, 2.5mm slice interval, 600mAs and 2s rotation time.

The phantoms were analysed using ICP-MS, showing the concentrations to be 0, 215.5, 411.0, 512.7,

550.3pug/g.

4.4.3.3 Results

Spectral imaging allows us to reconstruct images using 101 different energies (integer values between
40keV and 140keV inclusive). Element specific data are produced using a three-material
decomposition algorithm built into the GSI workstation software. The precise mechanism of this
algorithm is proprietary. Analysis is carried out by selection of regions of interest (ROIs) and
analysing the resulting pixel intensity in Hounsfield Units (HU). Energy-specific CT Number data is
made available by the GSI software. Regions of Interest (ROIs) were drawn inside each phantom on
the GSI analysis workstation, being careful to avoid the plastic edges of the tubes and the pocket of air
at the top of the tube. Eleven CT Number (HU) means were obtained for each phantom, one

corresponding to each multiple of 10keV in the reconstruction range. Standard Deviation is provided
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by the GSI software and is shown in Figures 1 and 2 as error bars. Comparing CT Number with
energy (Figl) showed that for each phantom, higher energy resulted in higher CT Number. The
energy specific data for each phantom is shown in Fig 4.4.3.3.1. A higher gradient of linear fit for a
particular energy implies a higher sensitivity to changes in iron concentration. Graphing was done

using Origin (Origin Labs Ltd.) software, and data analysis was done using either Origin or

MATLAB.
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Figure 4.4.3.3.1 For each phantom, CT number was greater at higher energy.
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Figure 4.4.3.3.2 The same dataset from Figure 1, showing dependency of CT Number on iron concentration for a selected
range of energies. For any given energy, CT Number was greater for higher concentration of iron. Note however that the

gradient is greater for the lowest energies, indicating that the greatest scope for sensitivity to iron is at 40keV.

4.4.3.4 Analysis and Discussion

Figure 4.12 shows that for any given concentration of iron, the CT Number increases as the
monochromatic reconstructed energy increases. However, the rate of increase with respect to energy
is greatest at the low end, i.e., the CT Number increase from 40keV to 50keV is larger than that from
130keV to 140keV. No phantom had a lower CT Number than one with a higher concentration of
iron, for all energies.

Figure 4.4.3.3.2 shows that the highest sensitivity to changes in iron concentration is found in 40keV
monochromatic images, the lowest possible on the clinical scanner. As energy levels increase, the
lines become less distinguishable — that is, the relative difference between CT numbers for a given

sample, as energy increases, converges.
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Error bars in Figures 1 and 2 show the standard deviation of the pixel intensity values in Hounsfield
Units. Least squares regression was applied to the data to find energy dependent gradients of the
linear fits, and these are shown in Fig 2. R2 of fits from Figure 1 range from 0.81 to 0.92. These fits
were then analysed with another least-square regression to a standard exponential decay model,
finding that the gradients themselves decay exponentially (R-Square = 0.99). This means that at
higher energy, although differentiation is worse in any case, going even higher has a diminishing
impact. Conversely, low energy gives the best possible detection for iron change and going lower still
dramatically increases the sensitivity attained.

It should also be noted that originally, the target concentrations were different to the resulting
outcome. It is possible that the resulting concentrations were different to expected due to user error in
producing phantoms, due to contamination and/or degradation of the iron source (Iron (111) chloride).
The Iron (I11) Chloride used in the study was kept at room temperature sealed in a plastic container in
the trace metals lab, department of Engineering, University of Warwick. Based on this, it is advised
that phantom concentrations are verified using ICP-MS in general to ensure that not only are
concentrations known, but also an error term can be obtained for more robust analysis of the resulting

data.

4.4.3.4.1 CT Number behaving unexpectedly
An unexpected result of the aqueous phantom study is that attenuation appears to be less than 0 HU at

energies lower than 140keV for blank (water). In fact, this is CT Number that is less than 0 HU.

It is important to distinguish between CT Number and beam attenuation. CT number is directly
computed by the scanner. Attenuation might be inferred by a CT system which has been properly
calibrated, however if this is not the case, then CT number itself may not represent actual attenuation
values in terms of the actual physical process that is occurring.

The measurements in this study were repeated numerous times, and the same effect observed. The

scanner is calibrated every day, according to the protocol outlined in Appendix 6. It is also possible
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that the plastic tubing used to contain the phantoms have a detectable effect on the HU value obtained,
which decreases to 0 effect as the CT energy increases towards 140keV. A paper on the establishment
of HU values for reference QA phantoms in CT scanner found that adjusting the energy used in
calibration could affect HU readings by up to 79HU (Sande et al., 2010). Additionally, they looked
into particular materials and the impact that energy had on Hounsfield units, and saw that Polystyrene
tubing had the same surprising effect observed here on 8 different scanners, where higher energy led

to higher CT Number in aqueous samples. See Figure 4.4.3.4.1.1.
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Figure 4.4.3.4.1.1: Research into measured HU variation with kVp across a range of CT manufacturers shows that
increased energy can lead to increased CT Number in certain polymer-based phantoms — that is, the plastic casing of the
aqueous phantom. In this figure, the sample is water, and the casing is made of polystyrene. Additionally, the phantom has

HU < 0. Figure reproduced from (Sande et al., 2010)

A 2020 study by Suyudi et al (Suyudi et al., 2020) in which polypropylene phantoms (the material

used for both the Aqueous Phantom Study (Chapter 4.4.3) and the ASIR study (Chapter 4.4.4)) also
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observed higher energy radiation leading to higher Hounsfield Units (Suyudi et al., 2020). This is the
opposite of the expected behaviour in tissue. It is possible that the polypropylene plastic tubing has a

measurable effect on the CT beam due to interactions with the polymer itself.
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Figure 4.4.3.4.1.2: A comparison of HU values using two different methods of image reconstruction (filtered back
projection, labelled FPB, and iterative reconstruction, labelled as ADIR). Image (a) is Polypropylene, (b) is nylon, (c) is
acrylic, and (d) is Delrin. The numbers 1, 2 3 and 4 refer to 135kVp, 120kVp, 100kVp and 80kVp respectively, i.e., the
energy decreases from left to right, while the CT Number also decreases in each case. Figure reproduced from (Suyudi et

al., 2020)

Quoting directly from Suyudi et al, referring to Figure 4.4.3.4.1.2: “The figure also shows that for all
objects, the HU values decrease slightly for a lower usage of tube voltage from 135 kVp to 80 kVp”~
i.e., lower energy leading to lower CT Number. It should also be noted that polypropylene is the only

material in this study which exhibits values below 0 HU for all measures.
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Investigations into the reconstruction method as well as calibration procedure of the clinical scanner
found that clinical scanner calibration passes when water is between -5 and +5 HU, so there is a range
of potential values that a daily calibration can take. Additionally, this calibration is done at 80kVp,
100kVp, and 120kVp. The monochromatic reconstructed images, while theoretically producing
images that are analogous to those which would have been captured from a single-energy CT source
at the given energy, are not directly calibrated. Further studies should ensure that if 40keV
monochromatic images are to be used for quantitative analysis, calibration of the scanner takes into
account this low energy monochromatic reconstruction, or a method is available for adjusting the CT

numbers in post-processing.

4.4.3.5 Conclusions

These results do not immediately suggest that DECT can detect iron concentration changes at human
physiological and pathophysiological levels. However, there are elements of the study that are
promising, namely that there exists a method of obtaining higher sensitivity by choosing lower energy
monochromatic reconstructions, and that at 40keV, it may be possible to distinguish between iron
concentrations. The linear fit has appropriate sensitivity and error, although there are a number of
unexpected behaviours that may conflate the results. The impact of the polypropylene tube, if that is
indeed an issue, is not quantifiable with this data alone. An intermediate study for the future would be
to create a set of phantoms that are made of another material which interacts more weakly with the CT
beam itself. Of particular importance is the exponentially decaying gradient (Fig 3), showing that
lower energy X-rays are more sensitive to changes in iron concentration. By comparison with healthy
human brain tissue, which will be mostly organic matter with a very low k-edge (~0.2keV) (Minasian
et al., 2013), it may be possible to identify and quantify iron concentration in regions of the human
brain far more quickly and cheaply than comparable MRI techniques. This has widespread application
in early detection of neurodegenerative disease, and merits further study in-vitro for potential clinical

application.
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4.4.4 ASIR study

4.4.4.1 Summary

A further crucial aspect of CT imaging that may play a role in image quality, and in particular the
ability to quantitatively analyse CT images for the determination of iron concentration, is image
reconstruction. This chapter aims to investigate the effects that Adaptive Statistical Iterative
Reconstruction (ASIR) in DECT imaging has on quantitative concentration measurement from
DICOM image analysis, as compared to standard filtered back projection (FBP) reconstruction
methods. Six phantoms were produced of 0, 100, 200, 300, 400, 500 pg/g Iron (111) Chloride (aq).
These were scanned on a GE Discovery 750HD Dual Energy CT scanner, with no ASIR and 50%
ASIR. The linear model fits the ASIR data more closely (R2 = 0.96) than the non-ASIR data (R2 =
0.64) suggesting that the ASIR images produce pixel data that more accurately describes the

concentration of each phantom.

4.4.4.2 Introduction

Quantitative analysis of CT images fundamentally depends on a high level of certainty over the value
assigned to each pixel in the final image by the reconstruction algorithm (Shepp & Vardi, 1982).
Historically, CT images were produced from the raw data by the method of filtered back projection
(FBP). With increasing awareness of the risks of CT dosage (Kim et al., 2011) as well as the desire
for higher quality images, coupled with powerful modern computers, iterative reconstruction (IR) is
finally viable as an alternative and superior reconstruction method without being overly time
consuming.

As described earlier in Chapter 2, filtered back projection (FBP) works by looking at an object in the
path of an X-Ray beam from many different angles and using the resulting information on X-Ray CT
Number at each angle to construct an image. This is a fast and reliable method, but one which is prone
to artifacts and image contamination (Jiahua Fan, 2014).

Iterative reconstruction methods are not a new idea (Hara et al., 2009); Indeed it is the advent of faster

computers and in particular parallelisation of tasks(Wang et al., 2016) that has allowed these methods
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to have any kind of clinical relevance. Even still, clinicians can expect anywhere from 10 to 100 times
longer reconstruction time than a typical FBP method(Wang et al., 2016).

One potential application for ASIR is in quantitative analysis of trace metals in humans. DECT is to
be potentially used in the future as an independent technique for iron concentration determination,
without using MRI to locate regions of interest, then the increased image quality and X-Ray dose
reduction from ASIR will play a role in accurate quantitative analysis.

ASIR works by first generating a standard FBP image via the traditional means, which serves as the
starting point for the process, followed by forward projection which generates new images to be tested
against the initial condition. After many iterations, the forward projection images will have a “best”
one, i.e., the one which minimises the difference to the initial FBP image, but without the associated

noise. This process is shown in Figure 4.4.4.2.1.
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Figure 4.4.4.2.1: Flow diagram of ASIR process. Based on the same diagram in GE Healthcare white paper, Reproduced

from (Jiahua Fan, 2014)

Accurate optics modelling is mainly responsible for the increased image quality and spatial resolution
of ASIR images. This allows a lower dose to be used for comparable quality, or equivalently a higher
image quality for the same dose. Accurate noise modelling is what mainly contributes to noise
reduction, and dose reduction of up to 82% has been observed with no loss in image quality when
compared to traditional FBP images(Jiahua Fan, 2014).

