
warwick.ac.uk/lib-publications  
 

 

 

 

 

 

A Thesis Submitted for the Degree of PhD at the University of Warwick 

 

Permanent WRAP URL: 

 

http://wrap.warwick.ac.uk/166785 

 

 

 

 
Copyright and reuse:                     

This thesis is made available online and is protected by original copyright.  

Please scroll down to view the document itself.  

Please refer to the repository record for this item for information to help you to cite it. 

Our policy information is available from the repository home page.  

 

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

Quantifying Iron in the Brain using Magnetic 

Resonance Imaging 

by 

Jierong Luo 

 

 

 

 

 

Submitted for the degree: 

Doctor of Philosophy in Engineering 

 

 

 

School of Engineering 

The University of Warwick 

Jan 2022 



 I 

Table of Contents 

Acknowledgements .................................................................................................. VII 

Declaration .............................................................................................................. VIII 

Publications ................................................................................................................ IX 

Abstract ....................................................................................................................... X 

List of Figures ........................................................................................................... XIII 

List of Tables .......................................................................................................... XVIII 

List of Abbreviations ................................................................................................. XX 

Chapter 1: Introduction .............................................................................................. 1 

1.1 Iron in the brain ................................................................................................ 4 

1.1.1 Brain iron storage and ferritin ................................................................... 4 

1.1.2 Brain iron homeostasis .............................................................................. 5 

1.1.3 Brain iron concentration ............................................................................ 6 

1.2 Alteration of brain iron level ............................................................................. 7 

1.2.1 Ageing ........................................................................................................ 7 

1.2.2 Pathological changes .................................................................................. 9 

1.3 Imaging brain iron using MRI .......................................................................... 12 

Chapter 2: MRI signals and pulse sequences ............................................................ 16 

2.1 MRI signal ........................................................................................................ 16 

2.1.1 Spin .......................................................................................................... 16 

2.1.2 Free precession and Larmor frequency ................................................... 17 

2.1.3 Thermal equilibrium and Boltzmann distribution .................................... 17 

2.1.4 Effect of RF pulses .................................................................................... 18 

2.1.5 Free induction decay (FID) and relaxation ............................................... 18 

2.1.6 MR signal detection ................................................................................. 19 

2.1.7 Spatial encoding, Fourier transform and image formation ...................... 20 



 II 

2.2 MR pulse sequence ......................................................................................... 21 

2.2.1 Spin echo .................................................................................................. 21 

2.2.2 Gradient Echo .......................................................................................... 28 

2.3 Magnetic susceptibility ................................................................................... 28 

2.3.1 Magnetisation mechanisms ..................................................................... 29 

2.3.2 Bulk susceptibility quantification using MRI ............................................ 31 

Chapter 3: Literature Review of quantitative MRI methods for measuring iron ...... 33 

3.1 R2, R2* relaxometry and R2’ ............................................................................. 33 

3.2 Field-dependent R2 increase ........................................................................... 35 

3.3 SWI and QSM .................................................................................................. 35 

3.4 Other phase-related MRI techniques .............................................................. 38 

Chapter 4: Research methodology for the quantitative MRI .................................... 39 

4.1 In vitro phantom MRI ...................................................................................... 39 

4.2 In vivo human brain MRI ................................................................................. 39 

4.2.1 Iron estimation for in vivo human brain MRI ........................................... 40 

4.2.2 Group comparison using in vivo human brain MRI .................................. 41 

4.3 MR imaging and reconstruction ...................................................................... 41 

4.4 Post-processing ............................................................................................... 42 

4.4.1 Quantitative MRI parametric mapping .................................................... 42 

4.4.2 QSM framework ....................................................................................... 43 

4.5 Image analysis ................................................................................................. 47 

Chapter 5: Effective transverse relaxation rate, derived from dual-contrast fast-spin-

echo (FSE) MRI, enables detection of hemisphere differences in iron level and 

function in Parkinson’s disease and healthy brain ................................................... 49 

5.1 Introduction .................................................................................................... 49 

5.2 Methods .......................................................................................................... 51 



 III 

5.2.1 PPMI subjects ........................................................................................... 51 

5.2.2 Retrospective MR data selection ............................................................. 52 

5.2.3 MR acquisition ......................................................................................... 52 

5.2.4 DaTScan acquisition and calculation of Striatal Binding Ratio (SBR) ........ 52 

5.2.5 Calculation of the effective transverse relaxation rate (effective R2) ...... 53 

5.2.6 Segmentation ........................................................................................... 54 

5.2.7 Estimation of the brain iron concentrations ............................................ 55 

5.2.8 Data processing and statistical analysis ................................................... 56 

5.3 Results ............................................................................................................. 58 

5.3.1 Subject information ................................................................................. 58 

5.3.2 Effective R2 in various brain regions at baseline ...................................... 59 

5.3.3 Correlation of the effective R2 with estimated iron concentration in the 

brain .................................................................................................................. 60 

5.3.4 Comparison of median effective R2 values between groups ................... 64 

5.3.5 Relationship between the effective R2 and SBR in the putamen and 

caudate ............................................................................................................. 67 

5.3.6 Longitudinal changes of the effective R2 in various brain regions ........... 72 

5.4 Discussion ....................................................................................................... 80 

5.4.1 Effective R2 is linearly proportional to the iron level across investigated 

brain regions, can be used as an alternative to conventional R2 ...................... 80 

5.4.2 Effective R2 can reveal the asymmetrical disease manifestation in PD 

brain hemispheres ............................................................................................ 82 

5.4.3 Putaminal effective R2 in PD corresponds to the local DaT dysfunction 

severity at early stage of PD ............................................................................. 85 

5.4.4 Effective R2 measurement of individual brain region is limited in 

distinguishing HC and PD .................................................................................. 85 



 IV 

5.4.5 Longitudinal change of effective R2 is overall consistent with the age-

dependent non-haemin iron accumulation in HC, but associated with 

pathological iron alternation and microstructural changes in PD .................... 87 

5.5 Conclusions ..................................................................................................... 89 

5.6 Acknowledgements ......................................................................................... 90 

Chapter 6: Evaluation of QSM contrast and quantitative measurement of iron in 

phantoms and human brains on 3.0 T MRI: comparison with transverse relaxation.

 .................................................................................................................................. 91 

6.1 Introduction .................................................................................................... 91 

6.2 Methods .......................................................................................................... 93 

6.2.1 MR phantom ............................................................................................ 93 

6.2.2 Healthy volunteers ................................................................................... 94 

6.2.3 MR acquisition ......................................................................................... 95 

6.2.4 Image processing and analysis ................................................................. 97 

6.2.5 Data analysis .......................................................................................... 101 

6.3 Results ........................................................................................................... 103 

6.3.1 Susceptibility contrast in phantoms and human brains ......................... 103 

6.3.2 Anatomical contrast of deep grey matter in proton density-, T2-weighted 

images and QSM ............................................................................................. 104 

6.3.3 Correlation of the susceptibility with the Fe3+ concentration in phantoms

 ........................................................................................................................ 113 

6.3.4 Correlation of the susceptibility with the prior-published iron 

concentration in healthy brains ...................................................................... 116 

6.3.5 Comparison of different quantitative MRI measures of brain iron ....... 120 

6.3.6 Reproducibility of quantitative susceptibility mapping ......................... 131 

6.4 Discussion ..................................................................................................... 132 

6.4.1 QSM can enhance iron-induced anatomical contrast ............................ 132 



 V 

6.4.2 QSM can faithfully measure the ferric iron concentration in agarose gel 

phantoms, with the linear correlation ............................................................ 133 

6.4.3 In vivo brain susceptibility was linearly correlated with the putative iron 

concentration, and with the transverse relaxation rates (R2*, R2, effective R2), 

but variations existed ...................................................................................... 134 

6.4.4 Potential variation in in vivo quantitative MRI correlations may be 

reduced by using the putative iron concentration in healthy brains with age 

adjustment ...................................................................................................... 137 

6.4.5 Reproducibility of the susceptibility varies among subcortical nuclei ... 138 

6.5 Conclusions ................................................................................................... 139 

Chapter 7: Transverse relaxation rate R2* and quantitative susceptibility mapping 

(QSM) of Aβ(1-42) and ferritin-bound iron in MR phantoms for 9.4 T preclinical MRI

 ................................................................................................................................ 141 

7.1 Introduction .................................................................................................. 141 

7.2 Method ......................................................................................................... 143 

7.2.1 Construction of the Aβ(1-42) + ferritin-bound iron and control phantoms

 ........................................................................................................................ 143 

7.2.2 Preparation for imaging the phantom in 9.4 T preclinical MRI system .. 146 

7.2.3 Hardware set up for 9.4 T preclinical MRI ............................................. 147 

7.2.4 MR acquisition ....................................................................................... 149 

7.2.5 Image processing ................................................................................... 151 

7.2.6 Data analysis .......................................................................................... 160 

7.3 Results ........................................................................................................... 161 

7.3.1 Assessment of QSM implementation for 9.4 T preclinical MRI ............. 161 

7.3.2 Quantitative R2* and susceptibility of the Aβ(1-42) and ferritin-bound iron

 ........................................................................................................................ 172 

7.3.3 Relationship between pixel-wise R2* and susceptibility in different 

phantoms ........................................................................................................ 181 



 VI 

7.3.4 Correlation of R2* with the ferritin-bound iron level ............................. 185 

7.3.5 Correlation of the susceptibility with the ferritin-bound iron level ....... 187 

7.4 Discussion ..................................................................................................... 189 

7.4.1 QSM of Aβ(1-42) and ferritin-bound iron with 9.4 T small-animal MRI 

system ............................................................................................................. 189 

7.4.2 Correlation between R2* and susceptibility ........................................... 190 

7.4.3 R2* of Aβ(1-42) and ferritin-bound iron level ......................................... 191 

7.4.4 Susceptibility of Aβ(1-42) and ferritin-bound iron level ........................ 192 

7.4.5 Effect of the mineral form and distribution of the iron, on UHF R2* and 

susceptibility MRI ............................................................................................ 194 

7.4.6 Comparison with in vivo and ex vivo UHF MRI ....................................... 196 

7.5 Conclusions ................................................................................................... 196 

Chapter 8: Conclusions and future work ................................................................ 198 

References .............................................................................................................. 201 

Appendix A Empirical prediction of iron concentrations of brain regions by Hallgren 

and Sourander ............................................................................................................. i 

Appendix B Effective R2 measurements in reported PPMI subjects ........................... ii 

Appendix C DaT SBR results of reported PPMI subjects ........................................... xii 

Appendix D Magnitude signal decays in 3D GRE, MESE and dual-contrast FSE 

sequences for 3.0 T clinical study at UHCW, Coventry ............................................. xv 

Appendix E Agarose gel preparation, protein aggregation and gelation .................. xvi 

Appendix F Pre-scan adjustments and shimming strategies for 9.4 T preclinical MRI

 ................................................................................................................................ xxiii 

Appendix G Assessment of QSM reconstruction on 9.4 T preclinical MRI ............... xxx 

Appendix H Summary of linear regression analyses between R2* and ferritin levels, 

and between susceptibility and ferritin level in Aβ+Ftn, Ftn and Aβ phantoms . xxxviii 

Appendix I Ethical approval documentation ......................................................... xxxix 



 
 

VII 

Acknowledgements 

Until the moment of writing, I could not find words that are enough to describe my 

appreciation and gratitude to everything and everyone that have helped me, not only 

to complete this work toward the degree but also to take the journey in this place as 

a person. I would like to thank my family from away, and my supervisor Joanna 

Collingwood, who support me, encourage me, and believe in me. And I would like to 

thank my friends, especially Surya Rajan, and Daniel Roth, who understand me and 

support me from near and far during the whole time.  

I would like to thank all the scientists and colleagues from the University of Warwick, 

Jake Brooks, and others from the Trace Metal in Medicine research group; to Davide 

Piaggio and Elisa Baioni, as my housemates and friends and colleagues, and everyone 

from the Biomedical Engineering office, with whom I have worked closely and have 

talked about work and life. 

I would also like to thank the scientists and colleagues from the University Hospital 

Coventry and Warwickshire, Sarah Wayte, Andrew Weedall, and Michael Diokono.  

I would also like to thank many people that I have met and talked to and played 

volleyball together with, during the time being. Those are many, but especially Terry 

and Dot Monnington, Declan Perry, James Massey, Ronny Genieser, and Muinuddin 

Maharun. Without you, I would not have been able to go so far.  

Thank you. 

 



 
 

VIII 

Declaration 

This thesis is submitted to the University of Warwick in support of my application for 

the degree of Doctor of Philosophy. It has been composed by myself and has not 

been submitted in any previous application for any degree to this, or any other 

university.  

 

The data acquisition for the 3.0 T MRI at the local NHS Trust hospital, University 

Hospital Coventry and Warwickshire (UHCW) were with the help of Dr. Sarah Wayte, 

MRI clinical scientist Andrew Weedall, and MRI research radiographer Michael 

Diokono, from the Radiology Physics Department, UHCW. 

 



 
 

IX 

Publications 

The following papers have arisen from work related to this thesis:  

J. Luo, J. F. Collingwood. Magnetic resonance imaging evaluation of regional brain 

iron in Parkinson’s disease and normal ageing: a cross-sectional and longitudinal 

study. Conference poster presentation. The 14th International Conference on 

Alzheimer’ & Parkinson’s Disease. 2019. Lisbon, Portugal. 

J. Luo, J. Everett, J. Donnelly, F. Slade, N. Telling, J. Collingwood. Transverse relaxation 

rate R2* and quantitative susceptibility mapping of beta-amyloid and ferritin-bound 

iron with 9.4 T preclinical MRI. Oral presentation. The 17th International Conference 

on Alzheimer’ & Parkinson’s Disease. 2022. Barcelona, Spain. 

 

The following manuscript is in submission to Journal of Neuroscience Methods: 

J. Luo, J. F. Collingwood. Effective R2 relaxation rate, derived from dual-contrast FSE 

MRI, enables detection of hemisphere differences in iron level and function in 

Parkinson’s disease and healthy brain. In submission. 

 

 



 
 

X 

Abstract 

As accumulating post-mortem evidence indicates the involvement of iron 

dyshomeostasis in neurodegeneration, the need to measure iron levels in the living 

human brain is more urgent than ever before. Magnetic resonance imaging (MRI) 

provides a non-invasive tool to detect brain iron in clinical and preclinical settings, by 

exploiting the magnetic properties of tissue iron using different pulse sequences. 

However, the question remains open, as to whether existing quantitative MRI 

techniques can be used as a robust technique to measure iron in a complex biological 

system like brains. Therefore, this PhD thesis seeks to extend this understanding by 

assessing existing techniques and developing original quantitative methods for 

improved iron measurement in clinical and preclinical MRI. After briefly revising the 

efforts that have been made in the literature to quantify brain iron using quantitative 

MRI, the original contribution of the PhD thesis is composed of three experiments: 

 

The first project was to investigate whether the measurement derived from the 3.0 

T dual-contrast fast-spin-echo (FSE) MRI, termed ‘effective R2’ in this work, may be 

used as a quantitative MRI method, an alternative to the time-consuming 

conventional transverse relaxation rate (R2) to evaluate the iron level in healthy (HC) 

and Parkinson’s disease (PD) brains. Retrospective 3.0 T FSE in vivo MRI data from 

case-control HC and PD subjects were selected from the Parkinson’s Progression 

Markers Initiative (PPMI) database, and the effective R2 was calculated from 

exponential fitting of these data. Linear regression analysis was then performed 

between the effective R2 and independently-estimated brain iron concentration 

(derived from the subject’s age using the empirical age-dependent formulae 

reported by Hallgren and Sourander). To further investigate its potential clinical use, 

the effective R2 was compared between groups, and linear correlation analysis was 

performed between the effective R2 and the functional dopamine transporter (DaT) 

results. The findings of the project suggested a strong linear correlation between the 

effective R2 and the estimated brain iron concentration, as well as a strong 

correlation between the putaminal effective R2 and the DaT dysfunction in PD. 

Therefore, it can be concluded the effective R2 may be used as a fast, quantitative 
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MRI method to aid the evaluation of iron and DaT functions with 3.0 T clinical MRI, 

as an alternative to conventional R2. 

 

To exceed the constraints of R2 and effective R2, in this subsequent research, the 

state-of-art quantitative susceptibility mapping (QSM) MRI technique was assessed 

for measuring iron concentration, at the local NHS Trust hospital. This project aimed 

to answer if a QSM method using nonlinear morphology enabled dipole inversion 

with L1-regularisation (nMEDI-L1) can quantify iron in ferric iron (Fe3+) phantoms and 

human brains accurately, using a local clinical 3.0 T MRI scanner. Using a 3D gradient-

echo (GRE) sequence, the images of phantoms and healthy volunteers were 

obtained, and processed using the nMEDI-L1 QSM method. The resulting 

susceptibility images of human brains were compared with routine clinical 

anatomical scans, and with the (effective) transverse relaxation rates (R2, R2*, 

effective R2) mapping. Linear regression analysis was performed between the 

susceptibility measured in the phantom and the Fe3+ concentration, and between the 

brain susceptibility and the brain iron concentration estimated using Hallgren and 

Sourander’s formulae. A very strong linear correlation was found between the 

susceptibility and the Fe3+ concentration in the phantom, with the Fe3+-associated 

susceptibility increase that excellently matched the theoretical prediction of 1.30 

ppb/μg·g-1. As the results showed enhanced iron contrast in the QSM images, 

compared with the routine anatomical scan, a significant, strong, positive linear 

correlation between the susceptibility and the estimated iron concentration were 

also observed, with a smaller iron-associated susceptibility increase, compared to the 

phantom. The result is consistent with the literature, supporting the assertion that 

QSM may be used to measure iron concentration. 

 

Lastly, to investigate the preclinical value of ultra-high-resolution QSM, the scope of 

QSM for measuring ferritin-bound iron and amyloid-β (Aβ), a misfolded protein 

strongly associated with Alzheimer’s disease (AD) pathology, is studied in vitro, with 

9.4 T preclinical MRI. Assessment of a selection of phase-processing techniques was 

performed, and automatic parameter optimisation techniques were tested for the 

nMEDI-L1, to optimise QSM for 9.4 T small-animal MRI system for the first time. R2* 
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and QSM of ferritin, Aβ, and Aβ+ferritin aggregates were measured in vitro, and 

linear regression analysis was performed between the ferritin (Aβ) level and the R2* 

and susceptibility. Linear regression analysis was also performed between pixel-wise 

R2* and susceptibility. An optimal QSM pipeline was devised after assessments. The 

results show ferritin-associated R2 and susceptibility increase, which is particularly 

significant in Aβ+ferritin aggregates, showing in detail how QSM offers scope as a 

sensitive tool to detect iron-laden Aβ aggregates at ultra-high-field MRI. 
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Chapter 1: Introduction 

Iron is the most abundant transition metal in the body, and its homeostasis is 

important for maintaining the basic functions of the organism [1, 2]. As a component 

of haemoglobin, iron is essential for oxygen transport by combining and releasing 

oxygen molecules into the circulatory system via redox reactions. It also participates 

in the synthesis of adenosine triphosphate (ATP) and energy generation in 

cytochromes, in the forms of cytochrome oxidases and iron-sulphur complexes [3]. 

In the brain, iron takes part in oxygen transportation, myelin and neurotransmitter 

biosynthesis, oxidative phosphorylation, and nitric oxide metabolism as an essential 

cofactor [4]. Therefore, iron homeostasis and the involvement of iron dysregulation 

in the neurodegenerative diseases’ pathologies [5, 6], have drawn great interest from 

scientists and physicians. 

 

Several analytical tools have historically been developed to investigate the chemical 

forms, magnetic properties, physiological and pathological distribution, and dynamic 

changes of iron in human brains and tissue [7-11]. These techniques rely on analysing 

post-mortem specimens, or biopsies from living patients, which are invasive and 

particularly impractical for diagnosis of brain disorders [12]. Exploiting the magnetic 

properties of tissue iron under an external magnetic field, magnetic resonance 

imaging (MRI) has been used for imaging and detecting iron in the human brains and 

tissues [13, 14], as a non-invasive technique in the clinical and preclinical settings. By 

applying different magnetic resonance (MR) pulse sequences [15, 16], MRI can 

demonstrate a variety of contrasts within the tissue, and therefore has great 

versatility in neuroimaging. As MRI has become a routine clinical tool for whole-brain 

imaging, it is also used as a useful preclinical technique for small-animal, specimens, 

and molecular imaging. At the time of writing, however, due to the complexity of 

biological systems, the debate remains active on whether the quantitative MRI 

method can be used as a reliable and reproducible approach to measuring the iron 

content in healthy and diseased brains. 
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Guided by this question, this PhD project, therefore, seeks to extend the 

understanding of brain iron quantification using quantitative MRI methods, in the 

typical clinical and preclinical settings. The aim of this work is to develop and assess 

novel MRI techniques and applications for measuring iron content in the brain (in 

vivo) or in the comparable in-vitro system, based on the currently viable clinical or 

preclinical MRI systems; also to identify the scope of these techniques, to quantify 

iron species in the complex biological system, the brain.  

 

Hence, the PhD project is addressed from both theoretical (Chapter 2-4) and 

experimental (Chapter 5-7) perspectives, as presented in this thesis. In ‘Chapter 1: 

Introduction’, the background is given to the iron homeostasis in the healthy brain, 

and brain with neurodegenerative diseases, i.e., Parkinson’s disease (PD) and 

Alzheimer’s disease (AD), followed by a brief introduction to the relevant applications 

of iron contrast in MRI. In ‘Chapter 2: MRI signals and pulse sequences’, the signal 

formation, detection, and the MR pulse sequences generally related to the iron 

contrast and quantification are examined. A thorough literature review of 

quantitative MRI methods for measuring tissue iron is given in Chapter 3, including 

the transverse relaxation rates (R2, R2*, and R2’), Field-Dependent R2 Increase (FDRI), 

Susceptibility-Weighted Imaging (SWI) and Quantitative Susceptibility Mapping 

(QSM) and other phase-related MRI techniques. Then ‘Chapter 4: Research 

methodology for the quantitative MRI’ provides the general principle and 

justification of the quantitative MRI study design, and an overview of the research 

methodology for the following experiment chapters (Chapter 5-7). 

 

In ‘Chapter 5: Effective transverse relaxation rate, derived from dual-contrast fast-

spin-echo (FSE) MRI, enables detection of hemisphere differences in iron level and 

function in PD and healthy brain’, the method of generating a quantitative MRI 

measurement, which we term ‘effective R2’, is proposed. Utilising FSE MRI, which is 

commonly limited to anatomical applications, the method of calculating the 

quantitative effective R2 is demonstrated and examined, using retrospective 3.0 T 

dual-contrast FSE data from the cohort study Parkinson’s Progression Markers 

Initiative (PPMI). The effective R2 enables a fast approach for the quantitative MRI 
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analysis, as an alternative to time-consuming conventional R2 relaxometry. It is 

demonstrated in this work, for the first time, that the effective R2 at 3.0 T can indicate 

the asymmetrical pathological changes of brain tissue caused by PD progression. 

 

In ‘Chapter 6: Evaluation of QSM contrast and quantitative measurement of iron in 

phantoms and human brains on 3.0 T MRI: comparison with transverse relaxation’, 

the state-of-the-art MRI technique, QSM, is established on the 3.0 T clinical MR 

scanner at the local NHS hospital, the University Hospital Coventry and Warwickshire 

(UHCW), Coventry, United Kingdom. In this study, an MR acquisition protocol, and an 

image post-processing pipeline using nonlinear morphology enabled dipole inversion 

with L1-regularisation (nMEDI-L1) [17-19] QSM are successfully set up and tested for 

susceptibility contrast. The QSM method for iron quantification was compared with 

R2, R2*, and effective R2, and validated using in-house built iron-containing MR 

phantoms, and in healthy, living human brains. 

 

In the last stage of this research project, the QSM technique is investigated in-depth 

with preclinical ultra-high-field (UHF) MRI, as presented in ‘Chapter 7: Transverse 

relaxation rate R2* and quantitative susceptibility mapping (QSM) of amyloid-β(1-42) 

and ferritin-bound iron in MR phantoms for 9.4 T preclinical MRI’. In this study, a 

comprehensive assessment and comparison of QSM phase processing methods on 

9.4 T UHF small-animal MRI system, is established for the first time. Subsequently, 

with ultra-high resolution, the quantitative R2* and optimised QSM of the ferritin-

bound iron and amyloid-β(1-42) (i.e., Aβ(1-42), the main component of the amyloid 

plaques observed in AD neuropathology), is performed in vitro. Moreover, by 

demonstrating the different quantitative correlation of the susceptibility and R2* with 

the ferritin iron level, in the presence and absence of Aβ(1-42), the susceptibility and 

R2* are found to be sensitive to the mineral form and spatial distribution of the iron 

content, in addition to the concentration. These new results provide valuable 

information for wider research concerning Aβ-associated pathologies and 

neurodegenerative diseases, to advance the accurate interpretation of R2* and QSM 

observations in vivo and ex vivo. 
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Finally, the findings of this PhD project are summarised alongside key conclusions in 

the last chapter ‘Chapter 8: Conclusions and future work’, where the limitations of 

the study are discussed, and recommendations are made for future research. 

 

1.1 Iron in the brain 

In biological systems, the majority of iron is found in haemoglobin in the blood, 

involved in oxygen transportation and enzyme reactions [20]. Non-haemin iron, 

which was first found by Zaleski [21], accounts for about one-third of the total iron 

in the human body. In the human brain, iron ions are mostly conjugated with other 

molecules or stored in proteins in the ferric form (Fe3+), which is chemically stable. 

Excessive unbound ferrous iron (Fe2+) ions are toxic to the tissue, unselectively, 

because the highly reactive ferrous iron can take part in the Fenton reaction, which 

generates free radicals and causes oxidative stress [22]. 

 

1.1.1 Brain iron storage and ferritin 

In healthy brains, the non-haemin iron is mainly stored in ferritin, in the form of 2- or 

6-line ferrihydrite [22-25]. With a 2 nm-thick, ~12 nm-diameter spherical protein 

shell, every ferritin molecule has the capacity to store up to 4500 iron ions [22, 26, 

27]. It regulates iron ions by oxidising excessive Fe2+ into Fe3+ via biomineralization, 

at its ferroxidase centre within the 8 nm-diameter internal cavity [24, 28, 29]. In 

mammals, ferritin consists of two types of subunits, defined by the difference in the 

peptide chains, the heavy chain (H-ferritin) and the light chain (L-ferritin). The 

functions of H- and L-ferritin are distinctive, and the ratio of the two subunits within 

the ferritin appears to be tissue-specific and age-dependent, where H-ferritin 

oxidises Fe2+ into Fe3+ while the L-ferritin subunit facilitates the formation of the 

ferritin’s ferrihydrite (in Fe3+ form) core via nucleation [24, 26, 27]. As the primary 

protein for iron storage, ferritin is prevalent in the intracellular environment, 

sequestering excess iron ions in biological systems [24]. In serum, ferritin levels may 

be used as a measure of body iron stores, and increased serum ferritin can indicate 

inflammation [2]. In the brain, high ferritin concentrations have been found in 

oligodendrocytes, microglia, neurons, and some astrocytes [21, 30, 31]. The 

exception was found in dopaminergic neurons in nigrosome 1 and 3 within the 
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substantia nigra and noradrenergic neurons within the locus caeruleus, where most 

of the iron deposits were found to be stored in the neuromelanin [32]. Often 

considered as a by-product of ferritin, haemosiderin is observed in pathological iron 

overload, containing iron deposits that were reported to be in a form similar to 

ferrihydrite or wüstite [33, 34]. In addition to those iron storage complexes, a very 

small amount of iron is bound to transferrin, the primary iron transporting protein 

[35]. 

 

1.1.2 Brain iron homeostasis 

The iron transportation across the blood-brain barrier (BBB) involves uptake and 

release of iron (Fe3+) by transferrin into the labile iron pool (LIP), through the capillary 

endothelial cells [5]. The intracellular iron (Fe2+) can then be exported into the 

interstitial fluid (ISF) by ferroportin. In the ISF, Fe2+ can then be oxidised into Fe3+ by 

the ceruloplasmin secreted from primary pericytes and astrocytes, or via 

transmembrane ceruloplasmin or hephaestin [4, 36]. At the cellular level, binding to 

transferrin, iron (Fe3+) can be imported, in the form of diferric transferrin, into the 

intracellular environment via receptor-mediated endocytosis [5, 37]. The release of 

iron (Fe2+) from the endosome into the cytoplasmic LIP occurs via divalent iron 

transporter 1 (DMT1), after the reduction of Fe3+ to Fe2+ by STEAP metalloreductases 

[38]. Then the iron ions (Fe2+) can be utilised by proteins in the cytosol, but mostly by 

mitochondria; excessive iron may be stored in ferritin (or haemosiderin), or be 

exported via ferroportin [2, 4, 5]. Cellular iron homeostasis is regulated by the iron 

regulatory protein (IRP)/iron-responsive element (IRE) system [2]. IREs are located at 

the untranslated regions (UTRs) of the messenger ribonucleic acids (mRNAs) that 

encode proteins related to the iron metabolism [39, 40]. The binding of IRP to the 

IRE on 3’-UTRs (e.g., transferrin receptor) can stabilise the mRNA and up-regulate 

protein translation, while binding to the 5’-UTRs (e.g., ferritin, ferroportin) causes 

the translational repression and down-regulate the protein expression [5]. As the 

binding affinity of IRP to IRE is sensitive to the iron level, the IRP/IRE system could 

elegantly modulate the expression of iron-regulating proteins and maintain the 

intracellular iron level. At the systemic level, iron homeostasis also involves hepcidin, 
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released by hepatocytes, and macrophages, to modulate iron export and recycling 

[2]. 

 

1.1.3 Brain iron concentration 

Hosting intensive oxidative metabolism activities, the central nervous system (CNS) 

maintains an overall high iron concentration with brain region-specific distributions 

[5, 22, 29, 37, 41]. The heterogeneous iron distribution was first illustrated post-

mortem by Perls' Prussian blue staining [11, 13, 42], and confirmed by other 

analytical techniques years later. The highest iron concentration is found in the basal 

ganglia nuclei (globus pallidus [42-44], caudate [7, 43, 44], putamen [11, 43, 44]), the 

deep grey matter (GM) nuclei associated with motor function, cognition and learning 

[45]. In contrast, the iron concentration was reported to be lower in the cortex [10, 

13, 46]. In the midbrain, a high level of iron concentration is found in the red nucleus 

and substantia nigra [44, 47]. Compared with the iron level of the GM, the iron 

analysis of white matter (WM) shows controversial results between reports of Perls' 

staining [48] and analytical assay [7, 9, 10, 43, 44, 49-51], and the latter reveals 

comparable WM iron levels to the cortex GM. 

 

As a landmark work quantifying brain iron concentration, Hallgren and Sourander 

[11] measured the non-haemin iron from 81 unfixed, post-mortem brains using the 

orthophenanthroline method, after iron extraction from homogenised tissue 

samples by acid treatment. Studies that employed comparable methods also include 

the post-mortem iron concentration measurement in the brain carried out by Sofic 

et al. [47], in which the total iron, Fe2+ and Fe3+ were determined respectively using 

a modified ferrozine-based spectrophotometric method. These measurements of 

various brain regions are summarised in Table 1.1. With other analytical techniques, 

studies were carried out to measure the brain iron concentration in post-mortem 

tissue, using techniques including atomic absorption spectroscopy (AAS) [7, 10, 44, 

49, 50], inductively coupled plasma mass spectrometry (ICP-MS) [9, 43, 51], neutron 

activation analysis (NAA) [8], and graphite furnace atomic absorption spectroscopy 

(GAAS) [52]. Recently, X-ray fluorescence (XRF) [53, 54], and particle-induced X-ray 

emission (PIXE) [55-57] were also used to investigate the spatial distribution of iron 



 7 

content in post-mortem brain specimens. Although a somewhat large variation of 

the absolute iron concentrations presents between these post-mortem studies [46], 

the relative iron concentrations between the brain regions within each study is 

mostly consistent [7, 9, 10, 43, 44, 49-52].  

 

1.2 Alteration of brain iron level 

Iron in the human brain experiences dynamic changes throughout the lifetime and 

with the physiological condition of the biological system. Iron accumulation in brain 

regions has been observed in normal ageing [10, 11, 46]. At the same time, the 

pathological changes in iron levels, and the disruption of iron homeostasis, have also 

been associated with various neurodegenerative diseases [52, 58-62]. 

 

1.2.1 Ageing 

In the literature concerning post-mortem brain iron measurements, the largest 

cohort continues to be the 81 unfixed human brains studied by Hallgren and 

Sourander [11] in 1958, at the time of writing. In this historical work, the 

concentration of non-haemin iron and its age-dependent accumulation in 11 brain 

regions was reported. Chen et al. [7] later investigated 9 unfixed frozen brains from 

subjects aged between 23 yrs and 83 yrs, using AAS, and reported a similar increasing 

trend of iron concentrations in multiple brain regions. In recent decades, an age-

related increase of iron and ferritin concentration in the substantia nigra was 

reported by Zecca et al. [8], where a continuous increase of neuromelanin over the 

whole lifespan was observed. A recent post-mortem study on a large number of 

unfixed human brains was carried out by Ramos and colleagues [10] in 2014. Using 

AAS, the authors [10] measured the iron levels of 42 adult brains with the age ranging 

from 53 to 101 yrs. Fourteen brain regions were assessed, and a general age-related 

iron accumulation was found, with the most significant age-dependent increase in 

the basal ganglia. Concerning the brain regions of interest in this PhD thesis, Table 

1.1 summarises the post-mortem iron concentrations within unfixed healthy brains 

from selected prior-reported studies [11, 47, 63]. 
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Table 1.1 Post-mortem iron concentrations within unfixed healthy brains from selected prior-reported studies. 
Iron concentration (μg/g wet weight) in mean ± standard deviation (number of measurements) 

Tissue Age 
(yrs) Study Globus 

pallidus 
Red 

nucleus 
Substantia 

nigra Putamen Dentate 
nucleus 

Caudate 
nucleus Thalamus Cerebellar 

cortex 
Frontal 
cortex Hippocampus Frontal 

white 

213.0 ± 
34.9 (55) 

194.8 ± 
68.6 (44) 

184.6 ± 
65.2 (52) 

133.2 ± 
34.3 (56) 

103.5 ± 
48.6 (45) 

92.8 ± 21.4 
(58) 

47.6 ± 11.6 
(52) 

33.5 ± 8.7 
(53) 

29.2 ± 4.1 
(58) 

 42.4 ± 8.8 
(59) Unfixed 30-100 [11] 

81 ± 18 
Fe2+: 27 ± 

6.3 
Fe3+: 53 ± 

12 (6) 

 

48 ± 8.2 
Fe2+: 32 ± 

7.0 
Fe3+: 16 ± 

4.2 (8) 

96 ± 19 
Fe2+: 65 ± 

14 
Fe3+: 31 ± 

5.6 (8) 

     
24 ± 3.3 

Fe2+: 10 ± 0.8 
Fe3+: 15 ± 2.7 

(6) 

 Frozen 
71.3 ± 
12.5 

(51-91) 
 [47] 

42.3 (16) 
YC: 55.3 (8) 
EC: 29.7 (8) 

 
50.2 (16) 

YC: 36.7 (8) 
EC: 60.7 (8) 

41.6 (16) 
YC: 33.8 (8) 

EC: † (8) 
 

25 (16) 
YC: 19.4 (8) 
EC: 29.1 (8) 

  
10.7 (16) 

YC: 9.8 (8) 
EC: 11.4 (8) 

  Frozen 
61 ± 
18.4, 

(27-88) 
[63]† 

† ug Fe/g ww tissue was calculated by multiplying iron/protein and protein/ww tissue, the total value was pooled average from younger controls (YC, age 
below 65 yrs) and elderly controls (EC). 
 

In measurements on formalin-fixed tissues obtained from 13 healthy brains, Krebs et al. [9] investigated the concentration of trace metals, 

including copper, iron, magnesium, and manganese of various brain regions using ICP-MS, but no age-dependency of iron concentration in the 

brain regions was found. Although a recent study suggested that a 5-month formalin fixation had negligible effect on the concentration of 

magnetic carriers in brain tissue [64], continued concerns about the impact of chemical fixation on metal ion distribution and concentration [65-

69], mean that unfixed tissue samples are considered a more reliable source of information. 



 9 

1.2.2 Pathological changes 

Pathological alterations of iron content in particular brain regions have been 

reported in neural system degeneration, such as in Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD), multiple sclerosis (MS), multiple 

system atrophy (MSA) and neurodegeneration with brain iron accumulation (NBIA) 

[52, 58-62, 70]. Iron overload is also associated with multiple symptoms of 

neurodegeneration in animal models [71, 72]. Excess unliganded or poorly liganded 

Fe2+ in LIP can act as a strong catalyst in the Fenton reaction [73], which generates 

highly reactive hydroxyl and superoxide radicals. They can then cause tissue damage 

by engaging in secondary reactions as a non-selective oxidant [29]. Moreover, due to 

the high proportion of polyunsaturated fatty acids in the membranes [74], and the 

lack of the natural antioxidant glutathione in neurons [75], the CNS is highly 

vulnerable to oxidative damage from the accumulating reactive oxygen species [76].  

 

Recently, with the increasing understanding of misfolded proteins that present in 

neurodegenerative diseases [77, 78], the involvement of iron dyshomeostasis in the 

molecular pathways to the pathogenesis is being elucidated [34, 79-91]. For instance, 

in vitro, both Fe2+ and Fe3+ can bind α-synuclein (α-syn) [92], a 140-amino-acid 

protein expressed in presynaptic terminals and neuronal cytosol [93]. Its misfolded 

aggregated form is one of the main components of Lewy bodies (LBs) [83, 94], 

associated with the LB pathology and related neurodegeneration, such as PD [93, 95]. 

Evidence also suggests an iron-modulated α-syn translation via the potential binding 

of IRP to the human α-syn mRNA [96, 97], and an iron-mediated α-syn cell-to-cell 

transmission [98]. In AD, iron accumulation was found colocalised with the disease’s 

neurological hallmarks extracellular amyloid-β (Aβ) plaques [34, 90] and intercellular 

neurofibrillary tangles (NFTs) [99]. In situ, chemically reduced iron was found in the 

amyloid plaque core in human brain specimens diagnosed with AD [100], and this 

Aβ-ferritin interaction was also observed in vitro, with horse spleen ferritin [88] and 

synthetic ferrihydrite particles [87]. Moreover, in vitro findings also suggest an iron-

mediated increase of Aβ release, via the interaction between Fe3+ and amyloid 

precursor proteins (APP) [101]. On the other hand, NFTs in AD contain 
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hyperphosphorylated tau, a pathologically misfolded form of tau protein, whose 

aggregation might be triggered by direct interaction with iron via a putative binding 

motif [102, 103]. Under normal physiological conditions, soluble tau proteins are 

involved in axonal transport and protein trafficking in axons and dendrites, to 

stabilise the microtubule assembly [104].  

 

Additionally, iron’s contribution to the aggregation of aberrant proteins, including 

Aβ, α-syn, tau, TAR DNA binding protein 43 (TDA-43), superoxide dismutase 1 (SOD1), 

and prion protein (PrP), has been recently reviewed elsewhere [102]. Besides, 

although neurodegenerative diseases, such as AD [105, 106], PD [79, 107], 

amyotrophic lateral sclerosis (ALS) [108], are primarily marked by different misfolded 

proteins, the aggregation of one particular protein is not disease-specific [80, 109, 

110], which suggests common pathways and may explain the heterogeneity of some 

diseases’ phenotypes and symptoms [111-113]. At the same time, ferroptosis as a 

form of iron-mediated cell death has also been highlighted as a factor [84, 97, 114]. 

Treatments to remove the excessive liganded iron with chelators have been 

suggested [115-117], with some showing potential to significantly delay disease 

progression [117]. 

 

1.2.2.1 Parkinson’s disease 

PD is the most common neurodegenerative movement disorder, characterised and 

associated with the progressive loss of the neuromelanin-containing [118-120], 

dopaminergic neurons within the substantia nigra pars compacta of the brain [121, 

122]. Within the affected brain region, the disease is histologically marked by the 

presence of LBs, which are cytoplasmic inclusions of fibrillar, misfolded proteins 

consisting of aggregated α-syn [79, 83]. Solely relying on conventional clinical 

assessments [123-126], it is challenging to achieve early diagnosis of PD, because the 

impact of the neuron loss is usually insignificant until the advanced stage of the 

disease [121, 127]. Moreover, the disease progression is often monitored by 

assessing clinically the motor and non-motor Parkinsonism symptoms, while 
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accurate and sensitive objective testing for the diagnosis of early-stage idiopathic PD 

has not yet been developed in routine clinical practices. Recently, functional 

neuroimaging, including single-photon emission computed tomography (SPECT) [128, 

129] and positron emission tomography (PET) [130-133], have shown potential in 

disease diagnosis in some preclinical and clinical settings. Using dopaminergic 

radiotracers, these imaging techniques have shown advantages in diagnosing early 

and uncertain cases [134, 135]. However, exposing patients to ionising radiation 

restricts the application in vulnerable patients, and in longitudinal studies, where the 

risk of undesirable impact may increase with repeated scans.  

 

At the same time, consistently reported, post-mortem measurement of iron 

concentration in PD brains, suggested a significantly elevated iron level in the 

substantia nigra [43, 44, 47, 52, 136-138], with around double the concentration 

compared with healthy subjects. Using a semi-quantitative staining method, Jellinger 

et al. [139] reported increased Fe3+ and ferritin concentrations in the substantia nigra 

pars compacta of PD brain, in comparison with healthy controls. On the other hand, 

Wypijewska et al. [140] reported an increased LIP iron in the Parkinsonian brains, 

compared with the healthy brains, but no significant difference was found in the total 

iron concentration. However, some studies [63, 141, 142] did not observe the 

statistically different iron concentration of the substantia nigra between PD and 

healthy brains. Loeffler et al. [63] measured iron concentrations in the basal ganglia 

nuclei, substantia nigra and frontal cortex of PD, AD and age-matched healthy brains, 

and increased iron concentrations was observed in globus pallidus of PD, in 

comparison with the healthy brains. Chen et al. [42] reported increased iron and 

ferritin concentration in the putamen samples of PD, compared with the healthy 

control brains. 

 

1.2.2.2 Alzheimer’s disease 

AD is the most common neurodegenerative disease in the world, and it accounts for 

about 60-80% of cases of dementia [143]. In the brain, neurological changes are 
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characterised by neuron loss within the hippocampus and cerebral cortex, and 

accumulation of extracellular amyloid plaques and intercellular NFTs [144]. As the 

molecular pathway has been elucidated, a long preclinical phase of AD has been 

recognised among the research field in the recent decade, that a 20-yrs or longer 

period of disease pathogenesis is likely to exist before the clinical diagnosis of AD 

[145-147]. Associated with mild cognitive impairment (MCI) [148] and 

neuropsychiatric symptoms [149], functional and structural changes of the 

associated brain regions may be detected using PET and MRI [109, 133, 150, 151]. 

 

In AD, the post-mortem measurements of iron concentrations within the brain are 

mostly unchanged, compared with healthy brains, while the results in some brain 

regions are inconsistent. Nevertheless, compared with normal ageing brains, several 

studies [63, 152-154] reported an increase in iron concertation within the frontal 

cortex, and House et al. found significantly higher iron concentration in frontal cortex 

GM [154]. A recent study [155] showed increased iron concentration in the 

neocortex of the brain with severe AD, compared with healthy brains. Loeffler et al. 

[63] observed higher iron concentration in the globus pallidus and frontal cortex of 

AD brains than healthy controls. In contrast, Griffiths et al. measured iron 

concentrations in AD’s neocortex and basal ganglia nuclei, and found decreased iron 

concentration in the globus pallidus and unchanged in the neocortex, when 

compared with healthy brains [44]. 

 

1.3 Imaging brain iron using MRI 

Since the nuclear magnetic resonance (NMR) techniques [156-159] were developed 

during the 1950s-1980s, MRI soon emerged [160] and has been applied as a clinical 

imaging technique [48]. The MRI signal directly arises from the hydrogen of water, 

under an external magnetic field, after applying a non-ionising, radiofrequency (RF) 

radiation. Realised with complex Fourier transforms (FT), in the combination of 

different RF pulse sequences and gradients of the external magnetic field (see 
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Chapter 2), the physical evolution of the characteristic signal transverse relaxation of 

protons (for 1H NMR and MRI) can be well-described [15, 16, 156, 161-164].  

 

In presence of paramagnetic ions, e.g., Fe3+, the proton transverse relaxation time 

(T2) in solution is shortened, due to the electron spins relaxation of the paramagnetic 

ions [165, 166]. In the brain, primarily stored in ferritin, the iron core (ferrihydrite, 

described in Section 1.1.1) is antiferromagnetic and possesses a superparamagnetic 

moment at body temperature [167], which can be described by Néel relaxation 

(Section 2.3.1, also see Vuong et al.’s review [168] of theoretical models describing 

the MR relaxation induced by superparamagnetic particles). In vitro, ferritin 

demonstrates a significant T2-shortening effect, and a linear magnetic field-

dependence [167, 169-171]. Therefore, NMR (1H NMR, unless specified in this thesis) 

and MRI provide a potential tool to measure and analyse brain iron in vivo.  

 

In human brain MRI, the iron-laden brain regions demonstrate hypointensity 

(darkening) on T2-weighted images, presumably due to the T2-shortening effect [48]. 

Compared to other transition metal ions in brain tissue, iron content has a dominant 

effect on the MRI, due to the relatively high concentration and the 

superparamagnetic mechanism. Hence, in healthy adult human brains, the iron 

content is normally found sufficient to be measured by quantitative MRI techniques 

at clinical field strengths [13, 172], and the quantitative correlations between tissue 

iron concentration with different MRI measurements have been reported in the 

literature (see Chapter 3).  

 

Imaging iron content in the tissue shows the clinical value of supporting disease 

assessment and evaluation, especially in iron-laden organs and tissues, such as the 

liver and brain [137, 151, 173-181]. At 1.5 T, in vivo MRI examinations of the liver iron 

concentration (LIC), using transverse relaxation rate (R2 = 1/T2) has been well 

established, calibrated with LIC measured by needle biopsy from living patients, and 

has been applied for detecting liver iron overload [174], e.g., hereditary 

hemochromatosis and thalassemia disorders [181, 182]. However, due to the 
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heterogeneous tissue compartments within human brains, efforts have been made 

to establish a baseline measurement, mostly brain region-specific (addressed as 

regions-of-interest, ROIs, see Chapter 4), of healthy and normal ageing brains [176, 

183-190]. Using different in vivo quantitative (or semi-quantitative) MRI methods 

(see Chapter 3), those measurements in healthy volunteers can be compared with 

brain diseases associated with iron dyshomeostasis (see Section 1.2.2), such as PD 

[191-198], AD [199, 200], MS [201-204], or with their clinical symptoms. Presented 

in Chapter 5 of this PhD thesis, the in vivo human brain QSM (Section 3.3 and Section 

4.4.2) using 3.0 T clinical MRI was validated and compared with other quantitative 

MRI techniques at the local hospital UHCW, Coventry. Additionally, open-access 

neuroimaging databases have provided opportunities to study large global cohorts, 

healthy and diseased, such as Open Access Series of Imaging Study (OASIS) [205], 

Alzheimer’s disease neuroimaging initiative (ADNI) [206] and PPMI [207]. Utilising 

the structural MRI data of the PPMI participants, together with their dopaminergic 

transporter (DaT) functional imaging results (SPECT), Chapter 4 of the PhD thesis 

presents a new quantitative application of the 3.0 T dual-contrast FSE MRI, which is 

commonly restricted to anatomical imaging and assumed to be qualitative at clinical 

field strength. The reported effective R2 is correlated with the iron level in the brain 

regions and can indicate the asymmetrical putaminal DaT dysfunction in PD patients. 

 

On the other hand, the quantitative MRI using preclinical scanners, e.g., equipped 

with microimaging, small-animal probe or cryo-probe (cryogenic probe), and ultra-

high field (UHF, 7.0 T and above) imaging, enable a great range of applications. Brains 

of small (model) animals, especially transgenic mice, that manifested with human 

diseases’ phenotypes, have been intensively studied [208-214]. Compared with 

human brain clinical MRI, the preclinical small-animal MRI allows a direct comparison 

between in vivo and ex vivo examination [214], unfortunately, by sacrificing the 

animal. Alternatively, post-mortem tissue specimens or MR phantoms could be 

examined with ultra-high resolution (or MR microscopy, MRM), under UHF [54, 208, 

215-218]. Additionally, compared with MRI in clinical settings, some preclinical MRI 

scanners that are equipped with advanced shimming and temperature control 
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systems, allow elaborate control of the experiment (MR acquisition) conditions [68, 

219, 220]. As the human brain MRI is entering a UHF era (7.0 T) [217, 221-226], this 

ultra-high-resolution information obtained from the preclinical UHF MRI is becoming 

more important than ever before, especially for susceptibility-related contrast, which 

is in theory enhanced by the increasing external magnetic field [227-230]. Therefore, 

in Chapter 7 of the thesis, using 9.4 T preclinical MRI, the transverse relaxation rate 

with field inhomogeneity, R2*, as well as QSM of ferritin-bound iron and Aβ(1-42) 

were examined with ultra-high resolution in vitro. For the first time, the quantitative 

relationship between the ferritin-bound iron level and the QSM susceptibility, was 

reported, in dispersed ferritin and co-aggregated Aβ(1-42) and ferritin. 
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Chapter 2: MRI signals and pulse sequences 

In this chapter, the physical and mathematical principles underlying the NMR and 

MRI signal formation, as well as the MR pulse sequences that are relevant to this 

thesis, are briefly revised (Section 2.1-2). It is then followed by the theoretical 

background of the magnetic susceptibility and how bulk (volume) susceptibility can 

be detected by MR. Although some of these theories have been well-established for 

several decades, the fundamental knowledge presents in this chapter is 

complementary to this PhD thesis. It is because these theories provide the basis for 

choosing the pulse sequences and MR acquisition parameters, image reconstruction 

and post-processing (Chapter 4), and the correct interpretation of the observation in 

the MRI literature (Chapter 3) and in the experiments of the PhD project (Chapter 5-

7). Therefore, the reference materials for the equations in this chapter are from the 

NMR and MRI textbooks [15, 16, 166, 231], if not specified. Vectors are presented in 

bold. 