In 2019, Rodriguez-Granillo et al (Rodriguez-Granillo et al., 2019) published a study that identified

the benefits of low keV monochromatic reconstructions, and attempted to use ASIR to reduce noise.
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The authors state that low monochromatic energy levels (40 keV) derived from delayed enhancement
dual energy cardiac computed tomography (DE-DECT) allow the evaluation of myocardial infarcts
(M1) among stable patients, although at the expense of high image noise. They further state that the
application of adaptive statistical iterative reconstruction (ASIR) to 40-keV DE-DECT might improve
image quality and detection of MI in stable patients.”

In the same way, the result from 4.4.3 that 40keV reconstructions may have superior diagnostic
potential is what has influenced the attempt to use ASIR to reduce image noise to aid diagnostic
ability. ASIR reduced image noise, but qualitative assessment of image quality and diagnostic
confidence did not significantly improve.

In this study, we aim to improve quantitative ability of DECT at 40keV by using 50% ASIR.

4.4.4.3 Materials and methods

Six phantoms were chosen for analysis produced of 0, 100, 200, 300, 400, 500 Iron (111) Chloride
(ag). Water was chosen as the medium because of its appropriateness as a brain-tissue equivalent
material (Ferreira et al., 2010). Each phantom was in a 15mL polypropylene test tube. These six
phantoms were placed lying flat in a GE Discovery 750HD Dual Energy CT scanner, and scanned
twice; once using preset GSI-30, 2.5mm slice thickness, no ASIR, and secondly using the same
settings but with 50% ASIR. Regions of interest were drawn in each of the 6 test tubes, carefully
avoiding the edges to minimise the risk of partial volume effects.

The GE 750HD DECT scanner is capable of applying ASIR from 0% to 100% in 10% increments.

For this study, a midpoint of 50% ASIR is chosen.

4.4.4.4 Results

These data are used to test a linear relationship, which is the expected and assumed underlying
model(E. S. H. Ibrahim et al., 2015). In order to conduct quantitative DECT, a robust and predictable

model needs to be available from the reconstruction. A strong linear relationship which closely
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matches the data is imperative for further application as an effective calibration curve. In this section
we test which of the two reconstruction methods gives rise to a stronger linear fit, implying that this

method is less prone to noise and indicating appropriateness to quantitative analysis.

Figure 4.4.4.4.1 shows the CT Number (HU) plotted against concentration for each phantom, and at

both 0% and 50% ASIR. Each region of interest (ROI) contained 678 pixels, and so the standard error

of the mean (SEM) was calculated by the formula j—; where SD is the standard deviation of pixel

values in the ROI, and n is the number of pixels. The standard error of the mean describes how the

measured mean deviates from the true mean of a population. Table 4.4.4.4.1 shows the values

observed.
Phantom CT Number (HU) SEM CT Number (HU) SEM
concentration (0% ASIR) (50% ASIR)
(Hg/g)

0 -11.8 +7.1 -10.4 +7.3

100 -71.75 7.4 -7.44 7.0

200 -5.77 7.0 -6.44 7.2

300 2.1 +7.0 -3.29 +7.3

400 -0.86 +7.3 -1.96 +7.1

500 -3.95 +7.1 -0.97 +7.2

Table 4.4.4.4.1: Mean CT Number values and standard error of the mean for each of the 6 phantoms with 0% ASIR and with

50% ASIR.

Figure 4.4.4.4.1 shows the linear fits to the data. A statistics summary for these linear fits is shown in

Table 4.4.4.4.2.
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Figure 4.4.4.4.1: The result of scanning with (Left) 0% ASIR, and (Right) 50% ASIR. Error bars show the standard error of

the mean within the chosen region of interest. R? (0% ASIR) = 0.64, R? (50% ASIR) = 0.96

ASIR Gradient Intercept R? RSS
0% 0.01 +£0.006 -9.9+1.7 0.64 300.2
50% 0.02 £0.001 -9.90.5 0.96 25.7

Table 4.4.4.4.2: Statistics of the linear fit shown in Figure 4.4.4.4.1. RSS = residual sum of squares
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4.4.45 Discussion

Graphing and statistical analysis was done in OriginPro 2016 (Origin Labs Ltd). It is important to note
that the phantoms themselves are not touched or interfered with in-between the non-ASIR and the
ASIR scans, thus any difference in pixel value is entirely due to the ASIR.

50% ASIR enabled the same set of phantoms to exhibit a stronger linear fit, improving R? from 0.64

to 0.96. Residuals are plotted in Figure 4.4.4.4.3, showing no systematic error or bias.

Reguar residual

Fegular Residual

o
Fitted

Figure 4.4.4.4.3: Residual plot for both No-ASIR (top) and 50% ASIR (bottom).

In4.4.4.4.1, the 500ug/g datapoint behaves differently to the other datapoints, i.e., mean CT Number
is lower despite concentration being higher. This value is still well within the standard error shown;
however, this point “moves” closer to the linear regression once ASIR is applied. All datapoints are
within the standard deviation of the first and last datapoint. This means that this result could be due to
noise or other error. Further, error in iron concentrations is not possible to obtain without a
corroborating analytical technique such as ICP-MS, which was not possible to carry out at the time of

this experiment. This should be included in any future work related to this study.
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The results in this section provide some limited evidence for increased accuracy attained when using
iterative reconstruction for DECT images that are being used for quantitative analysis, specifically
that the use of ASIR moves the data towards the expected underlying linear model. Studies have
shown (Widmann et al., 2017; D. Zhang et al., 2011)that the use of ASIR should not have a negative
impact on spatial resolution, so this protocol is appropriate for use in a further study and should not
have negative impact on scanning protocol. The standard deviation of each region did not
significantly change. SEM remained very similar (all values within 0.27-0.28). Other studies in the
literature which observe a similar effect of no significant change to SD (or SEM) when using ASIR
(Vorona et al., 2013). A 2020 paper from Sherif et al looking at paediatric brain imaging showed a
difference in signal-to-noise between 60% and 80% ASIR, but again this difference was not
significant (Sherif et al., 2020).

Phantoms in this study contained only one variable, namely the concentration of Iron (I11) Chloride,
and so CT Number changes can be attributed to this concentration change. However, in-vivo further
study would use spectral imaging elemental assignment in tandem with ASIR. This is not possible to
achieve retroactively, and so this should inform future study design. This has potential application in
diagnostic imaging, where in particular MRI diagnosis of neurodegenerative disease is sometimes
impossible due to some of the patients being unable to have an MRI scan because of metal implants,
or the patient being unable to lay still for the extended period of time required for a typical clinical
MRI scan. In this capacity, DECT scans have a distinct advantage in that they only take 2.0s for the
scan to complete, and there is no magnetic field involved meaning patients with implants can still be
scanned.

A drawback of CT is that each scan delivers a dose of radiation, which can be potentially harmful in
the long-term. ASIR is the latest advancement in dose reduction in clinical CT, allowing an equivalent
image to FBP to be constructed with up to 82% dose reduction (Jiahua Fan, 2014). In this study,
dosage was not reduced, and instead image quality was increased. Naturally, an investigator may also
choose to strike a balance between these two and conduct a study using a lower than standard dose,

while achieving higher than standard image quality.
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This study would be strengthened in the future by using the same ICP-MS technique for phantom
concentration verification as was performed for the study outlined in 4.4.3.

Further information could be obtained as to the strength of ASIR in this area by looking at more than
one application i.e., 50%. While this is not possible in retrospect, a study can obtain ASIR
reconstructions at varying levels (0 to 100%, increments of 10%) and this is limited only by
computation time, not by scanner time. Thus, this should be investigated further in future work.

The measured values in this study informed the study design for the cadaver work in chapter 5,
suggesting that use of ASIR 50% was better than not using ASIR. This result would be strengthened
further by understanding and experimenting with the impact of progressively increasing the level of

ASIR.
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4.5 MRI Phantom Study

An MRI phantom study was carried out using a 400MHz 9.4T NMR spectrometer with MR probe.
This process allowed analysis of iron-based phantoms in a lab environment outside of the clinical

setting.

4.5.1 Summary and aims

In order to test whether or not iron chloride phantoms would exhibit the expected linear relationship
between iron concentration and R2 relaxation rate, an MR microscopy experiment setup looked at
acquiring ten single-echo images from TE=10ms to TE=100ms in increments of 10ms, using iron

chloride (aqg) with iron concentration ranging from 0 to 250png/g.

4.5.2 Method

4.5.2.1 MR Microscopy

MR Microscopy (MRM) is physically equivalent to MRI, but at a resolution scale down to 100
microns. High field strengths are used to enable spatial resolution below 100um (Ly, 2011). While
MRM is a useful technique for imaging small in-vivo features, e.g., brain anatomy in mice, it is also a

useful quantitative MRI technique.

4.5.2.2 Image acquisition

Six 15mL aqueous phantoms were created using Ferric Chloride, FeCls.6H20O as an iron source.

Concentrations were 0 (water), 50, 100, 150, 200, 250 pg/g.

Each individual phantom was first scanned using a localizer sequence, to ensure accurate spatial
registration of the phantom. Figure 4.6.2.1 shows the before/after of the localizer scan for one
example sample. Once the localizer scan has located the image, crosshairs are displayed showing the
centre of the imaging FOV. The operator can then manually box-select the region of interest using a
square, and this region becomes the FOV, which ensures that the object to be imaged is not only

central within the FOV, but also entirely contained within it.
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Figure 4.5.2.2.1: Left: The result of the localizer scan. The phantom is off centre within the imaging probe. The sequence for
the localiser is not optimised for a clean image, simply as a fast and practical image registration tool for the spectrometer
operator, so there are image artifacts present in the localiser image. Right: The final image as obtained once the image

registration is complete.

Once the sample is correctly located, tuning sequences were used to ensure a clean mono-exponential
free induction decay, shown in Figure 4.5.2.2. Before imaging, the probes were tuned and matched to
the 1H channel. The software TopSpin was used to manually shim the gradients until a smooth free
induction decay (FID) of maximum size, and a symmetrical, as narrow as possible water peak with a
full-width-half-maximum (FWHM) of below 60 Hz was achieved. The software ParaVision,

proprietary software provided by Bruker along with the MR probe, was used to capture MR images.
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Figure 4.5.2.2.2: Free induction decay follows a mono-exponential decay when the scanner is correctly tuned via the shim

coils.

4.5.3 Results

R2 vs Iron Concentration in 400MHz
9.4T MR Microscopy
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Figure 4.5.3.1: Results of phantom study at high field 9.4T MRI.

R2 relaxation rate was obtained from a mono-exponential decay fit to each of the ten echo times,
shown in Figure 4.5.3.2.
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Figure 4.5.3.2: One example mono-exponential decay used to obtain T2 and hence R2 measurement. The data is reproduced
from a ParaVision report that is generated by ParaVision software.

4.5.4 Analysis and discussion

As expected, at high field, error in R2 is low due to the high resolution and low relative SD for T2
values. A strong linear relationship is detected, with R? = 0.97 indicating that 97% of the variance in

R2 is explained by the independent variable, iron concentration.

However, error in phantom concentration was not calculated. In order to be more certain of the error
within the phantom concentrations, it was determined that ICP-MS should be used in future
experimental design to accurately determine the concentration of each phantom. This was

subsequently done for the layered gels experiment (4.4.1) and aqueous phantom study (section 4.4.3).

Finally, this is a model system with aqueous iron solutions in a highly controlled high-field
environment, which does not precisely mimic the complexity and additional effects found in human

tissue.

4.6 Discussion and further work
Phantom studies on MicroCT could help in being able to observe systematic error, as this would not
be limited by hospital availability. Further, MicroCT devices are capable of scanning at single
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energies and at lower than clinical energy levels (lower than 40keV). This could lead to additional
energy-dependent studies being conducted, and a better understanding of the energy-attenuation

relationship present in these phantoms.

An additional study using a medium even closer to human brain would be a good bridging step
between this preliminary work and work with cadaveric human tissue. This was not possible due to

time constraints using the clinical scanner, and so the human tissue cadaver study was prioritised.

A potential way of measuring the effect of brain tissue would be to use post-mortem animal tissue.
The study design would involve scanning this tissue using DECT and obtaining CT Number values
(HU) for each sample, and then using ICP-MS to directly measure the exact concentration of each
sample. This would provide an even closer representation to using the technique in humans, and

would allow full access to the tissue afterwards for accurate iron concentration determination.

Luo et al (Luo et al., 2015) carried out DECT using monochromatic reconstruction images on rabbits
in order to detect liver iron concentration. The concentration range was significantly higher than
neurologically relevant iron concentration range in human brain regions, nonetheless, successive
studies that optimise the experimental design would be benefitted from having to also accommodate
the matrix effects of living tissue. At present, the jump between phantoms and human tissue is very

large, and additional bridging steps would aid progress in this area.

In June 2022, Lui et al (Leening P. Liul, 2 et al., 2022) released a pre-print study where the spectral
performance of DECT systems at 50keV and 150keV monochromatic reconstructions were used on
tissue-like phantoms containing iron. However, iron concentration ranged from 5mg/mL to 11mg/mL,
which is typical for liver iron overload (Fischer, Reiner, et al., 2011) but over 10x higher than
expected values for brain iron (Barbosa et al., 2015). Phantom studies continue to be published in this
space regarding DECT but still not at neurologically relevant iron concentration. The inability to
guantify iron at these levels is consistent with the literature, in that no studies have been published

which have demonstrated this ability. Toia et al (Toia et al., 2021) have suggested a lower limit of
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detection that may allow for accurate brain iron determination, however the error on their estimate is

large (200pg/g - 600u9/g).

The % of ASIR chosen was the midpoint of the available ASIR protocols, with freedom to experiment
with this limited by time available on the clinical scanner. A further study into optimising the chosen
level from 0% to 100% would be beneficial to understand what level of ASIR is most beneficial. In a
2018 paper, Tang et al looked at ASIR from 10% to 100% for subjective diagnostic ability. They
determined that 50%-70% was the best range for diagnostic purposes, (H. Tang et al., 2018). It would
be useful to compare the subjective radiographer-reported “best” images from a diagnostic point of

view, with a statistical analysis of the images generated from each.

Additionally, ICP-MS (or another analytical technique) was not performed to confirm the
concentration of iron present in all studies, meaning there may be some amount of systematic error in
producing the phantoms. This should be addressed in the future and experimental planning and design

should ensure that ICP-MS phantom concentration analysis always takes place.

Overall, at neurologically relevant iron concentration ranges, the 50% ASIR technique combined with
low 40keV monochromatic reconstructions appears to show the highest realistic chance of any ability

to quantify brain iron concentration. Further work on Cadavers will therefore use this study protocol.
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4.7 Individual contribution

All phantom studies were developed by myself, including all experimental design, research, sample
preparation in the lab, transport to the University Hospital and scanning on the clinical scanners, as
well as all experimentation and analysis of the layered gel experiment using 9.4T MR Microscopy at
Milburn House, University of Warwick. All data analysis was my own. Support was provided by Dr

Sarah Wayte in operating the clinical scanner safely.
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Chapter 5 - Cadaver Study

5.1 Summary

In order to attempt to create a reliable calibration curve measuring iron concentration human brain
tissue against measured CT Number in HU, two cohorts of 4 cadaveric human heads were obtained
from University Hospitals Coventry and Warwickshire. Ethical approval for this study was obtained

from BSREC (See appendix 2).

Images of each head were taken using both DECT and MRI. MRI was used in order to accurately
determine iron concentration in the brain regions of interest, which were Globus Pallidus, Red

Nucleus, Putamen, and Substantia Nigra, each both left and right, i.e., 8 regions in total per sample.

Four of the samples (all from the first cohort) had sufficiently intact tissue structure in the cadaveric
tissue to produce images that could be analysed in detail, and quantitative measurements taken, on

both DECT and MRI.

No relationship could be detected between CT Number (HU) and iron concentration in any of the 4
samples. Large sources of noise from both attempting the imaging technique at neurologically
relevant iron concentrations which may be below the detection limit, as well as the presence of

putrefactive gas build-up in the cadaveric tissue, are discussed as possible causes.

It is concluded that at present, this technique is not suitable for determining brain iron concentration in
cadaveric human tissue. To confirm this result, a human trial scanning participants on both DECT and

MRI would be required.

5.2 Introduction

The results from the DECT Phantom study chapter indicate that DECT imaging, and specifically
monochromatic reconstructions, can be used as a quantitative analytical method for determining iron
concentration in an aqueous iron phantom in some conditions. As discussed, existing DECT studies

(Luo et al., 2015) have been able to produce quantitative analysis of iron concentration in liver iron
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overload, albeit at higher concentration levels than those found in typical physiological and

pathophysiological brain regions.

This chapter describes the development towards a novel proof-of-concept for DECT imaging of the
human brain in order to determine region-specific iron concentration, in a way that is analogous to the
current standard practice non-invasive methods — QSM and T2 relaxometry. The results are somewhat
inconclusive; various conflicting matrix effects found in the brain appear to make the technique
inadequate for iron determination, but this is difficult to know for certain due to large quantities of gas

found within the cadaveric heads which make the DECT images difficult to analyse.

Two cohorts of 4 cadaveric heads were scanned and analysed using both DECT and T2 Relaxometry
on two separate occasions. The data from cohort 1 is presented in this chapter for analysis and

discussion. Cohort 2 had significant damage and putrefactive gas build-up preventing any analysis.

This study was granted ethical approval by the University of Warwick Biomedical & Scientific

Research Ethics Committee (BSREC), see Appendix 2.

5.3 Literature review

5.3.1 Imaging in post-mortem tissue

Post-mortem analysis is a crucial technigue that has enabled advances in medical science and
understanding for millennia, however there are a number of issues that arise specifically in this space

which are relevant to this study.

Persson et al showed in their 2008 study that DECT provides improved soft-tissue discrimination and

visualisation as compared to single energy traditional CT (Persson et al., 2008).

A 2012 review article from Lundstrom et al (Lundstrém et al., 2012) outlines many of the key issues
facing research studies that use post mortem tissue specifically in clinical imaging, i.e. clinical MRI

and CT.

178



In clinical pmMRI (post-mortem MRI), the main issue is temperature(Lundstrom et al., 2012).
Cadavers are typically frozen and the temperature is not only below room temperature, but changes
over the course of a typical MRI scan. The current state-of-the-art for post-mortem CT and MRI is
outlined by Persson et al ina 2011 paper (Persson et al., 2011). The authors identify that DECT is the
best possible approach for pmCT (post-mortem CT), while a T1 weighted MRI sequence gives the
best possible image contrast for MRI. However, in the case of this study, we need to use MRI for

guantitative iron measurement and so T2 weighted image sequences are required.

In clinical pmCT (post-mortem CT), the main issue is putrefactive gas build-up (Lundstrém et al.,
2012). Within insufficient freezing, putrefactive gas build-up over 2-3 days can completely block the
possibility to obtain sufficient images for visual inspection. Post-mortem quantitative DECT is not
documented in the wider literature, and this is the first study of this type. However, it is likely that this
putrefactive gas build-up, if present in the cadaveric heads in this study, would greatly impair or

entirely block the possibility for quantitative analysis.

5.3.2 In-vivo DECT

While a quantitative DECT study into human brain iron has not been conducted before, some key
areas of literature are important to understand in order to place this study into context within the wider
existing literature. There are two main areas that need to be understood in order to draw meaningful
conclusions from this study: first, the properties of post-mortem tissue under CT and MRI scanning,
particularly in the brain. As the deceased tissue decays, putrefactive gas continually degrades the
tissue and therefore the image quality, limiting the extent to which conclusions can be drawn about
the donor’s neurological tissue when they were still alive. Second, the effects of freezing and
defrosting on neurological tissue. Tissue degradation from the thawing process may produce images
that are significantly distorted or contain large volumes of artefacts, making quantitative analysis

more complicated.

179



A 2012 study (A. B. Smith et al., 2012)set out to retrospectively classify and describe the range of
effects that can be expected to be present in a CT scan of a human brain after death, with the primary
purpose being one of caution: specifically, to educate and aide investigators into not confusing
expected post-mortem tissue features for pre-mortem neurological pathology. Imaging of post-mortem
tissue, sometimes referred to as Virtual Post-Mortem, has seen some use as a complementary
technique to traditional autopsy (Levy et al., 2006). Not only can imaging provide additional insights
to post-mortem study, but it can also direct an investigator to a specific location in the body that may

require close inspection.

If virtual post-mortem is to be of use, it is crucial to understand the natural physiological processes
that affect neurological tissue directly after death. A retrospective review of 33 post-mortem CT head
scans was undertaken, with none of the participants having sufferer head or face trauma related to
their cause of death. 24 died from other bodily trauma, and the other 9 died from other causes (all
cardiovascular related). All subjects were scanned within 72 hours of death, allowing the investigators

to study and catalogue the immediate degradation effects of the brain after death.

Imaging was performed on a LightSpeed 16 Xtra (GE Healthcare, Milwaukee, Wisconsin). Whole
body (head to toe) images were acquired using helical CT imaging in the axial plane. Slice thickness

of 1.2mm and slice interval of 1.3mm was used, and scanning energy was 120kVp with 480mAs.

There are two findings from this paper that are of high importance to this study. The first is that in
post-mortem tissue, the integrity of the sulci within the brain is deteriorated, and the grey-white
distinction is significantly reduced, as shown in Figure 5.3.1.1. This makes image segmentation
extremely difficult, meaning the segmentation needs to be a manual process of careful measurement

from known landmarks e.g., the eye sockets, and the maximal length of the head.
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Figure 5.3.1.1: This non-contrast CT image shows loss of the grey-white differentiation, as well as an inability to see the

sulci of the brain. Figure reproduced from (A. B. Smith et al., 2012)

The second finding is the presence of putrefactive gas in the brain, as shown in figure 5.3.1.2. The
authors warn that this should not be confused for pathological gas build-up. The effects of
putrefaction have been known for a long time, and the gases released along with their role in the
breakdown of tissue were categorised by Andrjevski in 1928 by carefully isolating each gas and

testing its effects on agar plates (Andrjevski, 1928).