 

2.1 MRI signal 

2.1.1 Spin 

Spin and magnetism are intrinsic properties possessed by atomic and subatomic 

particles. For atoms made up of electrons and nuclei, their atomic nuclei may be 

described by their fundamental physical properties, including mass, electric charge, 

magnetism and spin [166]. As a highly abstract concept, the spin of an atomic nucleus 

describes how it interacts with the electromagnetic field, and its magnitude is 

quantised and determined by its spin angular momentum quantum number, !. Each 

elementary particle has a particular value for !, and the particle with spin ! has (2! +

1) sublevels (spin state), ranging from −! to ! with integer interval. The sublevels of 

the particle are associated with different energy levels when a magnetic field is 

applied. For hydrogen (1H, proton), ! = !
"
 , there are two energy states for 1H, + !

"
, 

known as spin-up, and − !
"
, spin-down, each spin state may be described to have a 

quantised angular momentum ( :  

( =
ℎ!

2*
 Eq. (2.1) 
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where ℎ denotes the Planck’s constant, ! the sublevel of each spin state. 

2.1.2 Free precession and Larmor frequency 

In the presence of an external magnetic field	,#, the spin can be described to have a 

magnetic moment -, which is proportional to the angular momentum (:  

- = .( 

and precesses along the direction of ,#  . where .  denotes the nucleus-specific 

gyromagnetic ratio, for 1H proton, . = 42.56	MHz ∙ 7$!. The spin precesses around 

the external field 8#, and the precession is associated with the energy 9: 

9 = - ∙ 8# 

therefore, the difference between the above two spin states (+ !
"
, and − !

"
) of the 

proton can be calculated by Eq.(2.1) and Eq.(2.3): 

:9 = 	9%&'($)& − 9%&'($*+,( =	
.ℎ

2*
;
1

2
− <−

1

2
=>,# =

.ℎ,#
2*

 

according to the wave equation: 

:9 =
ℎ?

2*
 

therefore, the precession frequency @ associated with :9 of the spin, is defined as 

the Larmor frequency ?#: 

?# = .,# 

 

2.1.3 Thermal equilibrium and Boltzmann distribution 

The two stable energy states of the spin coexist under an external magnetic field A-, 

and the spin can jump between the high-energy and the low-energy states by losing 

or gaining :9 in the form of photons. In the absence of disturbance for a long enough 

time, the collection of spins can reach a state of thermal equilibrium. In this state of 

equilibrium, the low energy state is slightly favoured, and the statistic distribution of 

the difference between the two spin populations follows the Boltzmann function, at 

a given temperature 7 in Kelvin: 

B%&'($)&
B%&'($*+,(

= C
./!
01 = C

23/!
"401  

where B%&'($)& is the number of spins in the state of spin-up or parallel (almost align 

with ,#), and B%&'($*+,( are the number of spins in the state of spin-down or anti-

Eq. (2.3) 

Eq. (2.4) 

Eq. (2.5) 

Eq. (2.6) 

Eq. (2.2) 

Eq. (2.7) 
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parallel (almost opposite to ,# ), - denotes the magnetic moment of the spin, D is 

the Boltzmann constant, .  the gyromagnetic ratio, and ℎ  denotes the Planck’s 

constant. In the equilibrium state, all spins are out-of-phase. Because a slight 

difference of the spin populations between the two states exists, when treating each 

individual spin as a vector with the magnetic moment - the direction, the sum of a 

spin ensemble (isochromats) is non-zero [232], which can be described in classical 

mechanics as a net magnetisation vector E#, which satisfies: 

E# = F8# 

with χ represent the (microscopic) nuclear susceptibility, and ,#  the external 

magnetic field. 

 

2.1.4 Effect of RF pulses 

When an RF pulse that generates a specific oscillation at the Larmor frequency of the 

observing nucleus to generate a small magnetic field ,5  is applied to the spin 

ensemble, the state of thermal equilibrium is disturbed, and the energy of the spin 

system changed consequently. To the net magnetisation vector E# , in a rotating 

frame reference at the Larmor frequency, its motion can be described by: 

GE

GH
= .E × 85 

and the flip angle (FA) J between E and its original direction (8#), before applying 

85 is given by [16]: 

J = .K 85(H)GH
6

-
 

with	85(H) the amplitude of the RF pulse and H denotes the duration of the pulse. 

Therefore, depending on the amplitude of the RF pulse and its function with time, 

the spin populations can change, and the coherence can be generated, demonstrated 

as the E# is tiled away from the direction of 8#, towards the x-y plane (Fig. 2.1). 

 

2.1.5 Free induction decay (FID) and relaxation 

When the oscillating magnetic field 85 generated by the RF pulse is removed, a very 

fast signal decay may be observed on the x-y plane, which is the free induction decay 

(FID). At the same time, the spin system starts the process of regaining the thermal 

Eq. (2.9) 

Eq. (2.10) 

Eq. (2.8) 
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equilibrium under the main external magnetic field, via the interaction with the 

thermal molecular environment [166]. Known as longitudinal relaxation, spin-lattice 

relaxation describes the re-establishment of Boltzmann distribution of the spin 

populations. The characteristic time associated with the longitudinal recovery, is the 

longitudinal relaxation time (T1). On the other hand, spin-spin relaxation describes 

the process of coherence decay (dephase), namely, transverse decay, and it is 

associated with the transverse relaxation time (T2). 

 
Fig. 2.1 Effect of RF pulse, T1 and T2 relaxation. 

 

2.1.6 MR signal detection  

Usually, the FID is not directly measured in NMR or MRI because of the fast decaying 

of the signals. In contrast, the intrinsic information of the system of spins, is indirectly 

obtained by detecting the signal generated by rephasing, using additional π-RF pulses 

or reversing the magnetic field gradient (G) depending on the MR pulse sequence. 

When the isochromats are in-phase again, this oscillating signal is then detected, via 

quadrature detection by the receive coil. The quadrature detector consists of two 

channels, real (Q) and imaginary (I) perpendicular to each other, detecting the 

magnetic flux on the x-y plane with a π/2 phase shift [16]. Hence, the detected MR 

signal is complex, and can be reconstructed by each channel, or combined into 

magnitude or phase data from the Q and I components. 
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2.1.7 Spatial encoding, Fourier transform and image formation 

For one-dimensional (1D) acquisition, the MR signal is detected as an oscillating 

decay with time or as a spectrum in the frequency domain; and additional magnetic 

field gradients are required to form two-dimensional (2D) images or three-

dimensional (3D) volumes, by superposing linearly varied magnetic field Gx, Gy, Gz on 

the main external field 8#, spatially along x-, y- and z- direction. The spatially varied 

magnetic field enables spins at different locations to precess at different frequency, 

and the signal can be sampled (encoded) into a 2D or 3D frequency domain, known 

as k-space (Fig. 2.2). Typically, in 2D k-space, a Cartesian space is employed, with two 

perpendicular axes kx and ky, often indicating the frequency encoding (FE) and phase 

encoding (PE) directions, and for true 3D acquisition, an additional PE direction is 

along z-axis (kz). These k-space data are eventually transformed into MR images via 

Fourier transform [16]. 

 
Fig. 2.2 An example 2D Cartesian k-space. 

kx: x-direction in the k-space; ky: y-direction in the k-space. 

 

The k-space trajectory is an active research field in MRI and more sophisticated k-

space filling schemes are beyond the scope of this work, but the entire MR sequence 

has to be repeated multiple times to obtain a full k-space, as the signal generated 

after each RF pulse is sampled along the FE direction (kx) within the repetition time 

(TR), until the next RF pulse with a different PE (ky) applied, in a conventional MR 

acquisition. Therefore, the acquisition time for a 2D k-space in the above example is: 

MNOP	HQRC = B7 × B89 × 7:  

 

ky 

kx 

Eq. (2.11) 
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and for 3D acquisition: 

MNOP	HQRC = B7 × B89! × B89" × 7:  

with B7 denotes the number of averages, B89  the number of PE steps (along each PE 

direction for 3D acquisition), and 7:  the repetition time of the MR acquisition [15]. 

The acquisition can be accelerated by using various fast imaging pulse sequences, or 

by employing parallel imaging and sensitivity encoding (SENSE) technique [233]. 

 

2.2 MR pulse sequence  

MRI is one of the most versatile and flexible medical imaging techniques, because its 

signal and contrast can be adapted for the purpose of imaging, utilising different 

pulse sequences. For structural MRI, many MR pulse sequences are widely used in 

the clinical setting, to enhance contrasts between different tissue types, provide 

information about anatomy, or reveal the tissue parameters on different microscopic 

or macroscopic levels. Mostly, they are derived from two basic pulse sequences: 1) 

spin echo (SE) and 2) gradient echo (GRE). 

 

It should be noted that different MR vendors often use their own commercial names 

and acronyms for these pulse sequences, but the physics underlying is the same for 

each type of basic sequence. For instance, the fast-spin-echo is called FSE by GE 

Healthcare, but TSE (Turbo Spin Echo) by Philips and Siemens. Sometimes the 

manufacturer's acronym does not directly reveal the type of the sequence, for 

example, RARE (Rapid Acquisition with Relaxation Enhancement) in Bruker is made 

available for the fast-spin-echo sequence, and SWAN (susceptibility weighted 

angiography) provided by GE Healthcare applies a 3D gradient echo for acquisition.  

 

2.2.1 Spin echo 

2.2.1.1 Spin echo and multiple spin echoes 

Historically, the term SE is initially described by Hahn [234] in 1950, to indicate the 

spontaneous nuclear induction signals that appeared after two consecutive RF pulses. 

Hahn used a pair of π/2-RF pulses to create an ‘echo’ of the spin's transient FID, which 

provides a firm basis for the investigation of nuclear magnetic resonance phenomena. 

This study established the method to measure nuclear relaxation times in liquid that 

Eq. (2.12) 
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water molecules diffuse through the local inhomogeneous external field, using a pair 

of RF pulses with different the time interval τ, under the condition that FID does not 

interfere with the echo. Sometimes referred to as 'Hahn echo' in current days, this 

type of SE is generated when a pair of RF pulses are applied, whose signal intensity 

is considered to be relatively weak, compared to the modern SE sequence employed 

in MRI. Adapting from Hahn's method, Carr and Purcell developed the SE sequence 

(Carr-Purcell sequence or CP sequence) [157] that the literature often refers to 

nowadays, which employs a combination of a π/2-RF pulse, followed by a π-RF pulse.  

 

Described in Section 2.1.3, the collection of spins is in its thermal equilibrium under 

the external magnetic field B0, in which the population of two states are governed by 

the Boltzmann distribution, and the net magnetisation vector of the spin collection 

is aligned with the B0 field. When a π/2-pulse is applied to the ensemble of the spins 

at t = 0, mathematically, it equalises the populations of the spins with high and low 

energy states and converts this previously existing population difference into 

coherences (in-phase). In the most conventional analogue of the SE sequence, the 

first π/2-excitation pulse seems to 'rotate' the net magnetization vector (M0) from 

the z-axis to the x-y (transverse) plane, resulting in a magnetization that has the same 

magnitude of M0 on the transverse plane. Diverted from the thermal equilibrium by 

the excitation pulse, in the absence of the RF field, the ensemble of spins will 

gradually return to the thermal equilibrium via relaxation, in which process the 

population difference of spins with two energy states re-establishes, and the 

coherences gradually dephase. It is described as the magnetisation vector M 

precesses around the z-axis while returning to be aligned with the main external 

magnetic field again. After the time interval τ, the following π refocusing pulse is 

applied, which reverses the coherence phases, and so the spins rephase to form an 

echo at t = 2τ (Fig. 2.3). 
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Fig. 2.3 SE pulse sequence.  

 

Using the following π-refocusing pulse, the SE method reverses the coherence 

dephasing that is caused by time-invariant sources and eliminates the effect of the 

inhomogeneous external field on measured nuclear induction signals, which 

dominates the FID, and therefore recover the transverse relaxation time constant (T2) 

of the ensemble of spins on the x-y plane. By repeatedly applying multiple pairs of 

the π/2-π RF pulses on a sample with varying time interval τ between the π/2 and 

the π pulses, and allowing the full relaxation of the signal after each π/2-π pulse pair, 

Carr and Purcell demonstrated that multiple spin-echoes can be generated, and the 

amplitude of the NMR signal can be used to determine the diffusion coefficient and 

the time constant T2 with diffusion in water samples. 

 

2.2.1.2 Multi-echo spin-echo  

To eliminate the effect of diffusion in the measurement of NMR transverse relaxation, 

especially when a non-viscous sample with large T2 is used, and so the sample's self-

diffusion is no longer negligible, Carr and Purcell developed an alternative method 

[157] to reveal the 'natural' transverse relaxation of the NMR signal. In a Carr-Purcell 

(CP) sequence, instead of multiple exposures to the (π/2)-π RF pair, a single exposure 

to a series of RF pulses is employed (Fig. 2.4).  
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Fig. 2.4 Multi-echo spin-echo (MESE) pulse sequence. 

 

Often referred as multi-echo spin-echo (MESE) in MRI literature, it applies a π/2-

pulse to 'flip' the net polarisation to the transverse x-y plane (at t = 0), then after time 

τ the dephased spins are refocused with n (n = 1, 2, 3, 4, 5, …) successive π-RF pulses 

to generate echoes after each π-pulse. The time interval between two consecutive 

π-pulses is fixed and equal to 2τ, and the spin echoes can be observed at t = nτ, 

midway between each two refocusing pulses and trailing after the last π-RF pulse. In 

the case when the effect of diffusion is moderate, the decay on the transverse plane 

that is caused by diffusion can be calculated by: 

S;"(H) = S-C
$2#<#=6$
!"(#  

where T is the gradient along FE-direction, U denotes the diffusion coefficient, P the 

number of refocusing RF pulses, known as the echo train length (ETL) in the MRI 

literature. Taking the natural transverse relaxation into account, the NMR signal 

amplitude obtained by π/2-π sequence is therefore given by: 

S;"(H) = S-C
$ %
&#>

(()#*#+%$)
-#.#  

For the SE sequence, n = 1. This well described the NMR signal intensity of liquid 

samples observed by using multiple SE (Fig. 2.3) and MESE (Fig. 2.4). Additionally, it 

explains the discrepancy in the transverse relaxation time constant T2 of non-viscous 

samples measured by the above two methods [157], whose results are identical 

when measuring a viscous sample because of the restricted diffusion.  

 

Hence, the above quantitative theory has revealed that the effect of diffusion on the 

observed decay can be effectively minimised by increasing or decreasing the inter-

Eq. (2.13) 

Eq. (2.14) 
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echo-time (also known as IEP, inter echo spacing or ESP, echo spacing) 2τ in the CP 

sequence. In addition, another advantage of the CP sequence is that any potential 

molecular convection effect is made the most observable when the time interval 

between consecutive π-pulses is set as twice as the time between the π/2-pulse and 

the first π-pulse. The convection effect is shown as the diminished signal amplitude 

of odd-number echoes [157], which can be easily identified and eliminated in 

calculation by using the even-number echo, where theoretically the coherences are 

perfectly refocused, and the net magnetic moment is in phase. 

 

In the CP sequence, the amplitude adjustment of the refocusing π-RF pulse is the 

most important for the accuracy of the relaxation time measurement, because an 

ideal refocusing pulse should 'flip' all moments the exact angle of π so that all 

coherences previously dephasing on the x-y plane can be re-clustered (rephased) 

again, and a 'full' echo can be formed on the transverse plane. In practice, however, 

a perfect π pulse is not easy to achieve, and even a small refocusing error could 

accumulate and exaggerate through the long echo train in the CP sequence. To 

address this issue, Meiboom and Gill improved the sequence by shifting the phase of 

the excitation pulse by π/2, relative to the phase of the refocusing π-pulse [163]. To 

visualise the difference between two methods, considering a right-hand system, at 

first assume one same (π/2)x-excitation pulse rotate the net magnetization by π/2 

about +x' axis onto the -y' axis of the rotating frame. In the original CP sequence [157], 

successive (π)x-pulses are then carried out to refocus the coherences and the spin 

echoes are form (in-phase) on +y' and -y' axis alternatively. Proposed by Meiboom 

and Gill [163], the (π/2)x-excitation pulse is followed by coherent and successive (π)y 

pulses, which means the coherences are 'flipped' by the π-pulses about +y' axis and 

always refocused on -y' axis, and all the echoes generated by this pulse sequence 

have the same phase. Known as Carr-Purcell-Meiboom-Gill (CPMG) sequence, this 

method can correct the imperfect refocus angle by 'flipping back' the coherences 

onto the transverse plane and forming the echo with the correct amplitude after 

every even-numbered refocusing pulse.  
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In NMR, the SE techniques are often regarded as the gold standard for relaxometry, 

and the CPMG sequence has been widely applied to study T2 relaxation and the 

spectrum broadening, especially for spin !
"

 nuclei, e.g., 1H. Compared to NMR, 

however, the CPMG-based MRI applications are more sensitive to the acquisition 

parameters and imaging systems, because of the interaction between the signal and 

the spatial encoding gradients. Therefore, the MR relaxometry measured with MRI is 

often not directly comparable to the NMR measurement of a sample. However, the 

relaxation measured using MRI can still be highly reproducible when the pulse 

sequence and acquisition parameters are consistent. As the CPMG sequence is 

widely employed in the clinical MRI scanner, it is still the most common and practical 

method for T2 measurement in the body and brain. 

 

2.2.1.3 Fast spin echo 

As another variation of the SE sequence, the fast-spin-echo (FSE or TSE, for turbo-

spin-echo) [235] may seem similar to MESE in a sense of the RF pulse sequence, 

because both of them have a series of multiple π-pulses after the initial π/2-

excitation RF pulse, to generate corresponding echoes. However, the data acquisition 

scheme in terms of k-space filling for FSE is entirely different. In SE or MESE sequence, 

the same PE step is applied to the echo(es) generated within one TR, but different PE 

steps are used in FSE sequence for each echo generated after the π-pulse in the echo 

train. The latter PE scheme in the FES sequence enables multiple lines to be filled in 

the k-space during one TR, which accelerate the acquisition by a 'turbo factor' that is 

equal to the ETL, compared to SE. The scan time of an FSE sequence is: 

MNOP	HQRC =
7: × B89 × B7

97V
 

where 7:  is the repetition time, B89  denotes the number of PE steps, B7 the number 

of averages. 

 

By sampling multiple lines of the k-space within one TR, FSE 'fills up' the k-space in a 

much faster manner (Fig. 2.5), at the same time, its contrast behaviour is inherently 

more complicated. Composed by several segments (or portions), FSE's k-space 

contains the information of signals (echoes) obtained at different echo times (TE). 

Eq. (2.15) 
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Although some details and contrast of FSE image are compromised due to the mixing 

of signals, by taking advantage of the fact that the main contrast of an MR image is 

dominated by the signal near the k-space centre, the contrast and the weighting of 

the FSE image is determined by the echo acquired at the central portion of the k-

space, and the corresponding TE is called the effective TE (TE(eff)). The control of 

contrast can be done by manipulating the phase encoding scheme, moreover, dual- 

and triple-echo FSE can be achieved more efficiently by assigning the echoes within 

one TR to two or three images with varied TE(eff).  

 
Fig. 2.5 An example 2D Cartesian segmented k-space. 

The central k-space is highlighted in green. kx: x-direction in the k-space; ky: y-direction in 

the k-space. TE1, TE2, TE(eff): 1st echo time, 2nd echo time, and effective echo time, 

respectively. 

 

Compared to the image obtained by using conventional SE sequence, the one from 

FSE has some noticeable differences in the contrast behaviour and image quality, for 

example, the brighter appearance of fat (J-decoupling due to the short ESP), stronger 

magnetisation transfer (MT) effect (due to the long ETL that saturates the bound pool, 

showed as darker soft tissues and therefore relatively brighter veins), and somewhat 

reduced details [236, 237]. In clinical, to reduce the specific absorption rate (SAR) 

that is generated by the long echo train, a reduced FA (α < π) of the refocus pulses is 

often applied, which further induces deviation from the conventional SE.  

 

 

 

ky 

kx 

TE1 
TE2 
… 
… 
… 
 

TE(eff) 
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2.2.2 Gradient Echo 

Instead of using the RF pulse that refocuses the coherences to form a spin echo, 

gradient echo (GRE) sequences rephase (and dephase) the spins to generate the MR 

signal (echo) by 'reversing' the gradient after the FID. Without the π-pulse, the field 

inhomogeneity is not compensated, and the induction nuclear signal decay is not 

only determined by T2, but also by the magnetic field and local susceptibility and 

diffusion. Another main difference between the SE sequence and the GRE sequence 

is that the latter applies a small FA (α < π/2) to the spins to generate the net 

magnetization on the transverse plane. The low flip angle allows the GRE sequence 

to employ a short TR, and therefore makes the pulse sequence faster relative to most 

of the SE sequences. 

 

2.2.2.1 3D Gradient echo 

The short scan time of the GRE sequence has made it a perfect candidate for 3D 

acquisition. In 2D MR acquisition, to localise the signal along the main magnetic field 

for instance (although it can be applied to any direction), a slice-selective gradient on 

z-direction is employed to excite a single slice each time when the RF pulse is applied. 

However, by exciting a 3D volume and applying an extra phase encoding along the 

conventional 'slice' direction, 3D acquisition can be achieved in MRI to obtain thinner 

slices and a better slice profile.  

 

In 3D sequences, it takes longer time to acquire the MR signal due to the additional 

phase encoding step in each TR, but the improved SNR and the resultant continuous 

scan volume have made 3D acquisition preferable in some clinical applications, 

especially when the isotropic voxel is desirable. It should be noticed that the artefacts 

that are possibly involved in the in-plane phase encoding, e.g., phase wrapping, could 

also be observed in the slice-direction when applying 3D GRE sequences. 

 

2.3 Magnetic susceptibility 

On the microscopic level, the magnetic susceptibility was demonstrated as the 

response of the spins of nuclei and the orbital electrons to the applied magnetic field, 

and the overall magnetic susceptibility χ of material is dominated by the orbital 



 29 

motion and the spins of the electrons rather than the nuclei because of the relative 

density of the spins, with: 

S = FA 

where S denotes the magnetisation, A is the magnitude of the applied magnetic 

field. In general, when the induced magnetisation is aligned with the applied field, 

where χ > 0, the material is paramagnetic, otherwise diamagnetic (χ < 0). There are 

many mechanisms underlying the magnetisation of the material in presence of an 

external magnetic field, and the apparent magnetic susceptibility demonstrates a 

sum of these contributions and is generally determined by experiments [238-240]. 

 

2.3.1 Magnetisation mechanisms 

Langevin diamagnetism. This mechanism exists in all materials, as it is caused by the 

electron motion in filled orbitals when a magnetic field is applied. A weak 

magnetisation field with a direction opposite to the applied magnetic field is 

produced within the material by the Langevin diamagnetism. It is temperature-

independent, and it is the main mechanism of the diamagnetic property presented 

in water, stable salts, and most biological materials. 

 

Curie paramagnetism. It is the magnetism presented in molecules with unpaired 

electrons. Under the applied magnetic field, it generates a positive magnetisation 

along the same direction as the external field, which is several magnitudes larger 

than the Langevin diamagnetic effect. It exists in the salts or solutions of transition 

metals such as iron and copper, as well as actinides, lanthanides and rare earth 

elements such as gadolinium, which has been widely studied in NMR and MRI 

research, and gadolinium in particular, also utilised in clinical MRI as a contrast agent. 

Some molecules with unpaired electrons or spins, e.g., O2, NO2, also demonstrate 

Curie paramagnetism. The Curie paramagnetism is temperature-dependent and it 

increases as the temperature 7 decreases, known as Curie’s Law: 

F =
W?)@'A
7

 

with W?)@'A  denotes Curie’s constant. 

 

Eq. (2.16) 

Eq. (2.17) 
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Nuclear paramagnetism. The NMR visible nucleus with non-zero spins, e.g., 1H, 13C, 

generate a very small positive magnetisation under the applied magnetic field, as 

described in the previous Section 2.1.2.3, Eq.(2.8). The nuclear paramagnetism also 

obeys Curie’s Law and increase as the temperature decreases. 

 

Magnetic domain and superparamagnetism. Some materials can form magnetic 

domains within their structure when an external magnetic field is applied. Within the 

magnetic domain, the spins are spontaneously magnetised and aligned in an ordered 

phase, and the introduced magnetisation remains even after the removal of the 

external field. The magnetically ordered state of the material is termed 

ferromagnetism, with different subtypes depending on the pattern of spins. Some 

ferromagnetic materials demonstrate a very large positive susceptibility and 

generate an enormous demagnetising field, usually considered unsafe in MR. 