Figure 5.3.1.2: The black spots in the above images are pockets of putrefactive gas that are present in the brain tissue.

Figure reproduced from (A. B. Smith et al., 2012).

Offiah and Dean et al. document the putrefactive changes in the body after death, as well as after

standard post-mortem preservation protocol, and include multi-modal imaging on both MRI and CT
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for comparison. FLAIR, T1 weighted, and T2 weighted MRI is used in the study, as well as single

energy CT.

Relevant to the study presented in this thesis, the effects of temperature on T2 signal are described.
Figure 5.3.1.3 shows an axial T2 weighted image of the thorax from a cadaver that was moved from a
mortuary to the scanner with minimal transfer time. The lower temperature suppresses the typically

higher T2 signal of the fat.

Figure 5.3.1.3: Axial T2 weighted fast spin-echo MRI sequence of a cadaver with temperature reduced due to storage in a
mortuary. Figure reproduced from (A. B. Smith et al., 2012)
Further, T2 signal decay is significantly faster in frozen tissue. In fact, Kobayashi et al. showed in

their 2010 paper that T2 signal decay is linearly proportional to temperature (Kobayashi et al., 2010).

5.4 Method
The techniques developed from phantom studies were applied to two groups of 4 cadaveric heads
(total n=8). The second cohort of heads had severe damage and putrefactive gas making analysis

impossible (see discussion of this chapter). The first cohort of 4 heads were used for analysis.

Based on our previously observed results in relation to both the use of low energy (40keV)
monochromatic reconstructions, we aim to determine the accuracy to which DECT can be used to

guantitatively assess iron concentration in the cadaveric heads. The CT protocol therefore mimics the
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ASIR phantom study, using 40keV monochromatic reconstructed images for analysis, and 50% ASIR

on the GE 750W DECT scanner.

T2 relaxation time was calculated from MR images and was compared with known age-corrected data
to determine iron concentration, and monochromatic reconstructions of DECT images were analysed
and compared to see if there was a correlation between the MRI and DECT images. In addition to
this, ASIR data was collected at the same time as each DECT scan in order to compare the accuracy

and analytical merit of using ASIR in quantitative DECT for human brain scans.

This study was granted ethical approval by the University of Warwick Biomedical & Scientific

Research Ethics Committee (BSREC), see appendix 2.

The four samples came from deceased patients who were of ages 89-99 and with varying degrees of

neurodegenerative disease, outlined in Table 5.4.1.

PATIENT INFORMATION

PATIENT A | 94-year-old male.

1-3 years of dementia before death. Diagnosed Parkinson’s Disease.

PATIENT B | 95-year-old female.

1-3 years of dementia before death. Cause of death listed as senile brain
degeneration.

PATIENT C | 99-year-old male.

3-10 years of memory loss and confusion — dementia listed as secondary cause of
death.

PATIENT D | 89-year-old male.

Alzheimer’s Disease diagnosed.

Table 5.4.1: The four heads used in the study for analysis.

Elevated Iron levels are expected in each of the 4 patients, given their advanced age and presence of

dementia symptoms.
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The heads were placed in the gantry of a GE Discovery MR750w 3T MRI scanner located at

University Hospitals Coventry and Warwickshire, Coventry, UK, using a head coil for MR imaging.

The scan parameters are listed in Table 5.4.2.

PARAMETER VALUE
SLICE THICKNESS (MM) 25
REPETITION TIME (MS) 2500
ECHO TIME (MS) 10, 45, 80
NUMBER OF AVERAGES 1
IMAGING FREQUENCY (MHZ) 127.8
IMAGED NUCLEUS 1H
MAGNETIC FIELD STRENGTH (T) 3
SPACING BETWEEN SLICES (MM) 25
PIXEL BANDWIDTH (HZ) 244.141
ROWS 256
COLUMNS 256

Table 5.4.2: MRI scan parameters for study

The samples were also scanned using Dual Energy CT on a GE 750HD DECT scanner. Scan

parameters using GSI preset 9, the highest mAs possible with the scanner, are listed in Table 5.4.3.

PARAMETER VALUE
SLICE THICKNESS (MM) 25
SLICE INTERVAL (MM) 0
MAS 600
NUMBER OF AVERAGES 1
FIELD OF VIEW 25cm
MATRIX SIZE 512

Table 5.4.3: DECT parameters used in study
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5.5 Image processing

5.5.1 ITK-Snap ROIs

3D regions of interest were generated and propagated throughout the brains in order to quantitatively

measure MRI and DECT pixel values. Full range of ROIs are in appendix 7.

3D ROIs are generated and applied to image stacks on both MRI and DECT. Image registration is

done manually using the skull as a rigid body.

See figure 5.5.1.1 for an example of a 3D region of interest generated from Patient A. The remainder

of all regions is in Appendix 7.

Figure 5.5.1.1: Substantia Nigra segmentation from Patient A. This region is then exported to ImageJ for analysis.
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5.5.2 Thresholding

In order to attempt to gain as much valuable information from the images as possible, a threshold

filter was placed on the images. A histogram of pixel values was produced for each image, as shown

in figure 5.5.2.1.

-3024 960
Count: 262144 Min: -3024
Mean:-1068.339 Max: 960
StdDev: 1115.606 Mode: -3024 (55772)
Bins: 256 Bin Width: 15.562

Figure 5.5.2.1: (Left) The slice of the brain of Patient B which was used for analysis of Globus Pallidus and Putamen.
(Right) a histogram showing the total distribution of pixels in the image. By thresholding all pixels in the leftmost peak, all

“noise” pixels are effectively removed from the image.

This histogram represents the total pixel distribution, not just in regions of interest. This was used to
determine a background reading to be used as a lower threshold, and pixels below this value were
excluded from the analysis. The same ROIs were then used on the thresholded images. A threshold

value of -50 was used in order to remove some of the lower value pixels.
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The second cohort had substantial damage, as shown in figures 5.5.2.1a-h.

Figure 5.5.2.1 a, b: Patient E, large areas of damage and gas.
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Figure 5.5.2.1 ¢, d: Patient F, large areas of damage and gas.
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Figure 5.5.2.1e, f: Patient G, large areas of damage and gas.
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Figure 5.5.2.1g, h: Patient H, large areas of damage and gas.
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Analysis on the images was difficult due to some ROIs being entirely excluded due to putrefactive
gas. Post-thresholded images also proved unsuccessful in mitigating the effect of the damage.

Therefore, the 2" cohort of images (Samples E, F, G, H) was not used for analysis.

5.6 Results

With the aid of a radiologist consultant (Dr. Olu Adesanya, 15+ years’ experience), slices are
corroborated between MR and DECT images on a per-cadaver basis. The images obtained in this
study were subject to a large amount of gas from decomposition, and so large black spots appear
frequently. In events that ROIs overlap with these spots, the data shows a large drop in HU. These

spots were excluded from the analysis by the thresholding technique outlined in 5.5.2.

MR and DECT images of the same cadaveric head are opened in ImageJ alongside one another. A
duplicate stack is made of the DECT image, as this is the image set that cannot be transformed in

order to preserve pixel information.

A transparent overlay of the MRI data is placed over the duplicate DECT stack. Using the translation
and rotation tools in ImageJ, this image is manipulated such that all visible features that can be used
for landmarking (namely the eyes and boundary of the head) are aligned. The overlay MR image is

then saved as an ROI.

This ROl is then applied to a blank image, and further ROls are then drawn on it. The benefit of this
method is that ROIs can be drawn on the high contrast and higher detailed MR images, and we know
that the overlaid MR image has already been aligned with the DECT image, so any ROIs drawn can
be saved and applied to the DECT image in the exact location of the brain feature. An example of this

manual segmentation is shown in Figure 5.6.1
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Figure 5.6.1: Images are manually registered using a transparent overlay, and ROIs are drawn on the MR image from the

3D regions produced from ITK-Snap 3D reconstructions. These then correspond to the same location on the DECT image.

Shown above: Red Nucleus and Substantia Nigra.

5.6.1 T2 calculation from MRI

The relationship between T2 and iron concentration was introduced in Chapter 3 — ChemoBrain, and
the same process is used to link detected T2 values in Table 5.6.1.1 with determined iron

concentration values from T2 measurement in table 5.6.1.2 along with associated error.

Data acquired at 3T, using the same equipment as previously introduced in Chapter 3, namely GE

Discovery 750W 3T MRI Scanner located at University Hospitals Coventry and Warwickshire.
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Region T2 (ms) T2 (ms) T2 (ms) T2 (ms)
Patient A Patient B Patient C Patient D
RN_L 5316 3613 40+4 4314
RN R 5515 3944 4214 3915
SN L 5816 4615 4614 5315
SN_R 6115 4045 51+4 5716
PUT_L 6318 44+6 5843 41+6
PUT R 61+4 39+8 4613 3945
GP_L 6617 45+6 6614 6115
GP_R 6315 506 6214 5515

Table 5.6.1.1: T2 relaxation time found in brain regions of cadaveric heads. This data is then used to produce corresponding

iron concentration values shown in Table 5.6.1.2. Given to 2sf
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Region Iron Iron Iron Iron

Concentration Concentration Concentration Concentration
(ng/g) (ng/g) (ng/g) (ng/g)

Patient A Patient B Patient C Patient D

RN_L 142+109 244+137 213+128 193+122

RN_R 134+106 2184130 199+125 2214133

SN L 125+105 177+119 174+117 143+109

SN_R 1154102 2114130 152+110 129+106

PUT L 109+101 185+122 123+103 204+129
PUT R 1154101 220+142 177+£117 223134
GP L 99198 1824122 100197 115+101

GP R 107199 154+113 112+100 133+106

Table 5.6.1.2: Calculated Iron concentration (ug/g) in each patient and each brain region
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Figure 5.6.1.1: Brain iron concentration calculated from T2 relaxation times for each head and for each brain region.
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Figure 5.6.1.1 shows the brain iron levels in each patient and in each region that were calculated using
T2 data from Table 5.6.1.2, along with propagated error values. As in Chapter 3, error propagation
used the established linear calibration curve relating R2 with Iron concentration, and applied the

following formula to calculated propagated error:

(A[Fe]Observed)z = (RZ)Z(Am)Z + m? (ARZ)Z + (AC)Z

5.6.2 Dual energy CT Results

For each patient, DECT images were manually segmented as described above and individual pixel
values within each ROI are plotted in Figures 5.6.2.1a-d. The distribution is shown as a box plot, to

illustrate the spread of values found in each region. For comparison with MRI, the mean is used.
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Figure 5.6.2.1a: Distribution of pixel values in each ROl on DECT images for patient A.
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Figure 5.6.2.1b: Distribution of pixel values in each ROl on DECT images for patient B.
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Figure 5.6.2.1c: Distribution of pixel values in each ROl on DECT images for patient C.
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Figure 5.6.2.1d: Distribution of pixel values in each ROl on DECT images for patient D.
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5.7 Analysis

5.7.1 Results and figures

Concentration of brain regions are calculated from T2 data and plotted against CT Number (HU) for

each patient. This data is shown in Figures 5.7.1.1-a-d.

Variation of CT Number (HU) with iron concentration in Patient A
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Figure 5.7.1.1a: CT Number against [Fe] concentration in 40keV (50% ASIR) DECT images for patient A.
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Figure 5.7.1.1b: CT Number against [Fe] concentration in 40keV (50% ASIR) DECT images.for patient B.
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Figure 5.7.1.1c: CT Number against [Fe] concentration in 40keV (50% ASIR) DECT images for patient C.
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Figure 5.7.1.1d: CT Number against [Fe] concentration in 40keV (50% ASIR) DECT images for patient D.

5.7.2 Comparing DECT and MRI data

Figures 5.7.1.1a-d show the resulting plots of concentration against HU. As determined in phantom

studies and literature reviews of other quantitative DECT studies, the expectation is that higher
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concentration should lead to higher attenuation, however this was not observable in this data based on

analysis of CT Numbers.

Another look at this data is shown in Figures 5.7.2.1-a-d, which show HU against R2. Again, no

relationship is observed.

For each patient, the average HU value for a given region was plotted as a scatter, once for GSI9 and
once for GSI30. Each point in the chart corresponds to a pair of values for one specific brain region —
one value being the R2 value in that region as determined by the T2 relaxometry experiment, and the

other being the HU value as determined by the respective DECT experiment.

Variation of CT Number (HU) with R2 in Patient A
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Figure 5.7.2.1a: CT Number against R2 in 40keV (50% ASIR) DECT images for patient A
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Variation of CT Number (HU) with R2 in Patient B
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Figure 5.7.2.1b: CT Number against R2 in 40keV (50% ASIR) DECT images for patient B
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Figure 5.7.2.1c: CT Number against R2 in 40keV (50% ASIR) DECT images for patient C
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Variation of CT Number (HU) with R2 in Patient D
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Figure 5.7.2.1d: CT Number against R2 in 40keV (50% ASIR) DECT images for patient D

The data shown in Figures 5.7.1.1 and 5.7.2.1 do not show the expected positive linear correlation. R?
values are low indicating a low amount of variance explained by variation in concentration. Error in

iron concentration is also high, meaning there is error in both directions on the calibration curve.

5.7.3 Statistical Analysis

Linear regression trendlines on Figures 5.7.1.1a-d and 5.7.2.1a-d do not show the necessary positive
linear correlation to show a positive relationship between HU and Iron Concentration. In Figures
5.7.1.1aand 5.7.1.1c, there is a slight negative correlation with R? = 0.33 and 0.30 respectively, and
for 5.7.1.1b and 5.7.1.1d there is a positive correlation (R? = 0.02) and negative correlation (R? =
0.04) respectively. The low values of R? indicate that a low amount of the variance of the dependent

variable is explained by the independent variable (iron concentration).

For each of the four samples, the lowest-concentration CT Number value was within 1SD of the

highest, and vice versa (see error bars displayed on Figures 5.7.1a-d).
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5.7.4 Spectral imaging consideration of brain images

40keV was chosen as the energy which exhibited the highest sensitivity to changes in iron

concentration in phantom studies.
Monochromatic reconstructions were analysed for each brain region. Red Nucleus (Left and Right) is

shown in figure 5.7.4.1 for Patient C as an example.
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CT Numbers at 40keV were contained within error bounds of CT Numbers at 140keV and vice versa.

In general, a slight decrease in HU is observed for higher energy, with some exceptions e.g., Patient
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C, Red Nucleus Left which showed minimal change in CT Number across energy levels, but this is
within error, and it cannot be deduced from this data whether this is signal or noise due to the

associated error.

The HU — Iron concentration plot for patient D is shown in Figure 5.7.4.2 as an example, showing no

correlation between CT Number (HU) and iron concentration even at higher energy.
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5.8 Discussion

5.8.1 Practical limitations

This study was carried out due to the difficulty of a full live patient study comparing DECT and T2
relaxometry. It proved difficult to get ethical approval and recruit volunteers for the study for this
PhD, and so a cadaver study was proposed instead. It was hoped that this would be a reasonable
compromise and that equivalent data would be brought forward. The difficulties with frozen and
decaying tissue were known, however it was not expected that they would be so profound and have
such an impact on the data. Cohort 2, as shown in figures 5.8a-h, produced images that were entirely
unsuitable for analysis on DECT due to large amounts of damage and putrefactive gas. Cohort 1,

although better, still suffered from some major issues, which made data analysis difficult, as shown in
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figure 6.7. Despite these setbacks, this novel study into whether or not DECT can be used as a
neurological quantitative analytical technique for iron detection still produced some interesting
results, which may aid future experimental design, however no quantitative use of DECT has been

proven in neurological tissue.

5.8.2 Accurate iron determination

As with the phantom studies, ICP-MS could be used to analyse dissected brain tissue regions and
accurately determine iron content. Ethical and biosafety approvals were not available for this aspect of
the study to take place and so this was not possible, however, a previous researcher in the group (Dr
Mary Finnegan) did follow this protocol for her PhD looking at comparison of brain regions on high
field 9.4T MRI. Figure 5.8.3.1 is reproduced from her PhD thesis, showing how the segmentation was
mapped using MR imaging and then the samples underwent ICP-MS for accurate concentration
determination. If approval had been granted this would have been the ideal approach, however in lieu

of this, the MR technique of determining iron concentration was instead used.

This technique itself also has limitations which are specific to the cadaver environment. Temperature
was not possible to control in the clinical environment, however it should be measured in the future —
both the ambient temperature, and if another cadaver study would be done, the tissue temperature of

the cadavers.
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nucleus
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Figure 5.8.3.1: Reproduced from Dr Mary Finnegan’s PhD thesis, a former group member, showing how the segmentation

was mapped using MR imaging and then the samples underwent ICP-MS for accurate concentration determination.

5.8.3 Additional sources of error

Another consideration in the clinical setting is additional error sources and quantifying these.
Individual, additional studies would need to be done to determine the error associated with

temperature variation within the tissue as it changed from freezing to room temperature over the
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course of the study. Further, it would be ideal if the matrix effects of the surrounding tissue and fluid

could be quantified.

Free radical formation is posited in the neurodegenerative disease pathway (George Bartzokis et al.,
2004; Carocci et al., 2018; Chauhan & Chauhan, 2006), however this may also then have an effect on
MR signal due to their paramagnetism. Ahn et al (Ahn et al., 2019) used MRI to measure free radical
production in an in-vivo mouse study. A technigue that determines the degree of free radical
production could be used to understand the impact of this disease pathway on the MR signal, and

could be accounted for alongside any increased iron concentration.

5.9 Conclusions

DECT was unable to correlate with R2 values obtained from T2 relaxometry in human cadaveric

heads at 5% confidence level.

These results form a novel set of experimental data, which have never been attempted before. It was
not possible to draw statistically significant conclusions from data acquired, however further

experimental design can be heavily influenced from this novel research.

One key limiting factor was the gas build-up found in the post-mortem tissue. While some of this
effect was dealt with by thresholding (i.e., pixels that contain only gas, which would present with very
negative CT numbers, can be manually excluded from analysis by image post-processing), it is not
clear what effect gas can have on the tissue that remains above the threshold. For instance, if a given
region produces a CT number of 100, it is not clear what if any effect the nearby or potentially present

gas has on that measurement.

5.9.1 Other literature

Investigations into quantitative DECT continue to be studied in the literature, though there has not
been any step towards detection neurologically relevant iron concentrations, or in studying

neurological tissue. A 2021 study (Toia et al., 2021) into the lower limits of detection of trace metals
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Iron, Copper and Zinc using DECT identified that iron could be detected at concentrations as low as
220ug/mL, while brain iron is frequently found at concentrations of 100-300ug/g (Barbosa et al.,
2015; B. Hallgren & Sourander, 1958). Toia et al used medium and large torso-shaped aqueous
phantoms in their study, and a comparison of FBP and ASIR was also used. This is shown in figure

50.11

1.2 FBP ASiR-V

Minimal Detectable Concentration
(mg/mL)
o
i

' 9mGy '17mGy ' 2amGy ' 177mGy ' 24 mGy
Medium Phantom Large Phantom

Figure 5.9.1.1 ASIR was able to lower the detection limit to 220xg/g. DECT was used and averaging was used on 80keV and

140keV images to get final figures. Figure reproduced from (Toia et al., 2021)

While this study was targeted at developing quantitative DECT for use in abdominal scans, in
particular for quantifying iron concentration in liver iron overload, this does indicate that there may
still be limited scope for iron concentration detection in neurological tissue, given that typical iron
concentration (especially in neurodegenerative disease in patients with advanced age) is above
220ug/g. However, this was the limit of detection for one protocol specifically, and error shown for
the minimum detectable concentration in this paper indicate that this value could be as high as
600ug/g. If the results from this chapter are to be taken forward and linked to literature such as Toia et
al, it is important that the side-effects of cadaveric tissue are not present, as detection is severely
limited by tissue quality. A trial in living tissue would be more appropriate, whether in animal studies

or human trials with living participants.
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5.10 Further work

One of the key limitations to this study was lack of full access to the human tissue. That is, other than
the designated scanning time (which took place on one evening, 5" September 2018), there was no
further access possible to the cadaveric heads to allow for dissection and elemental analysis using
ICP-MS to determine true iron content in the brain regions studied. If this were possible this would
have added very valuable information to the study as the error associated with the MR measurement
would be mitigated, and instead CT Number could be compared directly with ICP-MS -measured iron

content.

Some additional issues to overcome include tissue preservation. It was difficult to measure the brain
regions of interest from the frozen human brain tissue, as already discussed due to build-up of gas and
deformity of brain regions. An animal study would avoid this issue, €.g., using Micro CT to image
rodents, which would also be more practical in allowing for ICP-MS determination of concentration
post-mortem. High field MR Microscopy could be used to corroborate the iron detection, and this

protocol could be developed further for clinical use.

Another potential avenue is contrast agents. It was not practical in this study to use contrast agents

(due to working with cadavers) however this could be achieved with an animal study.

Scope for work with post-mortem human tissue more optimally preserved for analysis but numbers of
cases will always be limited, and there are biosafety challenges and ethical approvals required to

continue/expand this line of work.

Development of registration strategies to improve data correlation between information obtained on
different platforms and with different spatial registrations would also be a great benefit, including

auto-segmentation methods.

Another area of research is to apply alternative methods of iron measurement. In work subsequent to
this thesis, PhD student Jierong Luo in the Trace Metals in Medicine Laboratory (supervised by Prof

Collingwood) established a Quantitative Susceptibility Mapping (QSM) protocol on a 9.4T
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(microscopy) and 3T (clinical) scanners so that in future QSM measurement of tissue susceptibility
can be performed, which has been shown to give robust indications of tissue iron concentration in

most regions of the brain.

Finally, there is scope to expand elemental analysis. Looking at DECT for other elements, e.g.,

Calcium is a potential avenue for analytical studies.
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5.11 Individual contribution

All of the work in this chapter is my own. | was responsible, with support from my two supervisors,
for writing the experiment brief, applying for BSREC ethical approval, for liaising with the hospital
and for scanning the human cadaver heads at UHCW. All data analysis, image segmentation,

thresholding was done by myself.
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Chapter 6 - Conclusions and Future Work

6.1 Summary

This work provides the first attempt at quantitative DECT in human cadaveric neurological tissue.
Relationship between iron concentration and CT Number determined from monochromatic

reconstruction images from DECT was not possible to establish.