However, when the physical size of the magnetically ordered material decreases 

under a certain level, these particles with a single magnetic domain demonstrate 

superparamagnetism – it generates a demagnetising field with the same direction of 

the applied magnetic field, with a greater susceptibility than for Curie 

paramagnetism [239, 241, 242]. 

 

The Néel relaxation time is used to charities the relaxation of the electronic moment 

of a superparamagnetic particle, which is differed from the proton relaxation 

(described in Section 2.1.5). For a superparamagnetic particle, the Néel relaxation 

time XBéDE is given by: 

XBéDE = X-C
FG
01  

with X- a pre-exponential factor that is on the order of 0.1 to 100 ns, Y denotes the 

anisotropy constant, Zdenotes the volume of the particle, D the Boltzmann constant, 

and 7 the temperature in Kelvin. For a given volume, there is a blocking temperature 

for the particle, above which the material demonstrates superparamagnetism and 

no remanent magnetisation sustains after the external magnetic field is removed 

[170, 239, 241, 242]. 

 

Eq. (2.18) 
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2.3.2 Bulk susceptibility quantification using MRI 

2.3.2.1 Relations between demagnetisation field and the susceptibility 

Under the external magnetic field ,#([), the proton nucleus experience [243]: 

,([) = 	,#([) + ,HIJKL([) 

with ,HIJKL([) denotes the associated demagnetisation field that presents in the 

subject being imaged at location [ , and usually is determined by dipole 

approximation ,HIJKL([) = ∑ ]([ − [')' , with ] is the unit dipole function. Hereby, 

chemical shift effect is neglected.  

 

Using Lorentz approach, the demagnetisation field ,HIJKL([) can be calculated by 

virtually separating the area surrounding the unit dipole into a near and a distant 

region, and the field contributed [244]: 

,HIJKL([) = ,MIKN([) + ,HOPQKMQ([) 

When assuming the unit dipoles are randomly distributed, and observed 

susceptibility χ is constant throughout the near region defined above (usually a 

sphere, named Lorentz sphere), the near field vanishes, and the distant field is given 

by [245]: 

,HIJKL([) = ,HOPQKMQ([) = ,#([) ∙ {F([) ⊗ ]([)} 

where ⊗ denotes 3D convolution. Therefore: 

,([) = 	,#([) + ,#([) ∙ {F([) ⊗ ]([)} 

This forms the foundation of quantifying susceptibility using MRI. Using the Fourier 

convolution theorem, the above equation can be transformed into a pointwise 

multiplication in the Fourier domain [17]: 

ℱ(F([)) ∙ ℱ(]([)) = 	ℱ b
,([) − ,#([)

,#([)
c 

with ℱ indicates Fourier transform. The right-hand side is sometimes referred as the 

Relative Difference Field (RDF) [246]: 

dUe =
,([) − ,#([)

,#([)
 

 

 

 

Eq. (2.19) 

Eq. (2.20) 

Eq. (2.21) 

Eq. (2.22) 

Eq. (2.23) 

Eq. (2.24) 
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2.3.2.2 Relations between the MR phase and local field perturbation 

Using a GRE sequence with multiple TE, the phase observed by a right-hand MR 

system is given by: 

f(X) = f- + :fR:(X) = f- + :gR: ∙ 2*X 

where f-is the transceiver phase offset, :fR:(X) denotes the phase evolved with 

time X, and :gR:  the frequency in the rotating frame that is inherently wrapped 

within 2π, calculated from: 

:gR:([) = −
.

2*
(A*ASTU([) + AVTW0U@+)(*([)) 

with AVTW0U@+)(*([) denotes the global field inhomogeneity [244]. 

Eq. (2.25) 

Eq. (2.26) 
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Chapter 3: Literature Review of quantitative MRI methods for 

measuring iron 

A variety of MRI parameters have been studied to measure iron stores in brain tissues 

in the past. The T1- and T2-shortening effects of the brain iron have been observed at 

different magnetic field strength [156, 162, 165, 247]. As the significant T2-shortening 

effect of the brain iron allows the visualisation of the relative iron levels on T2-

weighted images, the transverse relaxation rates obtained with SE (R2) [154, 247, 248] 

and GRE (R2*) [249] both show a positive correlation with post-mortem brain iron 

concentrations in healthy brains. Although it is time-consuming to obtain the 

accurate measurement of R2 by using the SE pulse sequence, it reflects the 

characteristic microscopic properties of samples and does not need additional 

diffusion coefficient corrections for multi-echo MRI sequences [250]. Using scans 

obtained at two different field strengths, the field-dependent R2 increase (FDRI) is 

sensitive to brain iron concentrations, especially to ferritin-bound iron oxide 

nanoparticles [251]. However, this method is rather impractical in clinical settings 

because it requires scanning patients twice using different scanners with high- and 

low-field strength, respectively. Utilising the MR phase information, susceptibility-

weighted imaging (SWI) [252] was initially proposed for angiography but sometimes 

was reported as a semi-quantitative method for the brain iron level. Several 

advanced approaches to map brain iron have been developed recently as research 

tools but are not yet in clinical use, including quantitative susceptibility mapping 

(QSM) [253] and magnetic field correlation (MFC) [254]. 

 

3.1 R2, R2* relaxometry and R2’ 

The transverse relaxation rate R2 was one of the first quantitative MRI parameters 

being investigated in both in vivo and in vitro human brains, based on the underlying 

mechanism of (super)paramagnetic (ferritin) iron-induced proton relaxation [156, 

161, 162, 165, 255, 256]. Derived from NMR, the SE and MESE pulse sequences 

(Section 2.2.1) have been used to obtain the R2 values in tissue, and the relationship 

between R2 and tissue iron concentration has been studied in post-mortem mouse, 
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monkey, and human brains, or in the liver [13, 174, 186, 248, 257]. The linear 

correlations usually contain an iron-dependent (slope) coefficient, which is mostly 

linearly proportional to the field strength (tested up to 14.0 T) [247, 258], and an 

iron-independent offset. Therefore, this field-dependency of the coefficient enables 

the comparison of the R2 measured at different field strengths. House et al. [50] 

reported a threshold at 55 μg/g (ww) in brain tissues as a lower detection limit for 

iron at 4.7 T. At UHF (7.0 T), or with a very high iron concentration, Hocq et al. [247] 

observed an IEP(ESP)-dependent (see Section 2.2.1.2) T2 in tissue samples. 

Nevertheless, the quantitative R2 is insensitive to artifacts introduced by the 

magnetic field inhomogeneity and generally robust against sequence parameters but 

sensitive to the changing water coefficient in the tissue [154]. Because of the varied 

amount of water between the WM and GM, R2 is limited in quantifying iron content 

in the brain [154, 249]. At the same time, pathological alteration of water has been 

observed, it also explains the reducing correlation of R2 with brain iron when disease 

groups were considered [42]. To eliminate the impact of water content in brain tissue, 

a predictive model for R2 was proposed [50, 154], where a non-iron related tissue 

parameter, dry-to-wet ratio (DWR), was introduced. 

 

By applying the GRE pulse sequence (Section 2.2.2), the exponential decay rate of 

transverse relaxation with the field inhomogeneity R2* can be obtained. The T2*-

weighted images and R2* maps of iron-loaded tissues such as liver and brains usually 

showed a higher contrast-to-noise ratio (CNR) between the iron-rich region and the 

surrounding tissue, compared to T2-weighted images or R2 maps [178, 259-261]. It is 

primarily caused by the cellular distribution of the iron content, which is 

encapsulated and compartmentalised within certain regions, generates the local 

field inhomogeneity, and accelerates dephasing in the GRE sequence. This effect is 

described by the static dephasing regime of the MR signal [227]. 

 

One disadvantage of R2* originates from the employed GRE pulse sequence. As it is 

very sensitive to the spin dephasing caused by local and global field inhomogeneity, 

the image quality and the reproducibility of the quantitative measurement can be 
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compromised by imperfect shimming, B1 effect, and susceptibility artifact. An R2’ 

method was later proposed to correct some of the effects by eliminating the global 

field inhomogeneity from the measured parametric map, by subtracting R2 from the 

R2* maps by definition !
1#∗
=

!
1#
+

!
1#"

 , where !
1#"
= d"

X  [186, 200]. This normally requires 

a specific SE-GRE sequence, and accurate modelling of R2 from the hybrid SE-GRE 

sequence [228, 262]. Ordidge et al. [263] reported a method to estimate iron content 

in the neurodegeneration by using local susceptibility R2’. 

 

3.2 Field-dependent R2 increase 

Another attempt to overcome the limitation of pathological changes of water 

content in brain tissue was proposed by Bartzokis et al. [251, 264], FDRI, which is 

calculated by the R2 measurements obtained under one high magnetic field and one 

low magnetic field, respectively. The age-related increase of iron content in the 

human brain was later validated via in vivo MRI imaging by the same group [265]. By 

using the FDRI, the non-haemin iron content in the frontal WM, caudate nucleus, 

putamen, and globus pallidus were estimated among subjects with the age ranging 

from 20 to 81 yrs, and the relationship between the quantitative MRI measurement 

was found highly correlated with the post-mortem observation of non-haemin iron 

content. 

 

3.3 SWI and QSM 

In the recent decade, the use of the phase information obtained from the GRE 

sequence is found to be able to generate novel contrast that is related to the bulk 

susceptibility of the tissue. Both qualitative and quantitative methods exist, namely 

SWI (susceptibility-weighted imaging) [13, 266, 267] and QSM (quantitative 

susceptibility mapping), respectively. Rarely, some research utilising quantitative or 

numerical measurements of SWI signals were also termed QSM in the literature, 

though the SWI does not necessarily reveal the true range of the imaged subject’s 

susceptibility. It is because the SWI image is generated by masking the conventional 

magnitude weighted image using a high-pass filtered phase image, where the slow-
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varying background phase was removed by filtering [267]. In this thesis, the term 

QSM is exclusively used for the methods described below. 

 

Recall Section 2.3.2, the phase information and the bulk magnetic susceptibility 

distribution of brain tissue can be reconstructed based on the phase image of MR by 

applying a gradient echo pulse sequence. Several approaches [18, 51, 268-273] have 

been proposed to quantitatively reconstruct the susceptibility image and may be 

categorised based on the two crucial QSM processing steps employed: different 

methods of processing phase data (generating RDF), and different approaches to 

solving the field-to-source (RDF-to-susceptibility) inverse problem. The phase 

processing usually consists of the phase-unwrapping and the background field 

removal, which are crucial to revealing the accurate RDF from the raw phase data.  

 

For the phase-unwrapping, several methods have been proposed to resolve the 

inherently wrapped phase: path-following, Laplacian phase unwrapping and 

unwrapping within time-domain [274, 275]. Generally, the unwrapping relies solely 

on temporal technique is found inadequate to resolve the wrapped phase and the 

spatial unwrapping is also required. Previously proposed methods to remove the 

background (global) field contribution includes projection onto dipole fields (PDF), 

sophisticated harmonics artifact reduction for phase (SHARP) [245] and the Laplacian 

boundary value (LBV) method [276]. Those methods are found to be superior to 

homodyne filtering, as they treat the observed total field authentically as a 

superposition of the local field caused by the subject, and the background field by 

the hardware or material outside of the FOV. Variations of SHARP methods have also 

been reported in the literature [273, 277], usually by dynamically varying the size of 

the convolution kernel employed in the method, based on information provided by 

the magnitude images. For the multi-coil acquisition and parallel imaging, the SENSE-

based approach [233] is found to generate the most reliable phase results [274]. 

These phase processing methods had been reviewed carefully in numerical 

phantoms and human brains somewhere else [274, 275]. 



 37 

Although methods exist for solving the field-to-source ill-posed inverse problem [278] 

by direct matrix inversion without employing constraints, it requires repeated MR 

acquisitions of the subject, with varying direction for each acquisition with regard to 

the external magnetic field [224, 279]. As the orientation of the main magnetic field 

of the scanner is fixed, this requires rotation of the subject undergoing MR 

examination, which is impractical in clinical MRI. Additional co-registration steps are 

therefore required, which could introduce variations of the resulting susceptibility, 

especially near structural boundaries. Single-orientation QSM using regularisation or 

inverse filtering to overcome the ill-posed problem that is caused at the magic angle 

h where the unit dipole function ]([) in the k-space equals zero [18, 19]: 

](i) = ℱ{]([)} =
1

3
− Nkl"h 

and the associated values generate errors that follow the wave-propagation, 

demonstrated as cone-shaped streaking artifacts in the susceptibility. Historically, 

this method was proposed to regularise the solution in the k-space by employing a 

modified inverse filter, which is usually referred as truncated k-space division (TKD) 

method [13, 217]. 

 

Least-squares based algorithms were proposed to solve this problem in the spatial 

domain, by minimising the error between the RDF calculated from the susceptibility 

χ as a pseudo-solution and the measured RDF, using the least-squares (LSQR) 

algorithm [280]. This method is mathematically unbiased, but the result does not 

always show sufficient suppression of the streaking artifacts. To solve this problem, 

approaches with regularisation with a prior were proposed, using a sophisticated 

algorithm that reformulates the inverse problem into a constraint minimisation. One 

of the most influential algorithms based on this method is the nonlinear morphology 

enabled dipole inversion (nMEDI) [17-19], where the magnitude edge information is 

used as a prior for the solution. It has been theoretically analysed and shown to be 

able to sufficiently suppress the streaking artifact in the susceptibility images. It was 

also reported to generate superior contrast and numerical results in human brain 

MRI to TKD-based methods [19, 224, 281]. However, introducing the regularisation 

Eq. (3.1) 
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term generates bias in the solution, and the influence of the selection of the 

regularisation parameter on the resulting susceptibility map has not yet been 

systematically studied at the time of writing. 

 

Nevertheless, the susceptibility maps generated using the QSM methods can have 

visually appealing contrast that could reveal additional information, which is not 

usually evident on the conventional weighted images or parametric maps. 

Langkammer et al. [51] reported a post-mortem validation of the QSM method using 

the iron measurement from the same fixed 13 post-mortem brains reported by Krebs 

et al. [9], and it showed a good linear correlation. Since then, the number of clinical 

studies that used the QSM method to image the brain iron, has greatly increased, 

where the measured susceptibility was often used for comparison between groups 

of subjects. With better accuracy and sensitivity in classifying and differentiating 

disease cohorts based on the brain iron content, the state-of-art QSM method 

appeared to have potential in quantitative brain iron in future research [191, 282]. 

 

3.4 Other phase-related MRI techniques 

Sharing similar signal formation as QSM, MFC [283] is also generated from the local 

phase shift using the GRE pulse sequence. It was demonstrated to be able to quantify 

iron content via the field inhomogeneity [284]. Other potential methods for 

measuring the brain iron include the frequency difference mapping (FDM) [225], 

which does not require the use of phase unwrapping or sophisticated image 

processing compared with QSM.  
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Chapter 4: Research methodology for the quantitative MRI 

This chapter provides the principles for selecting the quantitative MRI approach and 

techniques employed in this thesis, and the justification. Hereby it presents the 

overview of the research methodology in the MRI study design, acquisition, image 

processing and statistics in this work, while the specific materials and scientific 

methods used for the individual experiment were described in respective chapters 

(Chapter 5, 6 and 7). 

 

4.1 In vitro phantom MRI  

Physical MR phantoms are regularly used to validate quantitative measurements 

acquired using MRI. Historically, it derived from the phantom for 1H NMR, usually 

consisting of water doped with paramagnetic ions [165]. In MRI, a large variety of 

phantoms exist, and more sophisticated phantoms can be constructed [228, 285-

290]. In general, it can be constructed with materials with known and controlled 

electromagnetic properties, to predict observed MR signal behaviour. Or by changing 

its composition, it can mimic a particular in vivo microenvironment or can be used to 

investigate the interaction within the phantom by adopting physiological buffers and 

biomolecules and/or biomaterials, native or synthetic [283, 285, 289, 291-293]; or to 

realise in vivo microstructures of organisms [294, 295]. The advantages of using MR 

phantoms to investigate a quantitative MRI method include: 1) the relatively simple 

system, compared with the biological tissue, and 2) the maximisation of controlling 

the materials being imaged, which enables direct comparison between the physics 

models and the experiment results. However, the MR phantom is also intrinsically 

limited by the simplification of the systems, compared with the realistic tissue or 

organisms.  

 

4.2 In vivo human brain MRI 

Unlike iron quantification in the liver, where a biopsy can be performed relatively 

easily [173, 174], validation of the in vivo brain imaging is intrinsically challenging. An 

alternative method in imaging iron in the brain is to perform post-mortem validation 

(examples given in Chapter 3). In this method, the deceased brains are usually 
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imaged first, using the MRI technique to be tested, and the brains or tissue specimens 

are then dissected, and the iron concentration of the specimens measured using 

other analytical methods. By comparing with the exact iron concentration 

measurement obtained from the analytical technique with high reliability and 

reproducibility [78], post-mortem validation is considered the most robust method 

to associate the MRI observation with the tissue properties at the time of writing. 

However, limitations and challenges remain for this method, of translating the 

conclusion to in vivo MRI, including the effect of post-mortem fixation, tissue 

handling and segmentation, the imaging condition (e.g., temperature, shimming, B1) 

[64-69, 296]. 

 

4.2.1 Iron estimation for in vivo human brain MRI 

To investigate the tissue properties in vivo, and the longitudinal changes for 

individuals, it is necessary to image living subjects using MRI. As brain biopsy for iron 

quantification is relatively impractical [12], an alternative is to estimate the iron 

concentration of the living patient’s brain. Specifically, it involves estimation of the 

brain iron using retrospective post-mortem measurements. Selected studies were 

presented in Section 1.2.1, whereas a more comprehensive summary was previously 

reported by Haacke et al. [13], and a recent systematic review of trace elements 

(including iron) in the brain was reported elsewhere [46]. In the quantitative MRI 

literature, the most prevalent and widely employed source is the iron measurement 

work done by Hallgren and Sourander [11] in 1958 (also see Section 1.2.1). In this 

work, Hallgren and Sourander examined 81 unfixed healthy human brains from 

subjects with the age from 0 to 100 yrs, and measured and analysed the non-haemin 

iron concentrations in 11 brain regions. The empirical predictions of iron 

concentrations of various brain regions, as a function of the subject’s age, are 

provided in Appendix A, and selected models for the brain regions related to this PhD 

project are given by [11]:  

Caudate nucleus: 

m = 96.6 × (1 − C$-.-Z[) + 3.3 

 

Eq. (4.1) 
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Globus pallidus: 

m = 214.1 × (1 − C$-.-\[) + 3.7 

Putamen: 

m = 146.2 × (1 − C$-.-][) + 4.6 

with m denoted the non-haemin iron in μg/g wet weight (ww), p the subject’s age in 

years.  

 

4.2.2 Group comparison using in vivo human brain MRI 

The quantitative MRI measurement (summarised in Chapter 3) acquired from the in 

vivo human brain MRI, therefore, may be utilised as an indirect measure of iron 

content, for the comparison between groups of subjects (patients) [13, 14]. Although 

the iron content represented by the quantitative MRI measurement may be indirect, 

rather than exact (absolute), the comparison can be valid and reproducible, when 

appropriate MRI techniques are applied, and the MR acquisition conditions are 

controlled.  

 

For comparing groups of patients with healthy subjects or volunteers, matched age 

and gender between groups are in general necessary, and rigorous clinical 

assessments with up-to-date and regularly revised standards should be performed, 

on all participants, to control the subject-related variable. For instance, PD symptoms 

and severity may be assessed with the Unified Parkinson’s Disease Rating Scale 

(UPDRS) [123, 124] and the University of Pennsylvania Smell Identification Test 

(UPSIT) [125], together with the Parkinsonism progression staging assessment, 

Hoehn and Yahr (H&Y) year [126], established by Hoehn and Yahr. Additionally, the 

Braak’s staging method [121, 127] can be employed for Parkinsonism, which 

incorporates Lewy body pathology, and the Montreal Cognitive Assessment (MoCA) 

[297] is also routinely used to clinically measure mild cognitive impairment (MCI). 

 

4.3 MR imaging and reconstruction 

The imaging acquisition methods applied in this research are designed and adjusted,  

Eq. (4.2) 

Eq. (4.3) 
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so that they are comparable across the platforms and systems provided by different 

vendors (Siemens, GE Healthcare, Bruker), and for different magnetic field strengths 

(3.0 T and 9.4 T). For non-retrospective data acquired in the PhD study (Chapter 6 

and 7), within the individual platform, the MR images were obtained using the same 

coverage, slice locations and corresponding slice thickness among 2D and 3D 

acquisition and across different modalities, to ensure the correspondence of the 

signal location and to minimise the co-registration error in the later analysis. 

Principally, the dual-contrast FSE (TSE) sequence was applied for the effective R2 

mapping, the CPMG-based MESE sequence for conventional R2 relaxometry, and the 

3D GRE sequence for R2* mapping and QSM. The exact parameters of each pulse 

sequence are presented in the following experiment chapters (Chapter 5-7), 

correspondingly. 

 

To ensure the pre-condition of the images satisfied the requirements for the QSM 

post-processing, and to minimise vendor-dependent contrast filtering and geometry 

correction, off-line reconstruction was conducted for non-retrospective MRI 

(Chapter 6 and 7), using MATLAB (R2019b, MathWorks). The off-line reconstruction 

of each acquisition is detailed in the Methods sections of Chapter 6 and 7, 

respectively. Online reconstruction was performed at the scanner after the 

acquisition only for inspection purposes. 

 

4.4 Post-processing  

4.4.1 Quantitative MRI parametric mapping 

Longitudinal relaxation time 7!  may be calculated from the SE-based saturation 

recovery pulse sequence by fitting the signal intensity (magnitude) to the mono-

exponential function: 

M(7:) = S- <1 − C
$101- = + W 

where M(7:) is the observed 7:-dependent magnitude MR signal, S- indicates the 

proton density, 7!  is the longitudinal relaxation time to be estimated, and W  is a 

constant offset related to the hardware system and the experiment condition. The 

longitudinal relaxation rate d! can be calculated by the reciprocal of 7! value: 

Eq. (4.4) 
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d! =
1

7!
 

 

The transverse relaxation rates d"  and d"∗  can be calculated from the magnitude 

data of the MESE and 3D GRE pulse sequences respectively. The observed signal with 

the given relaxation rates are assumed to follow the mono-exponential decay: 

M(79) = S-C
$111# + W 

where M(79)  is the 79 -dependent magnitude MR signal, S-  indicates the proton 

density, 7" (7"∗) indicates the transverse relaxation time constant to be calculated 

and W is a constant offset related to the hardware and the experiment condition. The 

transverse relaxation rate d" (d"∗) is then given by: 

d" =
1

7"
 

 

4.4.2 QSM framework 

Employed in this PhD research (Chapter 6 and 7), the general post-processing 

framework that incorporates QSM, is depicted in Fig. 4.1. The general QSM pipeline 

consisted of phase processing and dipole inversion.  

 

Eq. (4.5) 

Eq. (4.6) 

Eq. (4.7) 
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Fig. 4.1 Image post-processing pipeline with QSM. 

 

4.4.2.1 Phase correction and normalisation 

A pre-processing step can be carried out before the main QSM processing, including 

the correction of echo-to-echo phase inconsistency and data normalisation [298]. 

The correction of the echo-dependent phase can remove the inherent readout phase 

correction, which may be performed during the acquisition. Then the complex MR 

signal intensity can be normalised by the standard deviation of the background noise 

level and signal-to-noise ratio (SNR) is calculated according to:  

MBd = 	
RCOP%'U(T_
q(+'%A

 

The magnitude image of the reconstructed complex image data can be generated by 

the sum-of-squares method, summing along the echo direction, and a binary 

phantom mask for the brain or phantoms may be generated by thresholding.  
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4.4.2.2 Phase unwrapping and frequency map estimation 

To resolve the true total phase shift of each pixel from the raw phase image, which 

is intrinsically wrapped within (-π, π] due to the nature of quadrature detection of 

the MR signal (see Eq.(2.25) in Section 2.3.2.2), temporal and spatial unwrapping 

need to be performed. The temporal technique exploits the TE-dependency of the 

phase evolution, and estimated the unaliased phase via a non-linear complex fitting 

[298]. The spatial unwrapping attempts to resolve the true phase of each voxel, by 

testing the neighbouring data point, based on a reliability map derived from the 

magnitude images (region-growing method [299]) or based on the Laplacian 

condition (Laplacian operator method [300]). 

 

To remove the global field inhomogeneity, which is often a few orders of magnitude 

larger than the frequency shift caused by the subject, a procedure called background 

field removal, is required to reveal the frequency map when a reference scan [243, 

276, 301] is not available or impractical to acquire (e.g., in vivo imaging). Various 

background field removal techniques have been reported in the literature [245, 246, 

276, 277, 302-304], and reviewed elsewhere [275]. The technique development 

remains an active research field, which exceeds the scope of the PhD thesis. 

Essentially, this step is to separate the contribution from the source inside (e.g., 

subject or phantom) and outside of the imaging volume (e.g., main magnetic field 

drift, imperfect shimming, RF coil’s shape and material, subject-environment 

interface). The background field removal techniques built upon the same principle, 

that the field perturbation generated by the source from outside of the imaging 

volume (background field) satisfied the sets of harmonic functions.  

 

Therefore, it can be removed by either modelling the harmonic function of the 

background field (e.g., PDF [246]), or directly eliminating the term that satisfied the 

spherical mean value (SMV) theorem via deconvolution (e.g., SHARP [245]). For 

instance, PDF (projection onto dipole fields) method [246] uses a conjugate gradient 

(CG) algorithm, to solve the least-squares minimisation problem of the background 

field, with the weight derived from the sum-of-squares magnitude mask in the 

Fourier domain. It models and mitigates the 0th- and 1st-order spherical harmonic 
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terms in the field expansion, which are assumed to be the result of insufficient 

shimming. The SHARP (sophisticated harmonic artifact reduction for phase data) 

algorithm [245] and the methods derived from it, e.g., RESHARP [277], V-SHARP [302, 

303], R-SHARP [304], remove the background field by applying one or multiple SMV 

filters to the masked total field. It is followed by k-space truncation as an additional 

regularisation step, to compensate for the non-harmonic contributions, from 

unaccounted transmitter frequency offset during the deconvolution [245]. The 

background removal by solving the LBV (Laplacian boundary value) problem [276] 

exploits the solution of Laplace’s equation by assuming simple boundary conditions 

to efficiently remove the background field. By transforming the problem into a 

boundary value problem of Poisson’s equation, the LBV background removal applied 

a finite difference method by employing a full multigrid algorithm to solve the partial 

differential equations (PDEs). After the background field removal, the resulting 

frequency map (or RDF, see Section 2.3.2.2) is the input of the following dipole 

inversion. 

 

4.4.2.3 Field-to-susceptibility dipole inversion with nMEDI-L1 [18] 

Introduced in Section 3.3, nMEDI-L1 [18] is one of the most influential and 

sophisticated algorithms available for QSM post-processing, based on a regularised 

approach to suppress the artifact generated by the single-orientation acquisition. It 

is also one of the fundamental frameworks for many lately developed pipelines for 

the human brain QSM [271, 273, 305-307]. Compared with the early attempts that 

relied on the k-space truncation [13], the susceptibility source is estimated using a 

Bayesian estimation approach. It uses the magnitude a priori to find the general 

solution to the forward source-to-field problem, which is treated as a partial 

differential equation. Alternative approaches to this inversion problem also exist 

[245, 272, 273, 308-310], but the resulting susceptibility accuracy [18, 19, 281], 

reproducibility at different field strengths [311] are only well documented for nMEDI-

L1. The inverse problem is reformulated to a constrained L1-norm optimisation in 

nMEDI-L1 [18]:  

OrsRQP`
1

2
∥ uvC$'a − C$'b

(-=b`w ∥"
"+ x ∥ y∇F ∥! Eq. (4.9) 
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where χ is the susceptibility, u a weight matrix of the noise that is estimated from 

the magnitude image, h the local phase, e and e$! denote the Fourier operator and 

its inverse, U indicates the unit dipole function, x the regularisation parameter, y 

the binary mask obtained from the magnitude image, and ∇ denotes the gradient 

operator that indicates the smoothness of the solution. Moreover, for the in vivo 

human brain data, an additional L2-term can be employed in the minimisation 

problem, to enable a solution with homogeneous CSF as a zero-susceptibility 

reference (MEDI+0) [271]: 

OrsRQP`
1

2
∥ uvC$'a − C$'b

(-=b`w ∥"
"+ x! ∥ y∇F ∥!+ x" ∥ S?cb(F − F?cb{{{{{{) ∥"

" 

 

where x! and x"  denote the regularisation parameters for the L1- and L2-

optimisations respectively, S?cb  indicate the binary mask for CSF, and F?cb{{{{{{  the 

average susceptibility measured within the CSF mask. 

 

4.5 Image analysis  

In quantitative MRI, both pixel-wise analysis and ROI analysis can be applied. The 

pixel-wise analysis often employed in multi-modal measurements, when images 

acquired by different techniques can be aligned and co-registered, to extract 

structural and functional information [109, 151]. It also enables histogram analysis, 

to investigate the distribution of the pixel-wise data, which is valuable for inspection 

and interpretation of heterogeneity. On the other hand, ROI analysis can extract the 

representative information from the image, and is routinely used in human brain MRI, 

to measure parameters within certain brain nuclei or regions. Segmentation on 

human brain MRI, the procedure of drawing the ROI that overlaps the anatomical 

region of the brain, requires an understanding of the MR pulse sequences, 

corresponding tissue contrast mechanism, and human brain anatomy [312]. 

Regarding this PhD project, the basic MR contrast of the brain ROI, on relevant MR 

images, are summarised in Table 4.1.  

 

 

 

Eq. (4.10) 
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Table 4.1 Contrasts of selected brain regions on different MR images. 

ROI 
Proton density-weighted 

image 
T2-weighted image susceptibility map 

caudate 

nucleus 
hyperintensity to surrounding tissue 

globus 

pallidus 

hypointensity to 

surrounding tissue 

hypointensity to 

surrounding tissue 

hyperintensity to 

surrounding tissue 

putamen 
hyperintensity to 

surrounding tissue 

hyperintensity of the 

anterior-medial part, 

hypointensity of the 

posterior-lateral part to 

surrounding tissue 

hyperintensity to 

surrounding tissue 

red 

nucleus 

hypointensity to 

surrounding tissue 

hypointensity to 

surrounding tissue 

hyperintensity to 

surrounding tissue 

substantia 

nigra 

hypointensity to 

surrounding tissue on the 

middle- superior levels, 

mixed contrast on the 

inferior-middle level 

hyperintensity to 

surrounding tissue 

hyperintensity to 

surrounding tissue 
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Chapter 5: Effective transverse relaxation rate, derived from dual-

contrast fast-spin-echo (FSE) MRI, enables detection of hemisphere 

differences in iron level and function in Parkinson’s disease and healthy 

brain 

5.1 Introduction 

Iron and its homeostasis are closely associated with the basic functions of organisms 

[1] (see Section 1.1). In human brains, the concentration and distribution of iron vary 

among different brain regions [13, 46], and experience dynamic changes, and the 

accumulation of iron content in the brain was observed in the normal ageing [7-11]. 

A landmark post-mortem work of the non-haemin iron concentration in human 

brains was performed by Hallgren and Sourander, and the age-dependent 

predictions of non-haemin iron concentration in various brain regions were reported 

[11]. The authors measured and analysed the non-haemin iron concentrations in 11 

brain regions, after examining 81 unfixed brains from subjects with the age from 0 to 

100 yrs. Other post-mortem research also investigated the brain iron change with 

normal ageing more recently [7-10], using different techniques including ICP-MS and 

AAS. Pathological changes of iron content in particular brain regions also have been 

observed in several neurodegeneration (Section 1.1.2) [52, 58-62, 70].  

 

Hence, increasing interest has been drawn to how to detect the iron level in living 

brains, utilising clinically available techniques such as MRI. Primarily stored in ferritin, 

non-haemin brain iron demonstrates superparamagnetism under an applied external 

magnetic field at normal body temperature [239], accelerating neighbouring proton’s 

relaxation [239, 241, 242]. Detailed in Chapter 3, several MRI measurements have 

been reported to quantify brain (tissue) iron in the past, including R2 derived from SE 

sequence [50, 174, 186, 248, 257], R2* calculated from GRE [178, 259-261]. Elaborate 

methods such as FDRI [251, 264, 265] and R2’ [186, 200, 263] require multiple 

acquisitions or refine sequences. Emerging in the recent decade, the advanced QSM 

technique [51] employs sophisticated post-processing steps, but it is sensitive to 

acquisition parameters and processing algorithms. On the other hand, robust against 

the acquisition parameters and systems, the conventional transverse relaxation rates 
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R2 remains as a reliable approach among existing MRI methods for tissue iron 

quantification.  

 

Nevertheless, the long acquisition time of the SE sequence has been the main 

disadvantage of the conventional R2 method (Section 2.2.1.1-2) in clinical settings, 

preventing it from being used as a routine clinical MRI technique. Attempts to 

overcome this limitation, include the dual-echo SE method [248], by minimising the 

number of echoes required to fit the observed signal to the exponential decay of the 

apparent transverse relaxation, which has shown satisfactory results when the TE 

were selected carefully. Meanwhile, TSE (turbo-spin-echo) [313, 314], also known as 

FSE (fast-spin-echo) [236] (Section 2.2.1.3) has been employed as a routine clinical 

MRI sequence, due to its versatility in generating MRI contrast and its rapid 

acquisition. Utilising k-space segmentation, FSE accelerates the scan time by the 

factor of the ETL (echo train length, see Eq.(2.15) in Section 2.2.1.3), compared with 

the SE sequence. The MRI contrast of FSE is dominated by the TE, at which the MR 

signal fills in the central k-space. These advantages have enabled FSE to be a routine 

pulse sequence in clinical MRI, widely available as current and archived data. It is also 

found prevalent in large cohort studies [206], such as PPMI (Parkinson’s Progression 

Markers Initiative) [207]. 

 

At the clinical field strength, FSE MRI had been almost exclusively used for anatomical 

imaging in the past, and the sensitivity of the whole brain quantitative FSE-derived 

T2 was reported to be insufficient for diagnosis purposes at 1.5 T [315]. Recently, 

attempts were made to recover the ‘true’ T2 from the MR images obtained by the 

FSE sequence by modelling the signal decay [316-318]. However, accurate results 

require exhaustive details of acquisition parameters, including the shape of the RF 

pulse and the actual FA, but this information is often lost for the retrospective data. 

Therefore, an alternative method of calculating a quantitative MRI measure is 

presented in this work, termed effective R2, derived from dual-contrast FSE MRI 

sequence, to evaluate the iron level within healthy and PD brains, using in vivo 

human brain 3.0 T MRI data from PPMI, and with reference to the prior-published 

post-mortem data for regional brain iron concentrations. Demonstrating in case-
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control cross-sectional and longitudinal studies, this work also investigated the 

extend of the effective R2 as a quantitative MRI method to indicate functional 

changes in the brain with PD. 

 

5.2 Methods 

5.2.1 PPMI subjects 

All participants were screened by the study core of PPMI before the enrolment and 

satisfied the inclusion and exclusion criteria of the PPMI cohort study (http://ppmi-

info.org/). Any motor, neuropsychiatric and cognitive clinical symptoms were 

assessed by the PPMI clinical core for each subject, including UPDRS [123, 124], UPSIT 

[125], and MoCA [297] (introduced in Section 4.2.2). Neuroimaging scans, including 

structural MRI and DaT SPECT imaging, were performed by the imaging core for each 

subject at screening. 

 

PPMI’s inclusion criteria for PD participants required subjects: 1) had been diagnosed 

as Parkinson’s disease for 2 years or less than 2 years at screening; 2) aged 30 years 

or older at time of PD diagnosis; 3) at Hoehn and Yahr Stage I or II at PPMI study 

baseline (0-month); 4) must have had at least two of the following symptoms: resting 

tremor, bradykinesia, rigidity (must have either resting tremor or bradykinesia) or 

either asymmetric resting tremor or asymmetric bradykinesia; 5) have had 

confirmation from the PPMI imaging core that screening dopamine transporter 

SPECT scan was consistent with dopamine transporter deficit; 6) not expected to 

require PD medicine within at least 6 months since the baseline. The exclusion 

criteria were: 1) subjects taking PD medication (levodopa, dopamine agonists, MAO-

B inhibitors, or amantadine) at the screening, or had taken PD medication within 60 

days or for more than a total of 60 days prior to the screening; 2) received medicines 

(neuroleptics, metoclopramide, alpha methyldopa, methylphenidate, reserpine, or 

amphetamine derivative) that might interfere with dopamine transporter SPECT 

imaging with 6 months of screening; 3) had use of investigational drugs or devices 

within 60 days of baseline (screening). 
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Inclusion for healthy subjects (HC) required that subjects must be 30 years old or 

above at screening. Exclusion criteria were the following: 1) active clinically 

significant neurological disorder at the screening, or previously obtained MRI scan 

with evidence of clinically significant neurological disorder; 2) received medicines 

that might interfere with dopamine transporter SPECT imaging with 6 months of 

screening; 3) had use of investigational drugs or devices within 60 days of baseline; 

4) MoCA score less than or equal to 26; 5) first degree relative with idiopathic PD. 

 

5.2.2 Retrospective MR data selection 

All retrospective MR data obtained and analysed in this PhD project are screened and 

selected from the PPMI MRI database for rigorous case-control analysis, therefore, 

criteria are applied to minimise the potential bias introduced by the magnetic field 

strength, vendors, age, gender, and matched longitudinal data availability. Three 

Tesla (3.0 T) retrospective clinical MR data are selected to ensure the highest possible 

image resolution and SNR, and the images acquired by Siemens TrioTim system 

(syngo MR B15) are selected for processing and analysis, after considering the cross-

sectional and longitudinal data availability. The MRI data of 12 early-stage drug-free 

PD (age range 39.2-60.3 yrs, 7 males and 5 females) and 12 age- and gender-matched 

healthy controls (HC, age range 40.6-60.1 yrs, 7 males and 5 females) are selected, 

processed, and analysed.  

 

5.2.3 MR acquisition 

The retrospective MR data obtained from PPMI were acquired by a dual-contrast 2D 

FSE pulse sequence on Siemens TrioTim system, ‘Axial PD-T2 FSE’. The resulting 

proton density-weighted and T2-weighted images were acquired using following 

acquisition parameters: TR = 3000 or 3270 ms, ESP = 11.2 ms, ETL = 14, effective TE = 

11.2 and 101 ms, FA = 150 °, acquisition plane = axial, FOV = 256 ´ 228 mm, matrix 

size = 256 ́  228, in-plane resolution = 1 ́  1 mm2, bandwidth (BW) = 47.6 kHz, percent 

phase FOV = 0.9, slice thickness = 3 mm, number of slices = 52 or 54.  

 

5.2.4 DaTScan acquisition and calculation of Striatal Binding Ratio (SBR) 

As reported in the PPMI imaging and analysis protocols, functional SPECT imaging of  
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striatal dopamine transporters (DaTScan) was acquired from the participants after 
123I-ioflupane injection. The SPECT data were reconstructed and processed prior to 

the SBR calculation by the PPMI imaging core. SBR used in this work was provided by 

the PPMI study documentation, which was calculated as the uptake density of 

(ROI/the occipital cortex– 1), where the occipital cortex was used as a reference. In 

the study, SBR was calculated for the bilateral caudate and putamen, indicating the 

dopamine receptor associated with dopamine transporters (DaT) uptake in the brain 

regions. 

 

5.2.5 Calculation of the effective transverse relaxation rate (effective R2) 

Compared with the conventional R2, which is obtained from the T2 decay using SE or 

MESE (see Section 2.2.1.1-2), the effective R2 termed here in this PhD project, is 

calculated from the MR images acquired by the dual-contrast FSE sequence (Fig. 5.1).  

  
Fig. 5.1 MR signal decay in the dual-contrast FSE pulse sequence. 

 

In an FSE pulse sequence, the observed signal is dominated by the TE located at the 

central k-space, effective TE (79(Aee)): 

Mv79(Aee)w = S-C
$
11(233)
1#  

TE(eff) = 11 
ms 

TE(eff) = 110 ms 

proton density-weighted 

T
2
-weighted 

Eq. (5.1) 
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where Mv79(Aee)w is the magnitude MR signal that is dominated by 79(Aee), S- the 

effective proton density, and therefore 7" is the corresponding effective transverse 

relaxation time (effective T2) to be estimated. For a dual-contrast sequence, there 

are 

M8=v79(Aee!)w = S-C
$
&1(233-)

&#  , and 

 M1"v79(Aee")w = S-C
$
&1(233#)

&#  

for the proton density-weighted MR signal and the T2-weighted signal respectively, 

demonstrated in Figure 5.1. Hence the effective R2 is defined by the reciprocate of 

the effective T2: 

CggCNHQ|C	d" =
ln �

M8=
M1"

Ä

:79(Aee)
 

where 

:79(Aee) = 79(Aee") − 79(Aee!). 

Due to the high sensitivity of the logarithm to the background noise, the data are 

pre-processed to obtain a zero-mean background before fitting. 

 

5.2.6 Segmentation 

The ROIs are delineated manually and measured within ImageJ (Fig. 5.2), based on 

the human brain atlas [312]. The ROIs include bilateral caudate nucleus head (CN), 

globus pallidus (GP), putamen (PUT), red nucleus (RN) and substantia nigra (SN). The 

segmentation is carried out on the consecutive slices of the proton density-T2 

weighted image series acquired by the ‘Axial PD-T2 FSE’ sequence. For repeated 

measurements in human brains, a set of ROIs for the individual is delineated based 

on the baseline acquisition, and is translated to the follow-up scans, and refined 

when necessary.  

Eq. (5.2) 

Eq. (5.3) 

Eq. (5.4) 
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Fig. 5.2 Example segmentation of in vivo human brain MRI obtained from PPMI. 

ROIs overlay on the effective R2 parametric maps (left column) derived from TE(eff) = 11 ms 

and 101 ms. CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN – red nucleus, 

SN – substantia nigra. 

 

5.2.7 Estimation of the brain iron concentrations 

The average iron concentrations in various brain regions have been reviewed 

elsewhere [13, 46]. Although the variation of the absolute brain iron concentrations 

was observed, across the results in the literature, the relative concentrations 

between the brain regions reported from multiple sources were generally consistent. 

However, the iron concentration in the healthy brain is known to be dynamic as a 

function of the subject’s age [7-11]. Therefore, in this PhD study, the age-dependent 

iron concentrations of different brain regions are estimated, from Hallgren and 

Sourander’s post-mortem study on unfixed tissue [11], which contains the largest 

sample size and the widest age span in the literature.  

 

The iron concentrations in the caudate nucleus, globus pallidus, and putamen, are 

calculated according to the regression equations between iron level and the age of 

the subject, provided in Hallgren and Sourander’s work [11]. The regression formulas 

of the iron concentrations of substantia nigra and red nucleus with age were not 
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reported by the authors [11], so the average iron concentrations of the regions 

(measured from 52 and 44 healthy subjects respectively, age 30-100 yrs) reported in 

the same study [11], are employed in our work for the analysis. 

 

5.2.8 Data processing and statistical analysis 

The mean, median, standard deviation of each measurement within the bilateral 

ROIs are extracted, and the histogram of the pixel values are examined and tested 

for normality using Shapiro–Wilk test. The mean values and the median values of the 

effective R2 are compared and the mean effective R2 values are used for subsequent 

analysis.  

 

Any difference in the age, gender, clinical assessment results at baseline (0-month) 

between HC and PD are tested using independent t-test for the subject selection. Any 

difference in the effective R2 measurements between left and right hemispheres are 

tested using paired two-samples t-test, in HC and PD group respectively. To 

investigate the feasibility of differentiating the brain regions with the effective R2, 

the baseline (0-month) measurements of the effective R2 from bilateral brain regions 

of participants are combined by averaging. Then Friedman’s two-way analysis of 

variance (ANOVA) is employed for all 5 brain regions, with diagnostic groups (i.e., HC 

and PD) as the between-group variable, subsequently, the difference of mean 

effective R2 values between each two brain regions is tested by paired two-samples 

t-test. 

 

For the remaining analysis, the measured effective R2 from both hemispheres are 

combined by each brain regions in the HC group. However, for the PD group, the 

measurements are rearranged by the hemispheres, according to their asymmetrical 

laterality of Parkinsonism. The unilaterality of the motor symptoms and the 

neurodegeneration of PD has been widely observed at the onset [319-321], which 

could affect neuroimaging measurements such as MRI [196, 322] and SPECT [128, 

134, 135, 323]. Hence, in this work, the lateral effective R2 measurements of each 

brain region in PD patients are then analysed in two hemispheric groups: the 

hemisphere contralateral to the individual’s PD symptom predominance at onset (PD 
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contralateral), and the ipsilateral hemisphere (PD ipsilateral). The disease 

unilaterality for individual PD patient that is referred in our work, is directly and 

individually determined by PPMI at their study enrolment, and the laterality is 

reported as a part of the subject’s clinical assessment result. 

 

Linear regression analysis with the least-squares method is performed between the 

measured effective R2 values and the estimated iron concentration based on the 

subject’s age [11], in HC, PD contralateral and PD ipsilateral groups respectively. As 

the prediction regression models for substantia nigra and red nucleus with subject’s 

age was not reported in the literature, the average iron concentrations published in 

the same study [11] within these two brain regions are used for the current analysis. 
A linear model:	9ggCNHQ|C	d"(s$!) = D[eC](mg/100	g	wet	weight) + W, with the 

slope coefficient Dand the intercept offset W is employed for the regression analysis. 

The individually observed effective R2 measurements employed for the analysis, are 

weighted by !
g#(AeeAW6'hA	:#)

, where q denotes the standard deviation of the pixel-

wise measurement within the individual ROI on the effective R2 maps. Regression 

analysis is also performed to investigate any relationship between the effective R2 

measurement and the motor dysfunction, measured as the score of the UPDRS Part 

III. Regression analysis is also performed between the PD brain hemisphere 

difference of the effective R2 (left-right) and the corresponding SBR ratio difference 

in the caudate nucleus and the putamen. Regression analysis is performed in 

MATLAB (R2019b, MathWorks). 

 

For each brain region, the distribution of the effective R2 measurement in each group 

is tested for normality using the Lilliefors test. For between-group comparison, the 

equal variance is tested by a two-sample F-test. The independent-samples Mann-

Whitney U test is performed between the effective R2 values obtained from HC and 

each PD hemispheric group, to test for the equal median. Any difference between 

the two hemispheres (contralateral vs. ipsilateral) of PD patients is tested by the 

related-samples Wilcoxon signed-rank test. The null hypothesis is rejected at the 5% 

significance level (p < 0.05) for all hypothesis testing. The analysis is carried out cross-
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sectionally for the measurements obtained at the baseline and each follow-up visit 

at 12, 24 and 48 months where data were available (N = 11/12, 5/12, 6/11 for HC/PD 

at 12, 24, 48 months respectively). For the longitudinal trend analysis, the unavailable 

longitudinal data are imputed for visualisation purposes (not for hypothesis testing), 

to minimise the missing data bias. The correction uses the corresponding individual’s 

available longitudinal data, to estimate the missing values, by the shape-preserving 

piecewise cubic spline interpolation. As the longitudinal trajectories of the absolute 

effective R2 values measured within each brain region for each group are 

demonstrated graphically, the absolute effective R2 values measured between each 

visit are compared. The related-samples Wilcoxon signed-rank test is performed 

between the effective R2 measurements at each visit for individuals from each group 

respectively, to detect any longitudinal changes of the effective R2. To demonstrate 

the time-dependent trend for each brain region, the longitudinal change of the 

effective R2 for the individual participant is also calculated as a percentage change of 

12-, 24- and 48-month follow-up studies, with respect to the individual baseline 

measurement (0-month). All statistical analysis is performed within MATLAB (R2019b, 

MathWorks). 

 

5.3 Results 

5.3.1 Subject information 

The retrospective MR data included in the current study are carefully screened to 

avoid potential bias introduced by the vendor and acquisition difference, and the 

subjects between diagnostic groups are matched to minimise the effect of age and 

gender on iron quantification in the analysis. The subjects’ baseline information and 

the clinical assessment results are summarised in Table 5.1. The gender and age 

between the two diagnostic groups show no significant difference (independent two-

samples t-test, p > 0.05). Compared with HC, the early-stage (average Hoehn & Yahr 

= 1.55 ± 0.52 yrs) PD patients show significant olfactory degeneration difference 

(UPSIT, p < 0.05), but no significant cognitive declination (MoCA, p > 0.05). 
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Table 5.1 Subject information at baseline. 

 HC (N=12) PD (N=12) p 

Gender (M/F) 7/5 7/5 n/a 

Age (year) 49.48 ± 5.55 49.62 ± 6.10 > 0.5 

Hoehn & Yahr year n/a 1.55 ± 0.52 n/a 

Disease duration 

(month) 
n/a 2.82 ± 2.44 n/a 

UPDRS Total 1.33 ± 1.41 27.82 ± 9.80 < 0.001 

UPSIT Total 35.22 ± 2.54 21.63 ± 9.04 < 0.001 

MoCA 28.92 ± 1.08 28.25 ± 2.60 > 0.4 

 

5.3.2 Effective R2 in various brain regions at baseline 

Then the bilateral measurements of each brain region are averaged and combined for 

the between-regions analysis, as the effective R2 of the left-right hemisphere 

difference is found statistically insignificant in these regions (p > 0.1, pair two-samples 

t-test). The effective R2 values measured in various brain regions at baseline are 

summarised in Table 5.2, presented as average ± standard deviation, and separated 

by disease groups HC and PD. For the investigated brain region, the effective R2 

difference between HC and PD groups does not reach statistical significance (p > 0.1). 

Table 5.2 Effective R2 in different brain regions at baseline in comparison with the prior-
published brain iron concentration [11]. 