Chapter 3 outlined the results of a patient study using T2 relaxometry to attempt to correlate iron
concentration in Globus Pallidus, Substantia Nigra, Red Nucleus, and Putamen brain regions with the
presence of chemo brain symptoms. The study was unable to provide evidence of statistically

significantly increased levels of iron in the brain regions of the CICI patients.

There were a number of assumptions in the study, which could be challenged with further work. First,
the assumption that each participant had a normal level of brain iron before ChemoBrain symptoms.
There is no way to know that this is true for our particular study. To be sure of this, a longitudinal
study would be needed where a cohort of people that are undergoing chemotherapy have an MRI scan
and their brain iron accurately measured. For those who proceed to get ChemoBrain, they can be
recalled for further study at regular intervals, and those that do not can be used as controls. The
investigator would then be able to compare the increase in iron concentration between the group that
developed ChemoBrain and the group that did not and identify any significant differences between

them.

In addition, it is not evident that the MRI method used was the best possible way to obtain iron
concentration values non-invasively. One example is Quantitative Susceptibility Mapping (QSM).
Santin et al found in their 2017 paper that QSM is a technique that is capable of identifying
Parkinson’s Disease, and that it can replace R2* mapping for iron quantification (Santin et al., 2017).
QSM has been shown to allow discrimination between tissues with different susceptibilities including
iron, microbleeds and calcification (Santin et al., 2017). Furthermore, Barbosa et al. found that QSM
was more sensitive to iron concentration changes in the human brain than R2 or R2* mapping

(Barbosa et al., 2015). A future study should aim to employ the state of the art in non-invasive
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guantitative iron concentration determination. Alternatively, if a post-mortem study would be used,
accurate iron concentration could be determined with ICP-MS which would enable the production of

a calibration curve that can be used with clinical patients.

In 2021, Bernstein et al (Bernstein et al., 2021) published an fMRI (functional MRI) meta-analysis,
proposing that lower activations of brain regions which were observed in fMRI scans of CICI patients
reflect a dysfunction either in mobility or attention span, and that this is attributed to depletion of

neurons.

A longitudinal study of the effect of CICI on brain iron would be required to determine whether there
is a measurable effect of either cancer or chemotherapy on brain iron concentration in

neurodegenerative-disease-relevant brain regions.

Chapter 4 outlined the DECT process and how it was built up from application to phantoms, use of
monochromatic reconstructions in identifying the key energy level that would yield the maximum
sensitivity to iron (i.e., the minimum available, 40keV), and finally applying it to low concentration

phantoms in neurologically relevant concentration ranges.

A key part of the CT process is the image reconstruction. As outlined in Chapter 2, standard practice
is to use filtered back projection to produce CT images, however newer methods are becoming
feasible as more computing power allows us access to previously impossible techniques, such as

iterative reconstruction.

The GE scanner used in this thesis has the capability for Adaptive Statistical Iterative Reconstruction
(ASIR) built in, and CT images were reconstructed using both the standard and ASIR methods. Some
of the initial preparatory and investigative work was done as part of this PhD and are detailed in

Section 4.4.

Results from this chapter indicated that DECT lacked the specificity required to detect iron at
neurologically relevant iron concentration levels due to large amounts of image noise, even in
aqueous phantoms. Additional image acquisition techniques could be considered to reduce noise, such

as multi-image acquisition. Averaging signals from multiple readings increase the signal to noise
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ratio, SNR. SNR ratio grows as a function of the square root of n, where n is the number of repeated
measures. Scanning time at the University Hospital was always a limiting factor in the studies
presented in this thesis and so multiple acquisitions were not possible, but this would be a good study
to attempt to reduce image noise and investigate whether this detection limit could be approached

using neurological tissue.

Additional phantom studies could be used to further develop the techniques.

Work has been done with phantom studies replicating human torso, heart, or liver tissue, for example
by Tsai et al (Tsai et al., 2014). Further development of phantom work should investigate varying the
levels of ASIR used in this study. While 50% proved to be better than not using ASIR at all, it was not
studied how this effect changes as a higher percentage is used. With a full understanding of the level
of ASIR that produces the lowest noise while contributing the highest quantitative power, phantom

studies can be optimised for lower detection limits of iron.

Chapter 5 applied the developed DECT technique, along with 40keV monochromatic reconstruction
analysis, to human cadaveric heads. This novel study into a part of anatomy previously unconsidered
for DECT vyielded a negative result; it was not evident that the technique could quantify iron
concentration in brain regions studied. A number of complexities in the experimental design were

present.

Firstly, the cadaveric heads were not as suitable for analysis as initially thought. Significant damage
and putrefactive gas build-up prevented accurate analysis of images, which may have contributed to
the lack of correlation seen between MRI and DECT data. If no accurate MRI determination of iron
concentration could be found, then there is no ability to use this as a reference value to determine the
relationship between CT Number and concentration. The proposed human trial using clinical
participants would avoid this issue — and this is the recommendation for advancing the technique
further. It would still be a worthwhile exercise to carry this study forward and attempt the same

analysis outlined in chapter 5 on live patient data for a conclusive result.
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This thesis has employed both established and novel analytical techniques to human brain iron
guantification. The results of the cadaver study (Chapter 5) will need further investigation to establish
whether it is the technique’s sensitivity to neurological tissue that has prevented a significant
relationship between DECT and T2 Relaxation from being found, or if the post-mortem tissue decay
and decomposition that confounded the results. DECT was used for the first time to attempt to
establish a linear relationship at neurologically relevant concentration levels of iron in phantoms

(chapter 4).

At present, using the DECT technique in the human brain is limited by the inability to accurately
isolate regions of interest using only a CT scan. Image quality is too poor for even experienced
radiologists to confidently ascertain which regions are which without using a side-by-side MRI scan.
Further, even with the MR image data available for accurate location mapping on the CT images, it
was shown that the CT numbers obtained do not correlate with the iron concentrations found using

those same MRI scans.

In 2021, Peng et al (Peng et al., 2021) published another animal study which illustrates the capability
for DECT to establish liver iron concentration, again at much higher concentration than is present in

human neurological tissue.

6.2 Future work experimental designs

A priority for future work would be to develop the DECT technique to the point of being able to test it
on living patients, avoiding the issues with putrefactive gas build-up in cadavers. Additional phantom
studies, which mimic neurological tissue more closely, would also be useful in this regard and would
provide further clarity and understanding of precisely what the difficulties are when imaging brain

tissue.

The issue of region-of-interest localisation is also a difficulty. A potentially useful combination may
be some sort of combined high-detail scout image, using MR or another imaging technique, and

subsequently running a DECT scan. This would require significantly different hardware to anything
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that is available on the market at the moment but would circumvent the issue of the difficulty of

getting high resolution CT images of the brain.

Another interesting avenue is the more recent advancement of machine learning and specifically deep
learning for automatic image registration. This thesis used radiologist-guided and brain-atlas-guided
manual segmentation to find areas of interest within images, whereas a deep learning algorithm could
be trained to recognise shapes, features and patterns to reliably locate brain features automatically and
with a high degree of accuracy. This has already become an area of active research (Gibson et al.,
2018; Zaharchuk et al., 2018), and there is evidence to suggest that this will become a key area of

focus in segmentation and therefore in accurate quantitative medical imaging.

A natural progression of the technique to avoid the issue of low detection limit is to first develop and
extend the field in the area of liver iron overload. Many of the same complexities with human body
matrix effects are present, but the increased iron concentration would allow accurate determination of
the best energies, parameters and scan settings to use to maximise iron signal. Extending the study
design, whether through animal studies or use of tissue-like phantoms, could then ensure that as
neurological iron levels are approached, the technique itself is repeatable, consistent and reliable. At
present, there are too many confounding effects at play to develop the brain-iron technique in

isolation.

In 2021, Gassenmaier et al (Gassenmaier et al., 2021) produced a paper comparing DECT with multi-

echo MRI in quantifying liver fat concentration in 11 patients.

This is the avenue that this research should take going forward — to establish optimal clinical settings
and parameters for the accurate determination of liver iron overload, before any work can be extended

to lower and lower concentration regions found in the brain.

While a DECT-based quantitative iron scanning protocol, valid at neurologically relevant iron
concentrations, would be of huge diagnostic benefit, the results in this thesis provide evidence that it

is unlikely to be achievable with the current state of the art. Therefore, alternative research avenues
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should be explored first to develop the techniques as far as possible, before scaling down to

neurologically relevant iron concentration ranges is considered.
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Appendices

Appendix 1

NHS

Health Research Authority

Professor Annie Young

Professor of Nursing Email: hra.approvas@nhs. net
University of Warwick

Coventry

Cv4 7AL

22 June 2016

Dear Professor Young

Letter of HRA Approval

Study title: A pre-pilot exploration to develop interventions for a
randomised controlled trial in chemobrain

IRAS project ID: 148558

REC reference: 16/WM/0173

Sponsor University of Warwick

| am pleased to confirm that HRA Approval has been given for the above referenced study, on the
basis described in the application form, protocol, supporting documentation and any clarifications
noted in this letter.

Participation of NHS Organisations in England
The sponsor should now provide a copy of this letter to all participating NHS organisations in England.

Appendix B provides important information for sponsors and participating NHS organisations in
England for arranging and confirming capacity and capability. Please read Appendix B carefully, in
particular the following sections:

* Participating NHS organisations in England — this dlarifies the types of participating
organisations in the study and whether or not all organisations will be undertaking the same
activities

« Confirmation of capacity and capability - this confirms whether or not each type of participating
NHS organisation in England is expected to give formal confirmation of capacity and capability.
Where formal confirmation is not expecled, the section also provides details on the time limit
given to participating organisations 1o opt out of the study, or request additional time, before
their participation is assumed.

* Allocation of responsibilities and rights are agreed and documented (4.1 of HRA assessment
criteria) - this provides detail on the form of agreement to be used in the study to confirm
capacity and capability, where applicable.

Further information on funding, HR processes, and compliance with HRA criteria and standards is also
provided.
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It ks critical that you invohse both the research management function (e.g. R&D office) supporting each
organisation and the local research team (where there is one) in setting up your study. Contact detalls
and further information about working with the research management function for each organisation
can be accessed from www. hra.nhs uk'hra-approval.

Appendices
The HRA Approval letler containg the following appendices:

+ A — List of documents reviewed during HRA assessment
& B - Summary of HRA assessment

After HRA Approval
The document “After Ethlcal Review — guwidance for sponsors and investigators', issued with your REC
favaurable apinion, gives detalled guidance on reporting expectations for studies, including:

= Registration of ressarch

= MNotifying amendments

= Motifying the end of the study

The HRA website also provides guldance on these topics, and is updated in the light of changes in
reparting expectations or procedures.