Brain regions 
Prior-published average brain iron 

concentration (mg/100 g wet weight) 
in healthy brains [11] 

Observed effective R2 (s-1) at 
baseline† 

HC (N = 12) PD (N = 12) 

CN 9.28 ± 2.14 (N = 58) 10.48 ± 0.28 10.52 ± 0.56 

PUT 13.32 ± 3.43 (N = 56) 12.78 ± 0.65 12.56 ± 0.83 

SN 18.46 ± 6.52 (N = 52) 14.21 ± 1.02 14.43 ± 0.91 

RN 19.48 ± 6.86 (N = 44) 14.29 ± 0.74 14.04 ± 0.69 

GP 21.30 ± 3.49 (N = 55) 15.82 ± 0.81 16.22 ± 0.76 

CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN – red nucleus, SN – substantia 
nigra. 
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At baseline, however, the differences of the effective R2 measurements between 

those brain regions are statistically detectable (Friedman’s two-way ANOVA, F > 1, p 

< 0.05) among all participants. In HC, the differences of measured effective R2 

between brain regions are found significant (paired 2-sample t-test, p < 0.05), with an 

exception found in the mean effective R2 values between the substantia nigra and the 

red nucleus (Table 5.3). Compared with the prior-published iron concentration 

difference [11] between the brain regions, the observed effective R2 difference the 

substantia nigra and the putamen (SN - PUT) is statistically significant (p = 0.001) but 

lower than expected, with a value smaller than those for globus pallidus vs. substantia 

nigra (GP - SN) and for putamen vs. caudate nucleus (PUT - CN). 

Table 5.3 Comparison of effective R2 between different brain regions at baseline. 

Comparison 
between brain 

regions 

Prior-published iron concentration 
difference in healthy brains [11] 

Observed effective R2 
difference in HC (N=12) 

Difference 
(mg/100 g wet weight)  p Difference (s-1) p† 

GP – SN 2.84 < 0.01 1.61 < 0.001 

SN – PUT 5.14 < 0.001 1.43 0.001 

PUT – CN 4.04 < 0.001 2.3 < 0.001 

SN – RN n/a n/a -0.08 0.72 

GP – RN n/a n/a 1.53 < 0.001 
CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN – red nucleus, SN – substantia 

nigra. 

 

5.3.3 Correlation of the effective R2 with estimated iron concentration in the brain 

Due to the unilaterality of PD [319-321], the effective R2 measurements in the brains 

with PD are analysed by the hemispheres contralateral and ipsilateral to the body side 

of symptomatic predominance at onset for all following analysis. Figure 3 shows the 

linear correlation between the iron concentrations estimated as a function of age, 

from prior-published post-mortem iron concentration data for healthy brains [11], 

and the effective R2 measurements (N=175) pooled from all ROIs of healthy 

individuals for all visits (0/12/24/48 month). The markers and error bars denote the 

median and the range of the measurements in each ROI (Fig. 5.3). The age-dependent 
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brain iron concentrations are calculated based on Hallgren & Sourander’s study [8], 

except for the substantia nigra and red nucleus, where the corresponding average 

iron concentrations reported from the same study are employed.  

 

Fig. 5.3 Linear correlation of the effective R2 with the estimated iron concentration in HC. 

CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN – red nucleus, SN – 

substantia nigra. 

 

In HC, the regression analysis suggests the presence of linear correlation (Pearson’s 

!  > 0.88, F >> 1, p << 0.001) between the observed effective R2 values and the 

estimated iron concentration (Table 5.4). However, compared with the HC group 

(adjusted R2 = 0.88), the correlation between the measured effective R2 values and 

the estimated iron concentration shows degraded linearity in the PD contralateral 

(adjusted R2 = 0.81) and PD ipsilateral (adjusted R2 = 0.81) groups. In HC, stronger 

correlation (adjusted R2 = 0.91) is also found between effective R2 and the estimated 

iron levels of the regions caudate (CN), putamen (PUT), and globus pallidus (GP).  

 

 

 

 

 

Effective R2 = 0.37 ´ [Fe] + 7.13 
Adjusted R2 = 0.88 

CN 

PUT 

RN† 

SN† 

GP 
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Table 5.4 Summary of the regression analysis between effective R2 values and estimated 

iron concentration in different groups.  

Group N Pearson’s ! Slope (") 
Intercept 

(#) 

Adjusted 

R2 
RMSE 

HC 175 0.8864 0.37 ± 0.01 7.13 ± 0.15 0.88 0.587 

HC 

(CN, PUT, GP only) 
105 0.9126 0.42 ± 0.01 6.73 ± 0.16 0.91 0.534 

PD contralateral 235 0.8821 0.37 ± 0.01 7.22 ± 0.17 0.81 0.739 

PD ipsilateral 235 0.8699 0.38 ± 0.01 7.08 ± 0.17 0.81 0.764 

N = number of observations. CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN 

– red nucleus, SN – substantia nigra. 

 

The robustness of the correlation between the effective R2 and the estimated iron 

concentration is also reflected in Figure 5.4, when the measured effective R2 values 

(left-hand side y-axis) are plotted against the subject’s age, in comparison with the 

age-dependent iron level prediction (right-hand side y-axis). In the HC group (Fig. 5.4, 

top panel), the relative relationship between the effective R2 in the caudate nucleus, 

putamen, and globus pallidus is generally in line with the predicted iron 

concentration, with larger variation observed in globus pallidus and putamen of older 

subjects (age > 54 yrs). In putamen, the measured effective R2 also shows a slight 

overestimation among younger HC (age < 50 yrs). Compared with HC, the effective 

R2 demonstrates larger variation in all three brain regions in both contralateral (Fig. 

5.4, middle panel) and ipsilateral (Fig. 5.4, lower panel) PD hemispheres, against the 

iron level prediction in normal ageing. An overall higher effective R2 values are 

observed in the globus pallidus, in comparison with the age-dependent estimation. 

Moreover, a decline trend is observed in the effective R2 measurements of putamen, 

in contrast with the predicted slow accumulation of the putamen iron concentration. 
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Fig. 5.4 Observed effective R2 (markers) in comparison with the predicted iron 

concentrations during normal ageing (regression lines) in HC (top), PD contralateral 

(middle) and ipsilateral (bottom) hemispheres. 
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5.3.4 Comparison of median effective R2 values between groups 

Figure 5.5-6 show the individual effective R2 measurements in putamen, globus 

pallidus, substantia nigra, caudate nucleus and red nucleus of HC subjects, the 

contralateral and the ipsilateral hemispheres of the PD subjects, at baseline (0-

month), 12-month, 24-month, and 48-month, respectively.  

 

When comparing the hemisphere first showing onset of PD changes (ipsilateral, PDi) 

with the contralateral hemisphere (PDc), the PD ipsilateral data show higher effective 

R2 values in putamen at baseline, 12-month, and 24-month measurements (each 

significant at p < 0.05), and evidence suggesting higher effective R2 at the 48-month 

visit (approaching significance at p < 0.068), in comparison with the PD contralateral 

putamen (Fig. 5.5, left column). Evidence (borderline significance, p = 0.05) for higher 

effective R2 (ipsilateral vs. contralateral) is also found in the global pallidus at the 48-

month scan (Fig. 5.5, middle column). Conversely, the effective R2 of the substantia 

nigra (Fig. 5.5 right column) appears to be lower for ipsilateral versus contralateral, 

but the statistical evidence for this is not as strong (p < 0.092 at the 24-month scan) 

as for the differences observed for putamen or globus pallidus. In the red nucleus (Fig. 

5.6, left column) and the caudate nucleus (Fig. 5.6, right column), equivalent effective 

R2 values are observed between the hemispheres. 

 

For the comparison of the HC group with either PD hemispheric group, statistically 

significantly higher effective R2 is only found in the globus pallidus of the PD ipsilateral 

group at the 24-month visits (p < 0.05), compared with the HC. This difference of the 

effective R2 measurements is dominated by the female subject, due to the lack of 

available data in HC subjects at 24-month (N = 5).
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Fig. 5.5 Effective R2 measured in globus pallidus (left), putamen (middle), and substantia nigra (right) 

at 0, 12, 24, 48 months.

* 

* 

* 
* * 

* * 

*p < 0.068 

*p < 0.021 

*p < 0.021 

*p < 0.0034 

*p < 0.092 

*p < 0.054 

*p < 0.019 
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Fig. 5.6 Effective R2 measured in red nucleus (left) and caudate nucleus (right) at 0, 12, 24, 

48 months. 



 67 

Although the effective R2 of single brain region appears to be limited to distinguish PD 

patients from HC regarding the statistical significance level (p > 0.1), the consistent 

relative relation of the group medians from the repeated scans at baseline (0 month) 

and 12 month, suggests the observed difference between groups is not caused by the 

random noise. At the baseline and 12-month visits, the group medians of the effective 

R2 values show a rank of PD ipsilateral > PD contralateral > HC in the globus pallidus 

and in the putamen. In the substantia nigra, the median effective R2 value is found 

higher in the PD contralateral hemisphere, compared with the ipsilateral PD 

hemisphere and with HC. 

 

5.3.5 Relationship between the effective R2 and SBR in the putamen and caudate 

As the difference of the effective R2 is observed between the PD hemispheres 

contralateral and ipsilateral to the body side of symptomatic predominance at onset, 

this observation is investigated against the functional SPECT results of the caudate 

and the putamen, reported by PPMI (Appendix C). Showed in Figure 5.7, 

demonstrated as the decreased SBR at baseline, the decreased presynaptic tracer 

uptake suggests the dysfunction of DaT in the putamen and caudate of PD bilateral 

hemispheres, compared with HC. At baseline, a moderate but significant positive 

linear correlation (Pearson’s ρ = 0.467, p < 0.05) between the effective R2 and DaT SBR 

in putamen is found in the PD subjects (Fig.5.7, blue circles), compared with a trend 

of negative relationship (Pearson’s ρ = -0.2) in HC (Fig.5.7, black squares). However, 

these correlations are not observed in caudate, for either HC or PD subjects (-0.2 < 

Pearson’s ρ < 0.2, p > 0.1), at baseline (Fig.5.7, bottom). 
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Fig. 5.7 Correlation between the effective R2 and DaT SBR in the putamen and caudate at 

baseline. 

 

In PD, the SBR reduction is more prominent in the hemisphere contralateral to the 

body side of symptomatic predominance at onset, than the hemisphere ipsilateral to 

the PD predominant laterality at onset (Table 5.5). Hence, the relationships between 

the effective R2 and the DaT SBR in putamen and caudate, are further investigated by 

the hemispheric difference (left-right) of individual subjects at baseline. 
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Table 5.5 Comparison of the effective R2 with the DaTScan results of subjects at baseline. 

Subject 
PD symptom 
predominant 

laterality at onset 

SBR difference(Left-Right) 
Effective R2 

difference(Left-Right) (s-1) 

Caudate Putamen Caudate Putamen 

HC1 - 0.3 -0.47 -0.36 -0.55 

HC2 - 0.08 0.23 -0.09 0.19 

HC3 - 0.87 0.07 -0.02 0.25 

HC4 - 0.17 -0.3 0.07 -0.02 

HC5 - 0.15 -0.24 0.36 0.07 

HC6 - -0.32 -0.29 0.01 -0.11 

HC7 - 0.46 -0.35 0.48 0.35 

HC8 - 0.07 0.08 0.12 -0.17 

HC9 - 0.46 -0.28 -0.24 -0.09 

HC10 - -0.17 -0.3 0.55 0.06 

HC11 - -0.02 -0.3 -0.22 0.34 

HC12 - 0.38 0.12 0.31 -0.22 

Average absolute difference 0.29 ± 0.24 0.25 ± 0.12 0.23 ± 0.18 0.20 ± 0.15 

Subject 
PD symptom 
predominant 

laterality^ at onset 

SBR difference(Left-Right) 
Effective R2 

difference(Left-Right) (s-1) 

Caudate Putamen Caudate Putamen 

PD1 Right -0.13 -0.15 0.43 0.07 

PD2 Right -0.78 -0.17 -0.10 -0.11 

PD3 Right -0.34 -0.51 -0.12 -0.44 

PD4† Left 0.4 -0.2 0.26 0.88 

PD5 Right -0.36 -0.07 0.57 -0.01 

PD6 Left 0.74 0.53 0.17 0.51 

PD7 Left 1.07 0.26 0.43 0.15 

PD8 Left 0.38 0.41 -0.19 0.30 

PD9 Left 0.73 0.4 -0.14 0.43 

PD10 Left 0.32 0.27 -0.75 0.05 

PD11 Right -0.65 -0.37 -0.42 -0.18 

PD12 Left 0.55 0.1 -0.48 0.04 

Average absolute difference 0.54 ± 0.26 0.28 ± 0.16 0.34 ± 0.21 0.26 ± 0.26 
^Body side with predominant symptoms. †Data were removed from the fitting in Fig. 5.8 as an 
outlier. 
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In putamen, the linear correlation between the hemispheric difference of the 

effective R2 and of the SBR in PD (Fig. 5.8, blue circles) are positive (Pearson’s ρ = 

0.524), but less significant (p = 0.08). It is caused by an outlier (Fig. 5.8, arrow-pointed 

circle, PD4 in Table 5), whose predominant laterality indicated by the putaminal SBR 

is found unstable during the 48-month longitudinal study (Appendix C). After 

removing the outlier, a very strong (Pearson’s ρ = 0.932), significant (p < 0.001) 

positive linear correlation (Fig. 5.8, blue regression line) of the hemispheric SBR 

difference with the effective R2 difference, is found in PD putamen. In HC, a positive 

trend (Pearson’s ρ = 0.315) is observed between the hemispheric difference of SBR 

and the effective R2 in putamen (Fig. 5.8, black squares), but not statistically significant 

(p > 0.1). In caudate, no linear correlation is found (p > 0.1), between the hemispheric 

difference of the effective R2 and DaT SBR. 

 

Fig. 5.8 Correlation between the hemispheric difference of the effective R2 and DaT SBR in 

the putamen and caudate at baseline. 
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In PD, the positive linear correlations between the putaminal effective R2 and the DaT 

SBR, and between their hemispheric differences, remain statistically significant (p < 

0.05) when the measurements of baseline (0 month), 12 month, 24 month and 48 

month are pooled together (Fig. 5.9, left column). However, compared with the 

baseline (left image in Fig. 5.7 and Fig. 5.8), the positive relationships became weaker 

between the putaminal effective R2 and the DaT SBR (Pearson’s ρ = 0.467 vs. 0.359), 

and between their hemispheric differences (Pearson’s ρ = 0.524 vs. 0.371), as smaller 

SBR, and SBR hemispheric difference are observed in the later visits. Nevertheless, in 

caudate, the correlation between the effective R2 and the DaT SBR, or between their 

hemispheric differences, is insignificant (Fig. 5.9, right column). 

 

Fig.5.9 Relationship between the effective R2 and DaT SBR (upper) and between their 

hemispheric differences (lower) of PD in the putamen (left) and caudate (right). 
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5.3.6 Longitudinal changes of the effective R2 in various brain regions 

After correcting the bias caused by the MRI data unavailability, the following results 

show the longitudinal changes of the effective R2 measured in the caudate nucleus 

(Fig. 5.10), putamen (Fig. 5.11), substantia nigra (Fig. 5.12), red nucleus (Fig. 5.13) and 

globus pallidus (Fig. 5.14). The results are presented as the individual trajectories of 

the effective R2 from different groups (upper panel), as well as group medians (lower 

panel, asterisks) and distributions (lower panel, coloured patches). 

 

In caudate nucleus, HC group shows a small increase of effective R2 median with slight 

fluctuation over the 48-month period (Fig. 5.10, green line in the lower panel). Largely 

overlapping with HC at 0- and 12-month measurements, the median values of the 

effective R2 observed in the contralateral and ipsilateral (Fig. 5.10, yellow and peach 

lines in the lower panel) PD hemispheric groups, however, decrease after 24 months. 

In PD ipsilateral group, the increase of effective R2 from the 12-month to the 24-

month study is statistically significant (p < 0.05), and the decrease from the 24-month 

to the 48-month study is approaching statistical significance at p = 0.067. Fluctuations 

of the individual trajectories are observed in all three groups (Fig. 5.10, upper panel), 

but larger variances are observed among the measurements for PD hemispheric 

groups (Fig. 5.10, orange and red lines in the upper panel, patches in the lower panel), 

compared with HC. The difference in the observed data variance are statistically 

significant (p < 0.05) at baseline (0 month), between HC and PD contralateral groups, 

as well as between HC and PD ipsilateral groups.  
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Fig. 5.10 Longitudinal changes of the effective R2 within caudate nucleus. 

Upper panel: trajectories of individual; lower panel: group medians and distributions. 
àplotted with imputed values for missing data, for visualisation (not for hypothesis testing). 

 

In comparison with caudate nucleus, the individual trajectories of the effective R2 in 

the putamen is less fluctuated during the 48 months, in all three groups (Fig. 5.11, 

upper panel). The group median values suggest an unchanged putamen effective R2 

in the HC group (Fig. 5.11, blue line in the lower panel), but increase in PD 

contralateral and ipsilateral hemispheres (Fig. 5.11, orange and red lines in the lower 

panel). At 48-month, the effective R2 in both PD contralateral and ipsilateral 

hemispheres show an overall decrease, compared to the 24-month measurements. 

These longitudinal changes do not show statistical significance (p > 0.1), possibly 

because the small magnitude difference is masked by the heterogeneous trajectories 

(Fig. 5.11, yellow and peach lines in the upper panel) observed within the group. 

*p < 0.035 
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Fig. 5.11 Longitudinal changes of the effective R2 within putamen. 

Upper panel: trajectories of individual; lower panel: group medians and distributions. 
àplotted with imputed values for missing data, for visualisation (not for hypothesis testing). 

 

The greatest longitudinal variation of the effective R2 is observed in the substantia 

nigra (Fig. 5.12, upper panel). In HC, the group median effective R2 of the substantia 

nigra shows an increase at the 48th month, after fluctuating around the baseline level 

in the first 24 months (Fig. 5.12, blue line in the lower panel). A similar trend is 

observed in the PD contralateral hemispheric group (Fig. 5.12, orange line in the lower 

panel), compared with HC, but with larger effective R2 median measurement. At the 

48th month, the median effective R2 of PD contralateral group drops back to its 

baseline level. In the ipsilateral hemisphere of PD, the median effective R2 also 

experiences rise and fall along the timeline (Fig. 5.12, red line in the lower panel), 

altering in an opposite trend compared with the contralateral PD hemisphere. In both 
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hemispheric groups of PD, large longitudinal variations and individual difference are 

found when examining the effective R2 trajectories of each patient (Fig. 5.12, middle 

and right-hand side images in the upper panel), which possibly contributes to the 

overall stability of the median effective R2 of the groups by cancelling out each other’s 

effect. 

 

Fig. 5.12 Longitudinal changes of the effective R2 within substantia nigra. 

Upper panel: trajectories of individual; lower panel: group medians and distributions. 
àplotted with imputed values for missing data, for visualisation (not for hypothesis testing). 

 

In red nucleus, the median effective R2 values of all groups fluctuate slightly around 

their baseline levels, over the 48 months (Fig. 5.13, lines in the lower panel). 

Compared with the HC, the median effective R2 in PD contralateral and ipsilateral 

hemispheric groups are slightly lower at most of the times of visit (MRI examination), 

except for the 24-month study. The spread of the effective R2 measurements, 
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however, is wider in both PD contralateral and ipsilateral groups (Fig. 5.13, orange 

and red patches in the lower panel) at 24th month and 48th month, in comparison with 

HC. The increasing effective R2 variation with time corresponds to the heterogeneity 

of the longitudinal trajectories of the subjects within the group, which appears to be 

more prominent in PD hemispheres (contralateral and ipsilateral, the orange and red 

lines in the upper panel of Fig. 5.13). 

 

Fig. 5.13 Longitudinal changes of the effective R2 within red nucleus.  

Upper panel: trajectories of individual; lower panel: group medians and distributions. 
àplotted with imputed values for missing data, for visualisation (not for hypothesis testing). 

 

The median effective R2 of the globus pallidus shows an overall unchanging trend with 

time, in all groups (Fig. 5.14, lines in the lower panel). With small fluctuations, the 

measurements of the PD contralateral and ipsilateral hemispheres (Fig. 5.14, orange 

and red lines in the lower panel) demonstrate larger median effective R2, in 
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comparison with HC (Fig. 5.14, blue line in the lower panel), at 0-month, 12-month, 

and 24-month visits. At the 48th month, the median effective R2 of the contralateral 

PD hemispheres drops below the measurement of HC. It is contributed by the slight 

decrease of the effective R2 trajectories observed in several individual data in the PD 

contralateral group (Fig. 5.14, middle image in the upper panel), but this change is not 

statistically significant possibly due to the within-group heterogeneity of the 

longitudinal trend. 

 

Fig. 5.14 Longitudinal changes of the effective R2 within globus pallidus. 

Upper panel: trajectories of individual; lower panel: group medians and distributions. 
àplotted with imputed values for missing data, for visualisation (not for hypothesis testing). 

 

With respect to the baseline (0-month) measurements, the median of the effective R2 

change in percentage, and the data distribution, for HC, PD contralateral and 
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ipsilateral groups, measured at 12-month, 24-month and 48-month studies are 

summarised in Table 5.6 and Figure 5.15, respectively.  

Table 5.6 Median effective R2 percentage change (%) in the various brain regions. 

CN 12-month 
period 

24-month 
period 48-month period 

HC  0.53 1.57 1.12 
PD contralateral 0 1.42 2.44 

PD ipsilateral 0.21 1.17 0.65 

PUT 12-month 
period 

24-month 
period 48-month period 

HC  0.20 0.76 1.61 
PD contralateral 1.01 1.71 1.36 

PD ipsilateral -0.47 0.27 0.91 

SN 12-month 
period 

24-month 
period 48-month period 

HC  -0.1 0.47 -0.2 
PD contralateral 1.7 0.34 1.32 

PD ipsilateral 0.32 -1.90 1.23 

RN 12-month 
period 

24-month 
period 48-month period 

HC  0.14 -0.77 -1.71 
PD contralateral 1.00 -0.52 0.24 

PD ipsilateral 1.09 -0.71 1.43 

GP 12-month 
period 

24-month 
period 48-month period 

HC  -0.58 -0.78 -0.47 
PD contralateral -0.22 -0.13 -0.82 

PD ipsilateral 0.28 -0.61 0.02 
 

Over the 48-month period, the median percentage change of the effective R2 in HC is 

small, as the iron-related effective R2 increase with normal ageing is expected to be 

nearly negligible, given the duration and the subjects’ age at the baseline. In HC, the 

median effective R2 percentage changes after the 48-month period are comparable 

to the expected increasing trends and the magnitude levels in caudate nucleus (1.12% 

vs. 0.67%), putamen (1.61% vs. 0.95%), but not in globus pallidus (-0.47% vs. 0.15%). 

The median effective R2 percentage change of the substantia nigra remain unchanged 

in HC (-0.2%), in contrast to PD contralateral and ipsilateral hemispheres, where 

1.32% and 1.23% increases from baseline are observed, after 48 months. Similarly, a 

decrease trend in red nucleus is observed in HC after 48 months (-1.71%), but not in 
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the contralateral or ipsilateral hemispheres of PD. Nevertheless, these trends of 

groups are largely confounded by individual differences and within-group variations. 

 

The individual differences of the percentage effective R2 change after 12, 24 and 48 

months, with respect to the baseline measurements, are shown as the spread of the 

distribution in Figure 5.15. Overall, the variation increases with the duration of the 

time, in all groups (HC, PD contralateral and ipsilateral), especially after 48 months 

(red patches in Fig. 5.15). In HC, a slight right shift of the distribution on the y-axis is 

observed in the caudate nucleus, putamen, and globus pallidus, as the time duration 

increased (blue, yellow and red patches, for 12-, 24- and 48-month time duration from 

baseline), suggesting an increasing percentage change of the effective R2 with time. 

This pattern is less perceptible in the contralateral or ipsilateral PD hemispheres, as 

the data distribution appeared to deviate from a normal distribution (p < 0.01), for 

the ipsilateral putamen and the contralateral globus pallidus after the 12-month 

period. In substantia nigra, the percentage change of the effective R2 in HC is skewed 

towards the higher values as the time duration increases, indicating the effective R2 

of the substantia nigra increases with time in some subjects, but not the others. 

Compared with HC, the PD contralateral and ipsilateral substantia nigra show an 

opposite skewness towards lower and negative percentage change of the effective R2 

values, suggesting that the effective R2 of the substantia nigra decreases with time in 

some but not all PD patients. Large variation and deviation from the normal 

distribution of the data observed in the red nucleus, might be partially contributed by 

the partial volume effect due to the image resolution limitation and the small 

segment. 
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Fig. 5.15 Effective R2 percentage change in various brain regions after 12, 24, 48 months 

from baseline. 

àplotted with imputed values for missing data, for visualisation (not for hypothesis testing). 

 

5.4 Discussion 

5.4.1 Effective R2 is linearly proportional to the iron level across investigated brain 

regions, can be used as an alternative to conventional R2 

Significantly different (p < 0.05) effective R2 values are found in the different brain 

regions, corresponding to their distinctive iron levels reported in the literature [13, 
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46]. Shown in Table 5.3, the baseline effective R2 values measured in the caudate 

nucleus, putamen, red nucleus, substantia nigra, and globus pallidus are significantly 

different (except for red nucleus – substantia nigra), and the rank of the effective R2 

values in these brain regions are found in line with their corresponding age-

dependent iron concentrations in the post-mortem study reported by Hallgren and 

Sourander [11].  

 

The correlation of the effective R2 with the brain iron concentration, is further 

supported by the result of regression analysis, between the effective R2 measurement 

and the brain iron concentration estimated based on the subject’s age [11]. A strong 

(R2 = 0.88), significant (p < 0.05) linear correlation is found for the effective R2 versus 

the estimated brain iron. Within HC, the regression analysis shows a linear correlation 

of the effective R2 with the age-dependent non-haemin iron concentration, estimated 

according to previously reported prediction models [11]. Moreover, compared with 

the theoretical iron-dependent coefficient DA%6'ST6A for conventional R2 at 3.0 T field 

strength [258]: 

DA%6'ST6A = 14.1 + 6.2´A = 32.7l$!Rs$!/s ≈ 0.33l$!Rs$!/100s 

 

the slope coefficient found in this study, k = 0.37 s-1/mg/100 g in HC group, matches 

this theoretical value relatively well.  

 

Compared with the conventional R2 measurements of these brain regions at 3.0 T [13, 

186, 191, 316], the effective R2 derived from the FSE sequence shows an 

underestimation of the absolute values. It was partially contributed by the long 2nd 

TE(eff), at 101 ms, by when the signal from the high iron-laden brain tissue have largely 

decayed. Another reason for the underestimation could be the reduced FA (5/6π) 

employed in the PPMI dual-contrast FSE sequence, as a common clinical practice to 

employed to reduce the SAR. Nevertheless, the well predicted iron-dependent 

coefficient D (slope) in this study, suggests that the difference between the effective 

R2 presented here, and the conventional R2 in the literature, is mainly caused by the 

Eq. (5.5) 
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iron-independent offset (intercept). The latter is also influenced by water diffusion 

and systematic errors, such as vendors, acquisition parameters and pulse sequences 

being employed.  

 

When PD patients are included in the observation, variation is introduced to the 

linearity between the effective R2 and the estimated iron concentration, but the 

above findings are overall aligned with published post-mortem results [11], and the 

correlations found in the current study are generally agreed with reported linear 

relationships between conventional R2 obtained from the multi-spin-echoes 

sequence and the brain iron concentration [11, 48, 50, 176, 186, 191]. It suggests the 

effective R2 measurements derived from the dual-contrast FSE sequence reported in 

the work could be used as an estimator, alternative to the conventional R2, to 

measure the brain iron level in these regions. 

 

5.4.2 Effective R2 can reveal the asymmetrical disease manifestation in PD brain 

hemispheres 

As the unilaterality of the motor and non-motor symptoms have been clinically 

recognised in PD [319-321], concordant results are found in this work, when 

comparing the group medians of effective R2 between two PD brain hemispheric 

groups that are separated based on the asymmetrical disease severity at onset. The 

result shows in the globus pallidus and putamen, the effective R2 values is found larger 

in the brain hemisphere ipsilateral to the body side that is predominantly affected by 

PD at onset, than the contralateral hemisphere (Fig. 5.5). In contrast, a converse trend 

is suggested in the substantia nigra (Fig. 5.6), where a higher effective R2 median value 

is found in the PD contralateral hemisphere, compared with the ipsilateral 

hemisphere, at baseline, 12-month and 24-month scans. This could be caused by one 

or combined of the following reasons: 1) the brain regions are on different stages of 

neurodegeneration caused by the disease, 2) the disease severity progresses in this 

brain region with a different pattern, and 3) the signal attenuation in the dual-contrast 

FSE images is dominated by different mechanisms in the substantia nigra comparing 

to the other brain regions, in PD brains. 
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The hemispheric difference of brains with PD has been previously reported as 

neuroimaging results, primarily using SPECT [128, 129] and PET [130, 131, 324], 

demonstrated as asymmetrically reduced presynaptic striatal tracer uptake by DaT 

and increased postsynaptic tracer uptake by striatal dopaminergic receptors D2. 

Manifested in caudate and putamen, the hemisphere contralateral to the 

predominantly affected body side showed severer dysfunction of dopamine 

transportation, compared with the ipsilateral hemisphere. In substantia nigra, a 

recent PET study suggested reduced striatal dopamine transporter binding in PD 

brains, correlated with the pigmentation of the ventral nigra tier in the contralateral 

hemisphere but not the ipsilateral side [324]. The unilateral reduction of the 

nigrostriatal terminal density, was consistent with the existing post-mortem 

observation of asymmetrical neuron loss in the substantia nigra in PD [325]. A recent 

MRI study showed an increase mean diffusivity and decreased fractional anisotropy 

in the contralateral putamen, while in the substantia nigra the difference was 

prominent in the transverse relaxation rates R2, R2* and R2’, with larger values 

observed in the nigra contralateral to the symptomatic body side, in 27 PD patients 

[322]. 

 

With the effective R2 derived from the dual-contrast FSE MRI, our results support the 

PD hemispheric difference, especially in the putamen, with statistical significance at 

baseline, 12-month and 24-month scans. Before 48th month, the median effective R2 

values of both PD hemispheric groups (contralateral and ipsilateral) are only 

marginally larger than the HC group, which might indicate an increased iron level in 

PD patients. Therefore, the difference of the putamen effective R2 observed between 

the contralateral and ipsilateral might be caused by the asymmetrical reduction of the 

putaminal dopaminergic fibre density [326], predominant in the contralateral 

hemisphere, resulting in increased diffusivity [322] and decreased effective R2 in this 

work. This deduction is consistent with the longitudinal observation of the putamen 

effective R2 (Fig. 5.10), that the PD hemispheric difference persists but decreases with 

time; until after 48 months, when the effective R2 for contralateral and ipsilateral PD 

hemispheres both decrease to a similar level as HC. It is in line with the prior-reported 
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progressive loss of the dopaminergic fibres in dorsal putamen, where virtually 

depleted putaminal dopaminergic fibres were observed by 4 years post-diagnosis 

[326]. Hence, the effective R2 difference between the contralateral and ipsilateral 

putamen within PD hemispheres become marginal with time. 

 

In contrast, more than 50% loss of dopaminergic neurons in the nigra already takes 

place at the earliest stage of PD [127, 326, 327], with unilateral depletion [325]. 

Consequently, the impact of pathological iron accumulation observed in previous 

reports [43, 138, 328, 329], might be confounded by the overall increased non-

compartmentalised water, on the effective R2 of the substantia nigra. It is 

demonstrated as a potential trend of larger effective R2 median in the PD contralateral 

hemisphere, compared with the ipsilateral PD hemisphere and with HC, but with great 

individual variation and longitudinal variation (Fig. 5.11), especially within the two PD 

hemispheric groups. Different effective R2 of the substantia nigra between the 

contralateral and ipsilateral PD hemispheres is suggested at 24-month scans (p < 

0.092), presumably related to the asymmetrical pathological iron elevation, 

predominantly in the contralateral hemispheres of PD patients. This result is 

consistent with the existing MRI observation [322]. This observation of the effective 

R2 fluctuations in the PD substantia nigra could be partially explained by a recent 

biophysical model of iron-induced transverse relaxation [330, 331], which 

demonstrated the iron-induced increase of the transverse relaxation rate in 

nigrosome 1 primarily originated from iron accumulated in the neuromelanin within 

dopaminergic neurons, rather than other iron storage complexes such as ferritin. The 

MRI transverse relaxivity caused by the iron-rich neuromelanin was described by the 

static dephasing approximation [227], demonstrated as a rather significant R2* 

increasing effect, than R2 (effective R2) derived from SE(FSE)-based sequences, whose 

signal could profoundly rely on the nigrosome integrity.  
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5.4.3 Putaminal effective R2 in PD corresponds to the local DaT dysfunction severity 

at early stage of PD 

The positive linear correlation between the putaminal effective R2 and the 

corresponding DaT SBR, further suggests that the observed effective R2 in PD putamen 

is associated with the disease progress, evaluated by the severity of putaminal DaT 

dysfunction at baseline (Fig. 5.8) and during the 48-month period (Fig. 5.10). 

Moreover, in this study, a very strong, positive correlation between the effect of 

putaminal effective R2 and SBR, of stable asymmetrical PD, at baseline, is 

demonstrated by the result (Fig. 5.9), after eliminating the individual variation by 

calculating and analysed the hemispheric differences of the effective R2 and SBR. This 

result also supports the unilateral progress of the putaminal cell loss and 

dopaminergic fibre density reduction in PD hemispheres [326], suggesting that the 

hemispheric difference of the local degeneration might be quantified by the effective 

R2, at early stage of PD. Nevertheless, the correlation is not observed in the caudate 

nucleus (Fig. 5.8-10), which is possibly due to the small variation of effective R2 found 

in the region, and the subtle changes of dopaminergic neurodegeneration observed 

in the caudate nucleus of the PD subjects, compared to HC. 

 

5.4.4 Effective R2 measurement of individual brain region is limited in distinguishing 

HC and PD 

Previously reported post-mortem results using a variety of techniques, including 

histochemistry, ICP-MS, AAS and wavelength dispersive X-ray (WDX) spectroscopy 

[43, 138, 328, 329], suggested an elevation of iron concentration in dopaminergic 

neurons within the substantia nigra in brains with PD compared to healthy brains. 

Hence, it was hypothesised an increased effective R2 could be observed, caused by 

the enhanced iron-induced proton relaxation as the iron content pathologically 

accumulated in this brain region.  

 

The absolute difference of the effective R2 of the substantia nigra, between the HC 

group and either PD contralateral or ipsilateral group, is comparable to those of the 

conventional R2. In this work, higher group median of effective R2 measured in the 



 86 

substantia nigra of both PD hemispheres are observed, compared with HC (effective 

R2 = 12.69 ± 0.73 s-1), by 0.48 s-1 and 0.41 s-1 respectively. A similar difference between 

healthy subjects and PD patients was observed J. H. Barbosa et al. [191], using a 

GRASE sequence, where an elevated R2 in the substantia nigra by 1 s-1 was found in 

idiopathic PD patients (N = 20, R2 = 21.7 ± 1.7 s-1) under 3.0 T, when comparing with 

healthy subjects (N = 30, R2 = 20.7 ± 1.7 s-1). Nevertheless, the difference of the 

effective R2 in the substantia nigra, between HC and either PD contralateral or 

ipsilateral group, is found to be statistically insignificant (p > 0.1). 

 

This is possibly because of the variation introduced by the neuron loss-associated 

change of diffusion coefficient of the tissue, which is a shared limitation by SE(FSE)-

based pulse sequences, including the conventional R2, and the effective R2 presented 

in this work. In particular, the neuron death in the substantia nigra manifests at the 

early stage of PD [327], which can counteract the T2-shortening effect caused by the 

iron accumulation [332]. In fact, large variation of conventional R2 among individual 

PD patients was also reported in the past by Ordidge et al. [333]. Using a hybrid SE-

GRE sequence, Ordidge showed that 3 out of 7 PD patients had abnormal T2 

measurements within the substantia nigra (T2 = 123 ± 82 ms), and 4 with similar T2 

values (35.9 ± 4.1 ms) to those obtained in the healthy participants (35.1 ± 4.3 ms, N 

= 7). In our study, derived from an SE-based pulse sequence, the effective R2 

measurement might be also influenced by the neuron death-related change of water 

diffusion coefficient, decreasing the observed effective R2 [191]. In contrast, a 

previous study [334] concluded that the effects of microstructural changes on water 

diffusion and R2 were negligible in human subcortical grey matter, but their 

observation might be confounded by the fixation process of the brain samples [66, 

68, 69]. It is also supported by the recent diffusion imaging analysis of the PPMI 

cohort, which suggested cross-sectional and longitudinal increase of non-

compartmentalised water (‘free water’) within the substantia nigra of PD patients 

[335-337]. Other factors, such as the B1 effect, long 2nd TE(eff), partial volume effect, 

and the sample size, could also contribute to the observed variation. 
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The increase of the free water in the substantia nigra, could also be supported by the 

relatively lower effective R2 of the substantia nigra in PD ipsilateral group, comparing 

to the PD contralateral group; in contrast with the higher effective R2 of putamen and 

globus pallidus in the PD ipsilateral group, comparing to the PD contralateral group. 

At the early stage of PD progression, neuron-loss takes place primarily in the 

substantia nigra, while the neurons within the putamen and globus pallidus might be 

still largely preserved [338, 339]. Therefore, the signal attenuation and effective R2 

difference in the putamen and globus pallidus, observed in this study, are possibly 

dominated by the iron concentration difference, but the R2-reducing effect of the 

increased water content might compensate for the iron accumulation in the 

substantia nigra. Recent attempts to manually separating the pixels by the dominant 

contribution (i.e., iron, free water) of the MRI signal by thresholding or modelling [188, 

340] might provide a remedy to the effect of the pathological change of the free 

water. 

 

5.4.5 Longitudinal change of effective R2 is overall consistent with the age-dependent 

non-haemin iron accumulation in HC, but associated with pathological iron 

alternation and microstructural changes in PD 

In line with the previously reported post-mortem observations and MRI results [11, 

51, 341, 342], the longitudinal trend of the median effective R2 of HC group overall 

reflects the iron accumulation with normal ageing in the brain. Shown in Figure 9, in 

the caudate nucleus and the putamen, the consistent trend of slow increasing of 

mean effective R2 values with time is observed, indicated by a positive effective R2 

change in percentage. This increasing trend is not observed in globus pallidus in this 

study, possibly because the non-haemin iron concentration in the globus pallidus 

reached the maximum plateau and the increase slows down at the earlier stage of 

life, around 30-40 yrs [11], while the age range of the subjects included in this work is 

between 40 yrs and 60 yrs.  

 

As the overall trend of the effective R2 values with time is observed as the median of 

the group measurements, the within-group heterogeneity presented when the 
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absolute effective R2 values are examined longitudinally in individuals. This 

heterogeneity among individuals from the same group is found the most pronounced 

in the brain regions caudate nucleus, red nucleus, and substantia nigra, which can be 

partially explained by the partial volume effect, when the relatively small volume 

being segmented and measured. Nevertheless, compared with the HC group, the 

large fluctuation of individual subjects along the sampling time in two of the PD 

hemispheric groups, indicates the presence of factors that do not equally contribute 

to the observations of each group. Particularly, remarkable alterations of the effective 

R2 measurements, with striking rises and falls during the period of 48 months, in the 

substantia nigra of some individuals from the PD groups, are found. 

 

For PD patients, only a few comparable longitudinal brain MRI studies are found in 

the literature [180, 343], tracking the transverse relaxation rate R2* in the substantia 

nigra, but controversy results and the individual heterogeneity within PD were also 

observed. M. Ulla, et al. [180] reported the longitudinally increased R2* values 

measured in the substantia nigra of 14 PD patients after 36 months, comparing to 

those of healthy volunteers (N = 18), whose longitudinal changes were not statistically 

significant. Conversely, an overall unchanged R2* in early-stage PD patients (N = 19) 

was reported elsewhere after a 36-month period [343]. The authors suggested 

different longitudinal trends of the substantia nigra R2* among the PD cohort, based 

on their disease severity, assessed by the UPDRS scores. However, in our work, a 

correlation between the UPDRS part III scores with measured effective R2 values of 

PD substantia nigra was not found (p > 0.1), and the longitudinal changes of the 

effective R2 in this region was not statistically significant (p > 0.1). In comparison with 

the effective R2, R2* is obtained using the GRE pulse sequence, which is sensitive to 

the field inhomogeneity caused by the bulk susceptibility source in the tissue, such as 

clustering and locally accumulated iron content. Hence, R2* is affected by both the 

concentration and the local distribution of the tissue iron [344]. Therefore, the 

discrepancy observed in PD patients between the studies might be explained by the 

forms and the selective accumulation of iron content in certain types of cells [118, 

138, 330, 345, 346]. On the other hand, the SE(FSE)-based pulse sequences reflect the 
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intrinsic molecular and microscopic proton relaxation of the biological tissue, so the 

observation might indicate the iron content is likely to accumulate in capsulation 

rather than diffusive distribution in the brain tissue with ageing. 

 

In summary, derived from an SE-based pulse sequence, the effective R2 can be 

calculated from the dual-contrast FSE MRI, hereby demonstrated using the PPMI’s 

retrospective MRI data. As a widely employed anatomical MR pulse sequence, the 

dual-contrast FSE requires much shorter acquisition time than the SE pulse sequences 

that are used for calculating conventional R2, and more prevalent in retrospective MRI 

data. Compared with the conventional R2 measurement, the effective R2 presented 

here also is linearly correlated with the reported age-dependent brain iron 

concentration [11], showing an iron-dependent coefficient comparable to that for the 

conventional R2 at the same magnetic field strength [258]. Moreover, the effective R2 

shows the capability to indicate the asymmetrical disease progression in PD brain 

hemispheres. In particular, the effective R2 of the putamen is able to measure the 

hemispherical difference of the DaT dysfunction severity in the early stage of PD, with 

a linear correlation with the hemispherical SPECT SBR difference. UP to 48 months, 

the longitudinal changes of the effective R2 in HC are overall in line with the post-

mortem and MRI observations of the age-dependent brain iron accumulation in the 

literature [11, 51, 341, 342]. 

 

5.5 Conclusions 

A simple, reproducible method to extract quantitative effective R2 values is 

demonstrated in this work, using the dual-contrast FSE sequence that have been 

mainly used for anatomical imaging, as an alternative to the time-consuming 

conventional R2 relaxometry. Using the retrospective 3.0 T in vivo human brain MR 

data from the PPMI study, quantitative analysis is performed using the measured 

effective R2 within various brain regions of healthy brains and brains with PD. The 

cross-sectional and longitudinal analyses in this study suggest a novel quantitative use 

of the commonly assumed qualitative MRI method, and correlated the measurements 
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with the empirical iron concentration, and with the asymmetrical pathological 

changes of the brain tissue caused by the PD progression. 

 

5.6 Acknowledgements 

Data used in the preparation of this Chapter were obtained from the Parkinson’s 

Progression Markers Initiative (PPMI) database (www.ppmi-info.org/data). For up-

to-date information on the study, visit www.ppmi-info.org. 

 

PPMI – a public-private partnership – is funded by the Michael J. Fox Foundation for 

Parkinson’s Research and funding partners, including AbbVie, Allergan, Avid 

Radiopharmaceuticals, Biogen, BioLegend, Bristol-Myers Squibb, Denali, GE 

Healthcare, Genentech, GSK GlaxoSmithKline, Eli Lilly and Company, Lundbeck, 

Merck, Meso Scale Discovery (MSD®), Pfizer Inc, Piramal Imaging, Roche, Sanofi 

Genzyme, Servier, Takeda, Teva, UCB and Golub Capital. 

 



 91 

Chapter 6: Evaluation of QSM contrast and quantitative measurement 

of iron in phantoms and human brains on 3.0 T MRI: comparison with 

transverse relaxation. 

6.1 Introduction 

MRI has been employed as a versatile medical imaging tool in both research and 

clinical settings. By employing different pulse sequences (see Chapter 2), MRI can 

generate a spectrum of contrasts and detect various tissue properties. Influenced by 

the (super)paramagnetic tissue iron, a biological and imaging feature of ageing and 

pathological changes, enables MRI to be an iron-sensitive technique to study brain 

iron in living subjects [13, 14] (Chapter 1).  

 

As different MRI parametric methods were previously presented in the literature 

(Chapter 3), such as R2 [50, 174, 186, 248, 257] and R2* [178, 259-261] mappings, FDRI 

[251, 264, 265], and R2’ [186, 200, 263], to quantify the iron concentration, QSM 

emerged in the recent decade as an advanced MRI technique in detecting tissue iron. 

Utilising the GRE sequence (Section 2.2.2), the QSM technique extracts the 

information of bulk susceptibility from the MR phase shift (see Sections 3.3 and 4.4.2, 

and reference [244]), rather than reconstructing the conventional magnitude image 

from the MR signal. Compared with existing MRI approaches to measuring brain iron, 

QSM has the advantages of higher sensitivity to tissue iron [51, 191, 260], and faster 

MR acquisition for clinical settings, which would allow measuring iron concentration 

in the whole brain within ten minutes. 

 

The susceptibility contrast and the quantitative measurements reconstructed by 

QSM, rely on both appropriate 3D GRE acquisition and the subsequent image 

processing. Summarised in Section 4.4.2, the raw phase data received by the MR 

scanner is first required to be processed to obtain the unaliased local frequency shift 

caused by the (bulk) susceptibility source within the tissue, by removing the global 

field inhomogeneity (‘background field’) [245, 246, 276, 277]. Subsequently, to solve 

the ill-posed field-to source problem, different approaches have been proposed. 

Regarded as the current gold standard, the susceptibility source could be solved by 
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acquiring the above phase information repeatedly from different angles, and 

resolving the problem using the least square method [279]. However, for human 

brain MRI, it requires posing and maintaining the patient in multiple orientations 

within the scanner bore during the acquisitions, as the main magnetic field generated 

by the MRI scanner is fixed, which is clinically impractical. Consequently, single-

orientation methods were proposed [13, 17-19, 280, 347], which often involved 

regularisation or inverse-filtering the k-space data (see Section 3.1.3), and QSM 

thereby has shown great potential in measuring tissue iron in clinical settings. 

 

Although the algorithm development for the single-orientation QSM is an active 

research field [269, 348] by the time of writing, the nMEDI (nonlinear morphology 

enabled dipole inversion) [17-19] has pioneered in tackling the field-to source 

problem, and continues demonstrating its influence on this research topic thereafter 

[273, 305, 307]. Using the magnitude edge information as a prior for the L1-

regularisation, the nMEDI-L1 (nonlinear morphology enabled dipole inversion with L1-

regularisation, also see Section 4.4.4.2) algorithm has become publicly available 

(http://pre.weill.cornell.edu/mri/pages/qsm.html). Meanwhile, its accuracy of 

calculating the susceptibility and superior contrast in human brain MRI to TKD-based 

methods was also reported [19, 281]. Hence, it provides an opportunity to establish 

and validate the QSM MRI technique for measuring the iron concentration in 

phantoms and living tissues.  

 

Moreover, together with complementary prior-published post-mortem data in the 

literature (reviewed in Section 1.2, as well as in reference [13, 46]), the hallmark 

study carried out by Hallgren and Sourander [11], has shown the age-dependent iron 

increase with normal ageing in different brain regions of 81 subjects of age 0-100 yrs, 

and mathematically demonstrated the correlations between the brain region-

specific iron concentration with the age of the subject. It, therefore, has enabled the 

estimation of brain iron concentration based on the subject’s age for current in vivo 

MRI studies [191, 245, 260]. 
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Therefore, this study presented here aimed to set up and validate an MRI pulse 

sequence, that enables QSM for measuring iron on the GE healthcare 3.0 T MR 

scanner at the local NHS hospital, UHCW (University Hospital Coventry and 

Warwickshire), Coventry, United Kingdom. Specifically, the objectives are to develop 

a protocol of MRI acquisition and image post-processing with nMEDI-L1 QSM, and to 

allow the susceptibility contrast and quantification of iron concentration in 

phantoms and in healthy, living human brains using the measured susceptibility. 

Subsequently, in comparison with the established transverse relaxation rates, this 

project also aims to investigate the reliability and reproducibility of the susceptibility, 

and to identify any potential obstacles for measuring brain iron with QSM of in vivo, 

clinical 3.0 T MRI. 

 
6.2 Methods 

6.2.1 MR phantom 

To validate the MR acquisition and the post-processing methods, a ferric iron 

phantom is constructed for this study. As ferric iron (Fe3+) has poor solubility in water 

at neutral pH, chelators are used to stabilise the iron ions in the phantom and to 

prevent metal precipitation, by forming soluble coordination complexes. The 

complexing agents ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic acid 

(NTA) are used respectively, to investigate any MR-visible effect of ligands on the iron 

centre of the coordination compounds. The chelating protocol is adapted from the 

previous reports [349, 350]: FeCl3·6H2O is freshly dissolved in a small amount of 0.1 

M hydrochloric acid (HCl) to minimise the hydrolysis and polymerisation of the iron 

ions [351]. The Fe3+ chelate solution is then prepared by mixing the dissolved iron 

solution with the freshly prepared 100 mM PIPES buffer (pH = 7.4, 20 °C) that is doped 

with NTA and EDTA respectively, in a molar ratio of 1:1.5 for Fe3+:chelator to ensure 

the entire chelation of Fe3+. The solution is let stirred for an hour to stabilise the pH, 

and the pH of the solution is re-adjusted to pH = 7.4 if needed, to allow the 

continuous dissolution of the chelating agent. The final solutions are prepared by 

stirring the chelated iron solution for an additional hour to ensure complete 

chelation, and then diluted into a series of concentrations of chelated iron with 100 

mM PIPES buffer (pH = 7.4, 20 °C). Already prepared 4 % w/v agarose gel is cooled to 
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45-55 °C in an ultrasonic bath maintained at 37°C, then carefully mixed with the pre-

warmed chelated iron solution in a volume ratio of 1:1 in a cylindrical borosilicate 

glass container (ID/OD = 18/20 mm) individually. The final concentrations of chelated 

Fe3+ in the 2 % w/v agarose gel were 7.4, 6.17, 4.93, 3.7 2.47, 1.85, 1.23, 0.62, 0 mM. 