In addition to the guidance in the above, plrase note the following:
«  HRA Approval apples for the duration of your REC favourable opinion, unbess othensise
notified in writing by the HRA
= Substaniial amendments should be submitted directly to the Research Ethics Committes, as

detailed in the Afer Ethical Review document. Non-substantial amendrments should be
submitted for review by the HRA using the form provided on the HEA website, and emalled 1o

hra.amendmentsEnhs. mel
=  The HRA will categorise amendments (substantial and non-substantial) and Esue confirmation

of continuad HRA Approval. Further detalls can be found on the HEA website.

Scopa
HRA Approval provides an approval for research involving patients or staff in NHS organisations in
England.

If yaur study involves NHS organisations in other countries in the UK, please contact the relevant
national coordinating functions for support and advice. Further information can be found at

hitp-\fwww. hra. nhs.uk/resources/applving-for-reviews/nhs-hsc-rd-review’.

If there are participating non-NHS organisations, local agreement should be obtained in accordance
with the procedures of the local panicipating non-NHS arganisation.
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User Feedback

The Health Research Authority is continually striving to provide a high quality service to all applicants
and sponsors. You are invited to give your view of the service you have received and the application
procedure. If you wish to make your views known please email the HRA at hra.a val@nhs.net.
Additionally, one of our staff would be happy to call and discuss your experience of HRA Approval.

HRA Training

We are pleased to welcome researchers and research management staff at our training days — see
detalls at http//www.hra.nhs.uk/hra-training/

Your IRAS project ID is 148558. Please quote this on all correspondence.
Yours sincerely

Nicola Gilzeane
Assessor

Email: hra.approval@nhs.net

Copy to:

Mrs Jane Prewett, University of Warwick. Sponsor Contact
wmssponsorship@warwick.ac uk

Ms Cerl Jones, University Hospitals Coventry & Warwickshire NHS Trust, Lead NHS R&D Contact
cert. uhcw.nhs. uk
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Appendix A - List of Documents
The final document set assessed and approved by HRA Approval is listed balow.

Document Version Diate
Cowering letter on headed paper

Evidence of Sponsor insurance or indemnity (non NHS Sponsors 30 July 2015
anby) [Liability and Clinical Trials Warwick)
GPiconsultant information heeats or letters [Pre-CB GP Information |2.0 04 May 2016
Letter - Patianis]
GFYconsultant information sheets or letters [Pre-CB GP Information (2.0 0 Bay 2016
letter - supporters)

Interview schedules or topic guides for participants [Pre-CB 10 03 February 2016
Interview topic guide]

Interview schedules or topic guides for participants [Pre-CB MAAT (1.0 3 February 2016
Obsenation Guide]

Interview schedules or topic guides for participants [Pre-CB 1.0 03 February 2016
Supporters Workshop Topic Guide]

Interview schedules or topic guides for participants [MAAT survivor
wiarkbook]

IRAS Application Form [IRAS Form_23032016] 23 March 2016
Letter from sponsor [Letter Confirming Sponsorship) 10 03 February 2016
Other [Site Agreement Warsick University]
Other [Delegation Log] 12 April 2016
Oithver [Study Task Key] 12 April 2016
Other [Schedule of Events) 2 15 May 2016
Citheer [Statement of Activities) 1.0 20 April 2016
(Other [Motification of Mon-substantial Amendmeant] 21 June 2016
Participant consent form [Pre-Cb Patient Consent Form w2.0 04- 2.0 0ad May 2016
May-2016]

Participant consent form [Pre-CB Supporter Consent Form] 2.0 0ud May 2016
Participant information sheet (PIS) [Pre-CB Supporter Information |20 04 May 2016
sheet)

Participant information sheet (PIS) [Pre-CB Patient Information 2.0 a4 May 2016
Shaet)

Research protocol or project proposal [Pre-CB Probocol) 2.0 04 May 2016
Surmmary CV for Chief Investigator (Cl) [Pre-CB Cl Annie ¥oung 30 Janwary 2016
C\]
‘Validated questionnaire [BIPO assesement]
‘Validated questionnaire [FACT-Cog outcome measura)
Validated questionnaire [Minimental Digit Span Assessment)
‘Validated questionnaire [Ministroop]
‘Validated gquestionnaire [PASAT manual]
‘Validated questionnaire [Riasch Self Efficacy Assesamant]
‘Walidated gquestionnaire [Waork Limitations Ouestionnaire]
‘Validated questionnaire [Trail Making Test questionnaing)
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IRAS project ID | 148558

This appendix provides assurance 1o you, the sponsor and the NHS in England that the study, as
reviewed for HRA Approval, is compliant with relevant standards. It also provides information and
clarification, where appropriate, to parlicipating NHS organisations in England to assist in assessing
and arranging capacity and capability.

For information on how the sponsor should be working with participating NHS organisations in

The following person s the sponsor contact for the purpese of addressing participating organisation
questions relating to the siudy:

Jane Prewett (024 765 22746, wmssponsorshipiffwanwick ac. uk)

HRA assessment criteria

Section | HRA Assessment Criteria | Compliant with Commants
Standards
1.1 IRAS application completad Yeas There are no sites listed In Part C of the

correctly

IRAS application, the applicant has
confirmed University Hospitals Covenlry
and Warackshire NHS Trust as a site.

21 Participant information/consent | Yes A non-substantial amendment was
documents and consant submitied following REC approval to
process update the Supporter Information Sheet

to brireg it in line with HRA standards.
an Prolocol assessmaent Yas Ma commants

4.1 Allocation of respansibiities Yas The applicant has confirmed that they
and rights are agreed and have chosen o use her own sila
documeantad agreament 1o act as agreament of an

NHS organisalion to participate.

4.2 Insuranceindemnity Yes Where applicable, independent

arrangemants assessed

contractors (e.g. General Practitioners)
should ensure thal the professional
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Section | HRA Assessment Criteria | Compliant with Commaents
Standards
indamnity provided by their medical
defence organisation covers tha
activities expectad of them for this
research study
43 Financlal arrangements Yes The applicant has confirmed in the site
assassed agreament provided that funding will be
provided to sites for MBI scans
51 Compliance with the Dala Yes Mo comments
Protection Act and data
SECUNTY 1IS5U8S assestid
52 CTIMPS — Arrangements for Not Applicable | Mo comments
comphiance with the Clnical
Trials Regulations assessed
53 Compliance with any Yes Mo comments
applicable laws or regulations
6.1 MHS Research Ethics Yes Mo commeants
Committes favourable opinion
received for applicable studies
6.2 CTIMPS — Clinkzal Trials Not Applicable | Mo comments
Authorisation (CTA) letter
racaiad
6.3 Devices — MHRA notice of na | Not Applicable | Mo commenis
objection receied
6.4 Other regulatory approvals Mot Applicable | Mo comments

and authorisations recahsed
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Participating MHS Organisations in England

This provides defail on the fypes of participating NHS organizations in the study and & statement 25 fo whether
the achivities at all organisations are the same or different.

There is only ane site type for this study as all parlicipating NHS organisations will be undertaking the
same activily.

The Chief Investigator o sponsor should share relevant study documents with participating NHS
arganisations in England in order to put arrangements in place to deliver the study. The documents
should be sent to both the local study team, where applicable, and the office providing the research
management function at the participating organisation. For NIHR CRN Portfolio studies, the Local
LCRMN contact should also be copied into this correspondence. For further guidance on working with
participating NHS organisations please see the HRA website,

If chiaf investigators, sponsors or principal investigators are asked to complete site level forms for
participating NHS organisations in England which are not provided in IRAS or on the HRA website,

the chiel investigalor, sponsor o principal investigator should nolify the HRA immediately at
hra.approval@nhs.net. The HRA will work with these organisalions to achleve a consistent approach

ta information provision.

Confirmation of Capacity and Capability

Thizs adescribes whether formal confirmation of capacily and capabiliy is expected from participating NHS
arganisafions in Englamad

Participating NHS organisations in England will be expected to formally confirm their capacity
and capability to host this research.

+ Following lssue of this letter, participating NHS organisations in England may now confirm to
the sponsor thelr capacity and capability to host this research, when ready to do so0. How
capacity and capacity will be confirmed is detailed in the Allocafion of responsibilities and
rights are agreed and documentad (4.1 of HRA assessment critena) seclion of this appendix.

+  The Assessing. Arranging, and Confirming document on the HRA website provides further
information for the sponsor and NHS organisalions on assessing, arranging and confirming
capacity and capability.

Principal Investigator Suitability

This confirms whether the sponsor posifion on whether a P, LC or nether showd be in place is comrect for each
fype of participating NHS organization in Englsnd and the minimum expectations for education, fraiming and
experience that Pis should meet (where spplicable).

A Principal Investigator will be required at siles. The applicant has confirmed that a Pl has been
identified at University Hospital Coventry and Warwickshire NHS Trust

GCP training is not a generic raining expectation, in line with the HRA stalerment on iraining
axpaciations.
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HR Good Practice Resource Pack Expectations

This confirms the HR Good Practice Resource Pack expectations for the study and the pre-engagement checks
thaf should and show'd not be undarfaken

Where external research stafl access sites and contractual arrangemaents are nol already in place,
letters of access will be required. Where letters of access are required sites are 1o confirm the
necessary Occupational Health and DES checks are in placs.

Other Information to Aid Study Set-up

This details any other information that may be helpfil to sponsors and participating MHS organizations in
England fo aid study sed-up.

The applicant has indicated that they do not infend to apply for inclusion on the NIHR CRN Portfolic.
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Appendix 2

\ A
WARWICK

THE UNIVERSITY OF WARWICK

BIOMEDICAL & SCIENTIFIC RESEARCH ETHICS

COMMITTEE (BSREC)

STUDY PROTOCOL

Can spectral CT quantify brain iron concentration in cadaveric brains?

Ziedo Solomon, Dr Joanna F Collingwood and Dr Sarah C Wayte

Lay Summary

The concentration of iron in various regions of the human brain has been demonstrated to increase

with age, in particular for those suffering from Alzheimer’s and Parkinson’s disease(Bo Hallgren &
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Sourander, 1960b). Non-invasive measurement of brain iron is typically carried out using an MRI
scan, however a number of drawbacks exist which can make this option unsuitable. As ageing is a key
risk factor, the presence of metal implants is more likely, preventing MRI scans. Furthermore, patients
must lie still for around 30 minutes for the MRI scan to complete, which can be difficult for someone

suffering from a neurodegenerative disease.

The development of Dual Energy CT (DECT) (also known as Spectral Imaging), which works by
acquiring CT images using two different X-Ray energies, allows specific elemental analysis by
comparing the attenuation at each energy level rather than just one. The aim of this research is to
assess if Spectral CT can quantify brain iron concentrations with the same accuracy as MRI on up to
ten cadaveric heads. The benefits would be that a patient unable to have an MRI scan due to metal
implants would not be prevented from having a DECT scan, and importantly these DECT scans take

just a few seconds.

Background

MRI techniques have been validated as a means of quantifying iron concentration in the human brain,
which have been shown to increase with age, as well as with Alzheimer’s and Parkinson’s disease(G
Bartzokis et al., 1994, 2000; George Bartzokis et al., 1999; Zecca et al., 2004). Relatively recently
Spectral CT(E.-S. Ibrahim & Bowman, 2014) was demonstrated in vitro as a method of quantifying
iron concentrations at the levels found in diseased hearts and livers(Petersilka et al., 2008). However,
to our knowledge, spectral CT has not been shown before as a method for quantitative iron

concentration analysis at the low levels found in the human brain.

Research carried out at University Hospitals Coventry and Warwickshire NHS Trust (UHCW) with
test tubes containing various concentrations of ferritin and Iron (111) Chloride have shown that it may

be possible to quantify human brain concentration levels of iron using spectral CT.

Aims/Objectives

254



In this study, the cadaveric heads would be scanned both using DECT and MRI, obtaining Spectral
CT data and quantitative MRI data. The subsequent analysis will show if the DECT data agrees with

the gold standard MRI technique.
Methodology

Study population and design

Up to ten cadaveric heads, with the majority aged fifty years or over will be scanned using Spectral

CT and quantitative MRI scanning.

In 2014, Collingwood et al.(J. Collingwood et al., 2014) investigated the relationship between iron
concentration in the human brain and MRI parameters including Rz and R2*. In this study, 10 healthy
male volunteers aged <40 years were used to produce data that confirmed an excellent linear
correlation between R and iron concentration at on a 3 Tesla clinical MRI scanner, with correlation
coefficient r2 = 0.98 and p<0.001. The method in this study constitutes the Gold Standard technique
against which our new DECT technique will be measured and compared. For this reason, a sample

size of 10 is both necessary and sufficient for this investigation.

Furthermore, Figure 1 shows that brain iron concentration increases rapidly in younger people, with a
plateauing effect as one gets older. That is to say that in our study, where we hope to obtain cadavers
aged 50+, we can expect even less inter-participant brain iron concentration variability than the

previous 2014 Collingwood et al study, where the 10 participants were aged 21-68.
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Figure 3: Brain iron in the Globus Pallidus as reported by Hallgren and Sourander (B. Hallgren & Sourander, 1958). The

three filled circles (outliers) are cases where the patient had severe intestinal haemorrhage.

Inclusion/Exclusion criteria are as follows:

o Include Cadavers where the donor was age 50+ at time of death in order to be certain that
enough natural iron accumulation will have occurred over the donor’s lifetime to provide a
measurable effect with the two techniques.

e Exclude cadavers containing metal (clips, implant, etc) due to imaging artifacts that will
occur on MRI.

o Exclude Cadavers with known head trauma or those which are likely to have suffered brain
haemorrhages, as the high iron concentrations in blood clots may confound the iron

concentration measurements.

The CT scanning is fast (2.0s rotation time), so could be performed on all ten heads in a single session
and can be obtained with the heads in their standard storage state, i.e., frozen. MRI however is more

time consuming, and the heads would need to be defrosted prior to scanning. Each head scan will take
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around 40 minutes on MRI, meaning it is expected that a maximum of three could be scanned in any

one session, and a number of MRI sessions would be required.

The handling of cadavers, cadaveric tissue and all related materials will be done only by Brain Burnett

(Manager of Surgical Training Centre at Warwick Medical School) or one of his team or other

members of staff at UHCW (radiographers and medical physicists).

Initial analysis on the resulting images and datasets from the CT and MRI scans will be done by PhD

student Ziedo Solomon in the School of Engineering, University of Warwick.

Data Analysis/Outcome Measures

The Spectral CT images will be analysed to measure attenuation in multiple brain regions.

The attenuation in Hounsfield units (HU) is measured, and in particular the attenuation due

specifically to iron can be identified using Spectral CT.

Iron concentration values obtained are then compared to the equivalent MRI measurement,
which is taken using T2 relaxation time and correlated to iron concentration using known

values.

By comparing the experimental Spectral CT iron concentration values to data obtained from
the more established MRI technique, it can be determined if the technique produces values that
form a predictable linear relationship between concentration and attenuation, using the MRI

data as our basis.

Specifically, data points are determined by taking the MRI and DECT image slices and
manually segmenting (drawing pixel-by-pixel regions around brain features) and using both
GE Gemstone Imaging software and the open-source ImageJ software to calculate mean pixel

value and standard deviation of pixel intensity. For the MRI images, relaxation time is
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determined using the “MRI Processor” ImageJ plugin. Alternatively, this can be done manually

using MATLAB.

Data will be plotted as scatter plots with axes representing MRI Calculated concentration
against DECT measured attenuation, and with linear regression (MATLAB) used establish the

existence of a linear relationship between the two, tested using a paired t-test.

Data will also be plotted as Bland-Altman plots to show the correlation of MRI and DECT

measured brain iron concentration.

Image analysis (ImageJ) carried out on the DECT and MRI slices will be used to determine
standard deviation of pixel value in each of the sets of images, allowing noise to be compared

between the two imaging modalities (MRI and DECT) with an ANOVA F-test.

This result, if confirmed, would support the validation of Spectral CT as an alternative fast iron
concentration measurement for diagnostic purposes, and can serve as a baseline pilot study for

a full clinical trial.

Ethical Considerations:

Informed Consent

The Anatomy and Surgical Training Centre based at University Hospitals Coventry and Warwickshire

is fully licensed (HTA licence 30019) to conduct research, surgical and medical education on human

tissue.

This study does not require NHS ethical approval.

For each donor, a tissue request form is submitted, detailing exact use of the donor. An example form
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is attached to this submission (Titled “Appendix 1 — Tissue Request Form™). In this case, the cadaveric

tissue allocated for this research work would include all details of GF0245

Participant Confidentiality and Data Security

Each cadaveric head will be allocated a unique project reference number by Dr. Sarah Wayte, who
will only be told the age, sex and neurological status of each cadaver, where the only neurological
information required is to confirm the absence of known conditions that may have led to extreme
localised or systemic iron accumulation (e.g., major head trauma or rare disorders such as
neuroferritinopathy). The project reference number will be used to obtain both the CT and MRI

imaging.

The images and associated analysis will also be retained in the Engineering Department at the
University of Warwick on Dr Collingwood's password-protected group server space for a maximum

of ten years to meet the University of Warwick research integrity standards.

The images will be stored on the Radiology Physics Department hard drive at UHCW for a maximum

of ten years after the study completion. This drive is stored in a locked filing cabinet.
Financing:
The PhD project that this research will contribute to is funded by the EPSRC through the Molecular

Analytical Sciences Centre for Doctoral Training (MAS CDT) at the University of Warwick.

CT and MRI scanner instrument time is provided as an in-kind contribution to the PhD through a
formal partnership between University Hospital Coventry and Warwickshire and MAS CDT. The

cadavers are also provided by UHCW.

Dissemination and Implementation:

The results will form part of Ziedo Solomon’s PhD thesis, which is focused on non-invasive
guantitative analysis of trace metals in the human brain. The intention is that these results will be

published in peer reviewed journals and presented at conferences.
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Appendix 3

My own brain scanned using 4 echo times. These images were analysed in order to determine whether
an accurate T2 measure could be made while skipping one of the echo times, in order to make the
experiment itself more feasible (each echo time requires a person to be still in the scanner for an

additional 6.5 minutes).

Appendix 4

Chemobrain study images, all slices and each echo time

All region segmentations
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Appendix 5

5.1 Patient A
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5.2 Patient B
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345



346



347



348



349



Appendix 6

University Hospitals

Coventry and Warwickshire

MHS Trust

Radiology Department: CT

CT Daily Quality Control Work Instructions

Scope

The daily testing of all CT scanners is required for each of the CT units at University Hospital

in Coventry & Hospital of St. Cross in Rugby

Responsibilities

Radiographer’s using the unit prior to the start of clinical use that day should carry out the
checks described in these instructions. If any of the results from the checks show that the unit
is not within tolerance, then it is the radiographer’s responsibility to take action and notify the

lead/senior radiographer in CT.

Instructions
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The CT daily checks should be recorded on the relevant CT Daily Checks form.

The first step is to record the date and initials of the operator who is carrying out the QC.
After the scanner has run up, the daily air calibration should be carried out and this step

recorded (the daily air cal. automatically includes the tube warm-up)

Position the GE QC holder and phantom on the CT couch. The phantom should be aligned
with the external laser lights in each direction (See Image A). Adjustments can be made

using the three directional handles on the holder.

When this has been completed, zero the phantom to the external lights and drive the table
into the gantry until the phantom is aligned with the internal lasers. At this point record the

S/I position of the table in the table accuracy column and then re-zero to internal laser.

Create a new patient on the scanner with patient ID “Test” and then select protocol 10.1
Daily QA. Follow the protocol; scout the phantom, checking the position of the proposed

scan is similar to Image B. When this is completed carry out the scan.

Now, the images from scan should be reviewed using the browser; firstly look at image 3, can
both long lines (see Image C) be seen? If this is not the case the phantom may need to be re-

aligned. Record the result of this test.
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At image 20, create an ROI that is centred in the phantom & has an approx. area of 7000mm?.
From the bottom left of the screen record the mA for that image and on the bottom right of

the screen record the mean CT number (m) and Standard deviation (SD) value.

Compare all the results to the remedial tolerances stated & indicate if the result is a pass or
fail. If any of the testing fails, then the overall result is a fail, you should notify the lead or a
senior CT Radiographer and then a decision should be made to contact Radiology physics

(27500/1).

Setting Baselines

As the testing of this unit is looking at the reproducibility of the CT scanner over a length of
time, the baselines are important in identifying that the scanner has a problem. Therefore, if
changes to the scanner are made new baselines may need to be set. The CT daily QC should
be carried out on three occasions and the average value for mA, mean CT number & Standard

deviation should be recorded and the tolerance box updated at the top of the QC form.

Troubleshooting — Steps to be taken to verify results prior to action.

¢ Repeat the measurement that has failed and double check the exposure factors.
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e Ensure the correct equipment is used and setup is as directed in this Work Instruction.

e If possible, ask a colleague to carry out the repeat measurements.

Daily QC protocol settings on GE CT scanners:

Protocol Name: Daily QC 10.1

Scout: 120kV, 10mA, Orientation = 90 scout range is S130 to 1100,

Scan: Axial, 120kV, SFoV = Head, 1s rotation, 8i x 2.5mm, Smart mA enabled, Noise index

=5, mA range is 10 to 500, ASIiR = 40% (dose reduction = 40%), scan range 15 to S52.5.

Image A: GE phantom alignment with lasers
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Image B: Scout of GE phantom
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Image C: Image of GE phantom to check positioning of the phantom
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University Hospitals

Coventry and Warwickshire
MHS Trust

Radiology Department: CT

CT Daily Quality Control Form

Unit Assessed ED CT ( GE Revolution EVO)

Tolerance Range
Factors to be assessed
Lower Limit Baseline Upper Limit
Image long lines are visible 1 2 3
mA +/- 5% 323 340 357
Mean HU +/- 5HU -4.0 1.0 6.0
SD +/- 10% 2.64 2.93 3.22
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Air Cal Table On which Record from Slice 20 Overall Action
Date 2. done? accuracy image are Result? required?
) mA Mean SD
¢ (YIN) (mm) long lines (Pass/Fail) (YIN)
HU

Performance Testing of Diagnostic X-ray Imaging Systems, IPEM 2005.

These checks follow the guidance provided by IPEM report 91: Recommended Standards for Routine
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Appendix 7

ROIs
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Appendix 8
ASIR study images
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Figure A8.1: 0, 100, .., 500ug/g phamtoms left to right.
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