All resulting chelated Fe3+ gel samples in the cylinder container are sealed and 

positioned in a large cylinder polystyrene (PE) container (ID/H = 14/5.5 cm), and the 

space between samples inside the PE container is filled with 2 % agarose gel to fix 

the position of individual samples (Fig. 6.1).  

 

 
Fig. 6.1 Chelated Fe3+ MR phantom construction. 

The schematic (A) and the photographic (B) locations of individual samples within the 

phantom were shown. The Fe3+-EDTA samples (a-i) and the Fe3+-NTA samples had identical 

descending gradients for Fe3+ concentration: 7.4, 6.17, 4.93, 3.7 2.47, 1.85, 1.23, 0.62, 0 

mM. 

 
6.2.2 Healthy volunteers 

As the brain iron concentration is known to be a function of age [10, 11, 352], this 

study aimed to recruit healthy adults with an age span between 20 to 80 yrs, to 

investigate the potential age-related susceptibility change (see initial study design in 

Appendix I1: Signed BSREC application form). However, due to the coincidence 

between the volunteer study and the COVID-19 pandemic, any volunteer aged over 

50 yrs was considered to be potentially vulnerable by the GafREC ethical committee, 

and excluded from the study, and the number of volunteers was reduced. Therefore, 

eventually, eight healthy adult volunteers (4 females, 4 males) with the age range 

from 23 to 49 yrs (average age = 33.3 ± 9.3 yrs, matched age between genders) were 
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recruited from the University of Warwick, United Kingdom, and underwent MRI 

examination at the University Hospital Coventry and Warwickshire (UHCW), 

Coventry, United Kingdom, between September and October 2020. Additionally, 

another volunteer (female, 28 yrs) is scanned twice with two weeks apart during the 

same period to determine the imaging reproducibility. Informed consent is signed 

and obtained from all volunteers before the study began. All volunteers are assessed 

to confirm the absence of neurological disorders or abnormalities before the MR 

examination, and the resulting MR images are examined by a neurologist after the 

acquisition for any abnormality.  

 

This study is approved by the Biomedical and Scientific Research Ethics Committee 

(BSREC, reference: BSREC 74/18-19), and by the Governance arrangements for 

Research Ethics Committees (GafREC, reference: GF0360), subject to the adjustment 

for COVID-19 pandemic, in the United Kingdom (see Appendix I). 

 
6.2.3 MR acquisition 

6.2.3.1 3D GRE for QSM and R2* mapping 

To set up an MR pulse sequence that can enable subsequent QSM processing, a 3D 

GRE sequence is built upon an adapted SWAN (susceptibility weighted angiography, 

GE Healthcare) on a 3.0 T clinical MR scanner (Discovery MR750w, GE Healthcare) to 

generate the required complex data. Similar to other SWI sequences, the original 

SWAN sequence is provided by the manufacturer for clinical angiography, with a 3D 

GRE backbone, generating combined-echo T2*-weighted magnitude images that are 

masked by weighted phase information. This sequence is modified to acquire multi-

echo k-space information with flow compensation, and for this study, short TE are 

employed to image brain regions with high iron content.  

 

The acquisition parameters of the 3D GRE pulse sequence are as follows: TR = 78 ms 

(minimal TR), TE = 3.8, 7.8, 11.8, 15.8, 19.8, 23.8, 27.8, 31.8, 35.8, 39.8, 43.8, 47.8 ms, 

ESP = 4 ms, number of echoes = 12 with uni-polar readout gradient, FA = 20 °, number 

of excitation (NEX) = 1, FOV = 256 ´ 256 ´ 128 mm, matrix size = 256 ´ 256 ´ 64, 

resolution = 1 ´ 1 ´ 2 mm3, BW = 62.5kHz. Parallel imaging using array coil spatial 
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sensitivity encoding (ASSET) is applied to reduce acquisition time, with an 

acceleration factor of 2. The acquisition time is 7 min 10 sec. A low spatial resolution 

2D fast GRE calibration scan is performed before the SWAN acquisition, to enable the 

parallel imaging, for calculating the coil sensitivity for the coil combination. The 

acquisition time for the calibration scan is 6 sec. 

 

6.2.3.2 Axial dual-contrast FSE for anatomical proton density- and T2-weighted 

images, and effective R2 mapping 

To compare the quality and the image contrast of the QSM obtained using the 3D 

GRE sequence, with clinical routine anatomical MRI, the proton density -weighted 

and T2-weighted images of the individual are acquired by a dual-contrast FSE 

acquisition during the same scan session. Moreover, the dual-contrast FSE is also set 

up to investigate the effective R2 derived from the MR signal of the pulse sequence, 

in comparison with other quantitative MRI methods for iron measurement, i.e., R2, 

R2* and susceptibility. Within the scan time limitation, the TR is allowed to be long 

enough for the MR signal relaxation of most of the tissue compartments, and the 

shortest 1st effective TE is used to capture the fast-decaying signal within iron-rich 

regions, which is determined by the minimal ESP allowed by the GE Discovery 

MR750w system for the dual-contrast FSE. A moderate ETL and a refocus pulse FA 

smaller than 180˚ has to be employed to reduce the SAR on the volunteers, and the 

FOV and I the in-plane resolution is set up to match the 3D GRE sequence. The scan 

parameters are also set up to be comparable to those of PPMI’s dual-contrast FSE 

(see Chapter 5, Method) on the Siemens TrioTim system, to further examine the 

effective R2 measurement, compared with R2, R2* and susceptibility. 

 

Therefore, the 2D dual-contrast FSE sequence is applied with following acquisition 

parameters: TR = 3000 ms, ESP = 18.5 ms, ETL = 10, effective TE = 18.5 (minimal TE) 

and 111.2 ms, FA = 150°, acquisition plane = axial, FOV = 256 ´ 256 mm, matrix size 

= 256 ´ 256, in-plane resolution = 1 ´ 1 mm2, BW = 20.5 kHz, percent phase FOV = 

0.85, slice thickness = 2 mm, number of slices = 62. The acquisition time is 6 min 59 

sec. 
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6.2.3.3 Axial MESE for R2 mapping 

During the same scan session of the volunteer, a 2D CPMG sequence is employed to 

acquire MESE MRI data (see Section 2.2.1.2) for R2 mapping, to compare it with 

effective R2, R2* and susceptibility for iron measurement. The acquisition parameters 

used in the pulse sequence are TR = 2500 ms, ESP = 9.5 ms, ETL = 8, TE = 9.5, 19, 28.5, 

38, 47.5, 57, 66.5, 76 ms, FA = 90°, acquisition plane = axial, FOV = 256 ´ 256 mm, 

matrix size = 256 ´ 256, in-plane resolution = 1 ´ 1 mm2, BW = 41.7 kHz, percent 

phase FOV = 0.75, slice thickness = 2.5 mm, number of slices = 50. The acquisition 

time is 10 min 40 sec. 

 
6.2.4 Image processing and analysis 

6.2.4.1 Reconstruction  

Magnitude images are reconstructed first at the scanner after the acquisition to 

inspect the image quality and to be examined by a neurologist for any abnormality. 

As no significant distortion or signal drop-out caused by the susceptibility is seen on 

the magnitude images, near the brain-air and tissue-CFS interfaces, and no motion 

artifact is observed, the MRI data proceed to be collected and analysed. For the 3D 

GRE data, the raw MRI data are collected for off-line reconstruction, to avoid any 

contrast filters and the gradient non-linearity correction, which are automatically 

performed for the sequence after the acquisition. 

 

Raw 3D GRE data are reconstructed off-line, to preserve the true phase data. For this 

study, an off-line reconstruction pipeline is built within MATLAB (R2019b, 

MathWorks) utilising an obtained-access vender provided software development kit 

(SDK, Orchestra-sdk-1.9-1, GE Healthcare). The GE MRI raw data are stored in a 

format of ‘P-file’ as multi-channel FIDs, containing the entire k-space information of 

the scans. The complex image data for each channel (channel images) are 

reconstructed from the 3D k-space data firstly using inverse Fourier transform (IFT) 

along the slice-direction (2nd PE direction, z-axis), followed by the 2D in-plane (x-y 

plane) IFT. For the parallel imaging using ASSET, a separate P-file of the calibration 

scan is acquired to obtain the sensitivity information for each receive coil. Then the 

receive coil B1 field is estimated based on the calibration scan signal, using the 
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function GERecon('Calibration.Process'). Using the generated coil sensitivity 

information, the aliased channel images are combined in the image space by calling 

the function GERecon('Asset.Unalias'). This process is comparable to the SENSE 

(Sensitivity encoding) technique [233], which generates the unwrapped combined 

signal matrix (complex MR image) from the aliased intensities of the multi-channel 

matrix via inversion, with the sensitivity weight of each receive coil. To reverse the 

effect of phase cycling employed in the acquisition, the un-chopping of RF is carried 

out along the slice-direction and to the in-plane matrix, which reverses the sign for 

every other pixel in the image data, generating the final complex MR images.  

 

6.2.4.2 QSM and quantitative parametric mapping 

For the further QSM processing of the 3D GRE MRI data, the conceptional pipeline is 

described in Chapter 4: Research Methodology, following post-processing steps are 

performed on the complex MR data obtained in this study: 1) region-grow phase 

unwrapping to resolve the frequency (phase) shift detected by the MR system, which 

is inherently wrapped within 2π (:gR:  in Eq.(2.25), Section 2.3.2.2), 2) background 

field removal using PDF [246], to remove the global field inhomogeneity contribution 

to the detected phase :gR:  (see Eq.(2.26), Section 2.3.2.2), and therefore calculate 

the local field perturbation caused by the subject and RDF (see Eq.(2.24), Section 

2.3.2.2), 3) solving the susceptibility from RDF using MEDI+0 [271] (nMEDI-L1 [281] 

with CSF as zero-referencing, see Section 4.4.2) with the empirical selection of the 

regularisation parameter λ = 100 for the phantoms, and λ = 1000 for the human 

brains, respectively, balancing the susceptibility contrast and the suppression of the 

streaking artifacts.  

 

To compare the QSM with the quantitative parametric mapping for measuring brain 

iron, R2*, R2 and the effective R2 maps of a young adult (male, age 24 yrs) are 

calculated from the magnitude data of the 3D GRE, MESE and the dual-contrast FSE 

pulse sequences respectively. All data are pre-processed to achieve a zero-mean 

background before fitting. The observed signals are then fitted into a mono-

exponential decay using the least-squares method, to calculate the transverse 

relaxation parameters R2 and the effective R2, as described in Section 4.4.1 and 
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Section 5.2.5. For R2* mapping, an algorithm based on the auto-regression on linear 

operations (ARLO) [353] are used for fitting the mono-exponential decay efficiently, 

due to the large size of the 3D GRE data (later detailed in Section 7.2.5.2).  

 

Using the identical FOV coverage and corresponding slice thickness among the 

acquired MR images, the co-registration is minimised to avoid the registration and 

the interpolation errors, and to equalise the partial volume effects between MRI 

modalities. An exception is made for the MESE acquisition, where the slice thickness 

was increased to 2.5 mm due to the long scan time that would have been required 

otherwise. The acquired MESE images are reconstructed and processed for 

quantitative MRI parametric mapping, and the resulting R2 maps are first combined 

into a 3D volume and then resliced to 2 mm axial slices that have the same coverage 

and pixel locations as other MR modalities. 

 

6.2.4.3 Segmentation 

Circular ROIs within each chelated ferric iron gel sample are delineated for the MR 

phantom. For the human brain MRI, the ROIs are segmented manually on the 

reconstructed susceptibility images and measured within ImageJ (Fig. 6.2), based on 

the human brain atlas [312]. The ROIs include bilateral caudate nucleus head (CN), 

globus pallidus (GP), putamen (PUT), red nucleus (RN) and substantia nigra (SN). In 

addition to determining the location and boundaries of the brain regions using the 

brain atlas reference, segmentation of each ROI also follows the criteria summarised 

in Table 4.1 in Chapter 4. For repeated measurements in human brains, a set of ROIs 

for the individual is delineated based on the baseline acquisition, then translated to 

the follow-up scans, and refined when necessary.  
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Fig. 6.2 Example segmentation of in vivo human brain MRI on QSM. 

ROIs overlay on the susceptibility maps (left column). Left (L) and right (R) brain regions on 

the image included: CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN – red 

nucleus, SN – substantia nigra. 

 

6.2.4.4 Contrast comparison 

To investigate the susceptibility contrast generated by QSM, the susceptibility images 

are demonstrated for the phantom and brains, respectively, in comparison with the 

magnitude images and RDF, derived from the same 3D GRE sequence. Moreover, the 

anatomical contrast in the brain, generated by QSM, is compared with the clinical 

routine anatomical scans, proton density-weighted and T2-weighted images. The 

neuroanatomy of the subcortical regions (see previous Section 6.2.4.3) is labelled, 

and the respective line profiles of the signal intensity of the midbrain regions 

CNL CNR 

PUTL 

GPL GPR 

PUTR 

SNL SNR 

RNL RNR 
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(substantia nigra and red nucleus), on the susceptibility maps, proton density-

weighted and T2-weighted images are drawn and compared.  

 

6.2.5 Data analysis 

6.2.5.1 Theoretical bulk susceptibility of the MR phantom 

The theoretical bulk susceptibility of each chelated ferric iron gel sample within the 

phantom is calculated as: 

F63A+@A6'WT_ =
∑ F'Z''

Z6+6T_
= FbA$4gbA$4 + F,T6A@g,T6A@  

where F63A+@A6'WT_  indicates the theoretical volume susceptibility of each sample, F'  

the volume susceptibility of each component, Z'  and Z6+6T_  the individual volume of 

each component and total volume of the gel sample, and g  denotes the volume 

fraction of each component. 	FbA$4  is calculated from the molar susceptibility of 

FeCl3·6H2O and F,T6A@  of H2O at 20 °C, both according to CRC Handbook of Chemistry 

and Physics (97th edition, 2017) [354]. All susceptibility is converted into the SI unit. 

 

6.2.5.2 Iron concentration estimation for in vivo human brain MRI 

For all healthy volunteers, the brain iron concentrations in the caudate nucleus, 

putamen and globus pallidus are estimated based on the subject’s age, using the 

regression formulas reported by Hallgren and Sourander [11] with the post-mortem 

results. The prior-reported formulas of the healthy brain iron concentration as a 

function of age for these brain regions are detailed in Sections 4.2.1. To summarise, 

the brain iron concentration, measured with the histochemistry method, 

experiences a region-specific exponential increase during normal ageing. Hence, by 

adjusting for the age-dependent iron accumulation, the influence of normal ageing 

on the iron concentration is accounted for, to minimise the estimation error of iron 

concentration in this work. However, for substantia nigra and red nucleus, the 

respective average iron concentrations (see Table 1.1 in Chapter 1, averaging from 

subjects with 30-100 yrs of age) reported from the previous report [11] are used, as 

the estimated iron concentration in the following analysis of this study, because the 

prediction model for these two regions was not reported by Hallgren and Sourander.  

Eq. (6.1) 
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Recently, concerning the historical post-mortem iron concentration measured by 

Hallgren and Sourander [11], questions were raised in the research field, regarding 

the reliability of the historical techniques [53], as the ICP-MS measurement has been 

used for validation of post-mortem QSM [51]. Nevertheless, the different iron 

concentration of red nucleus measured utilising ICP-MS, has been reported by Krebs 

and colleagues [9]. Therefore, the estimated brain iron concentration from the 

second reference post-mortem study [9] is also demonstrated in this PhD project on 

a volunteer (male, 24 yrs of age) for comparison, as employed previously [51, 245]. 

 

6.2.5.3 Statistical analysis 

The mean, median, and standard deviation of each measurement within the ROIs are 

extracted, and the histograms of the pixel values are examined and tested for 

normality using Shapiro–Wilk test. The mean values of each ROI are used for the 

subsequent analysis. For the MR phantom, linear regression analysis is performed 

between the measured susceptibility and the ferric iron (Fe3+) concentration, in the 

form of Fe3+-EDTA and Fe3+-NTA, respectively. Linear regression analysis is also 

performed between the measured susceptibility of each brain region of volunteers, 

and the corresponding age-dependent iron concentration estimated based on 

Hallgren and Sourander’s work [11]. For the regression analysis of the susceptibility 

and estimated iron concentrations within human brains, models that employed the 

measured data from all brain regions, from basal ganglia (caudate nucleus, putamen 

and globus pallidus) are performed respectively. This is to investigate the impact of 

the iron estimation with (caudate nucleus, putamen and globus pallidus) and without 

(substantia nigra, red nucleus) adjustment of the age-dependency (see Section 

6.2.5.2). To complete the analysis with data exclusion, subsequent leave-one-region-

out regression analysis is carried out, to exclude potential bias introduced by the 

reduced sample size. The least-squares method is employed for all regression 

analyses. 

 

To investigate the relationships between different quantitative MRI measurements, 

correlation analysis is carried out between each two of the measured effective R2, R2, 

R2*and the susceptibility, within the brain regions of the same individual (male, 24 
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yrs of age). Moreover, for the same volunteer, the correlation analysis is also 

performed for each of the above quantitative MRI measurements of the brain 

regions, with the corresponding iron concentrations estimated using Hallgren and 

Sourander’s model [11], and using Krebs et al.’s report [9], respectively. The null 

hypothesis is rejected at a 5% significance level (p < 0.05). 

 

Finally, for the QSM measurement, the reproducibility of the imaging acquisition and 

processing is estimated within each brain region, calculated by 

rCérkGèNQêQëQHm = í1 −
√2 × q;

îm{"
ï × 100% 

with q;  denotes within-subject standard deviation, m{  the average between the 

susceptibility measured from two repeated scans of one individual (female, 28 yrs). 

All statistical analysis is performed within MATLAB (R2019b, MathWorks). 

 

6.3 Results 

6.3.1 Susceptibility contrast in phantoms and human brains 

The reconstructed images for the phantom are shown in Fig. 6.3, demonstrating 

various signal contrasts generated by the iron-loaded gel phantoms. The iron 

concentration gradient does not show in the magnitude image, because the short TR 

and small FA employed in the GRE sequence enables a mixed contrast that more 

close to a proton density-weighted instead of T2* weighted images. Some shading is 

seen on the magnitude image near the external boundary on the top and the bottom 

of the phantom, because of the magnetic inhomogeneity possibly caused by the 

strong susceptibility perturbation of the iron-loaded phantom and the inadequate 

auto-shimming. The RDF reflects the field disturbance introduced by the individual 

samples with various susceptibility sources, i.e., chelated ferric iron in different 

concentrations. In the circular cylinder volume whose axis is perpendicular to the 

external field B0, the susceptibility source demonstrates a location-dependent radial 

demagnetising field perturbation from the outside of its boundary, known as the 

blooming effect, and within the boundary, the introduced field perturbation ΔB is 

proportional to the relative susceptibility Δχ of the sample [239]. This field 

perturbation is solved as an inversion problem and the resulting susceptibility map 

Eq.(6.2) 
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illustrated the contrast that corresponded to the iron concentration in each sample. 

Figure 6.4 shows an example of a human brain reconstructed via QSM post-

processing.  

 
Fig. 6.3 Axial view of the magnitude (left), RDF (middle) and susceptibility map (right) of the 

iron phantom. 

 
Fig. 6.4 Axial view of the magnitude (left), RDF (middle) and susceptibility map (right) of an 

example human brain (male, age = 24 yrs). 

 
6.3.2 Anatomical contrast of deep grey matter in proton density-, T2-weighted 

images and QSM 

Compared with the proton density- and T2-weighted images generated from the 

dual-contrast FSE, less noise and higher CNR is observed in the susceptibility map (Fig. 

6.5 and 6.6). As a variation of the SE sequence, the FSE pulse sequence is not prone 

to artifacts, compared to GRE sequences, but the enhanced contrast in QSM is 

contributed by the additional information of the phase and accumulating TE along 

the ETL.  

 

6.3.2.1 Basal ganglia 

Within the basal ganglia, the regions with high iron content show hyperintensity in 

QSM, compared to the surrounding tissue, while hypointensity on the proton 

B0 

⊗B
0 
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density- and T2-weighted images, caused by the accelerated relaxation due to the 

paramagnetism of local iron content. Especially for the globus pallidus, the 

susceptibility contrasts are closely matched the structure in the T2-weighted images. 

Better separation of the internal and the external globus pallidus is seen in the QSM, 

demonstrated as a higher signal intensity of the lateral side of the structure at the 

level of inferior II in Figure 6.5, and the medullary lamina – a fine line with relatively 

lower signal intensities (blue arrows in Fig. 6.5 Inferior I and II) that distinguishes the 

two parts of globus pallidus. The lateral outline of the putamen is clearly shown in 

the susceptibility map, but not in the proton density- or T2-weighted images. In fact, 

this boundary fades into the external capsule and the insula under the current 

dynamic range. The striatal cell bridge can be seen between the QSM and the proton 

density-weighted images (orange arrows in Fig. 6.5 Middle I), and signal 

hyperintensity is observed in QSM around the caudate fundus region (green arrows 

in Fig. 6.5 Middle II and Superior I). The lateral ventricle is yet diminished in the 

susceptibility map, compared to its hyperintensity in the proton density- and the T2-

weighted images. 
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Fig. 6.5 Contrast comparison between proton density(PD)-weighted, T2-weighted and susceptibility images in the basal ganglia.  

Blue arrows: medullary lamina; orange arrows: striatal cell bridge; green arrows: caudate fundus. cd: caudate nucleus; gp: globus pallidus; gpe: 

external globus pallidus; gpi: internal globus pallidus; ic: internal capsule; put: putamen; tha: thalamic nucleus. Anatomical notations with 

lower-case letters for image clarity. 
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6.3.2.2 Midbrain 

The signal hyperintensity prolonging the posterior substantia nigra is observed in the 

susceptibility map (blue arrows in Fig. 6.6), compared to its counterpart in the other 

weighted images, especially in the inferior midbrain, the CNR of the inferior 

substantia nigra is greatly enhanced. It possibly corresponds to the substantia nigra 

pars compacta and its nearby region at the level of inferior I and II, generated by the 

iron deposit within the region and orientated white matter tracts perpendicular to 

the axial plane. On the same anatomical level, T2-weighted images generate the 

contrast similar to QSM but with much lower CNR, while mainly the approximately 

circular hyperintense signal can be identified as the superior cerebellar peduncle on 

the proton density-weighted image. On the level of Middle I and II, where the 

mamillary body can be seen, the substantia nigra appeared hyperintensity on the 

susceptibility map, making up the majority of the hypointensity on the T2-weighted 

image. Compared to the corresponding contrast on the proton density - and T2-

weighted images, a wider hyperintensity ‘tail’ (posterior, indicated by blue arrows in 

Fig. 6.6) and a narrower head (anterior) of the substantia nigra on Middle II is 

observed, consisting of the reticular and the compacter parts of the substantia nigra, 

located at the inner (medial) and outer (lateral) sides of the high signal intensity. This 

broad ‘tail’ observed in the QSM might correspond to where the nigrosome 1 and 3 

within the substantia nigra pars compacta located [355], enriched with iron-loaded 

dopaminergic neurons. On the other hand, the anterior part of the corresponding 

hyperintense signal on the proton density- and T2-weighted images, possibly contains 

the substantia nigra reticular nigrostriatal fibres and parts of the frontopontine tract. 

In the susceptibility map, the white matter tracts that reach to the lateral substantia 

nigra pars reticulata also become more apparent than in the other weighted images, 

demonstrating as fading signal intensity at the lateral border of the substantia nigra 

towards both sides of the anterior midbrain, with a woven pattern (green arrows in 

Fig. 6.6). However, this pattern become less evident in the proton density-weighted 

and the T2-weighted images and submerge with the hypointense signal of the 

anterior substantia nigra pars reticula (white arrows in Fig. 6.6). It is also noticed that 

the signal contrast is found on the level Middle II on the proton density-weighted 

image, relatively hyperintense signals of the medial part to its lateral-anterior 
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neighbour (indicated by a fine yellow dashed line in Fig. 6.6), which possibly 

delineates the medial-posterior boundary of the iron-rich nigrosome 1 region. 

 

From the mamillary body level and above, a pair of the ball-shaped red nucleus shows 

hyperintense signal in T2-weighted image, identified by its main body on the level 

Middle II and the Superior I, superior to where the substantia nigra pars compacta 

are located. The hypointense lateral-posterior edge of the red nucleus magnocellular 

part on the Middle I level (orange arrow in Fig. 6.6, T2-weighted), and in proton 

density-weighted image the hyperintense signal also included its surrounding white 

matter tracts. Showing comparable contrast to the T2-weighted image, the 

susceptibility maps delineate the red nucleus as a similar ball shape with 

hyperintensity. 
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Fig. 6.6 Contrast comparison between proton density(PD)-weighted, T2-weighted and susceptibility images in the midbrain.  

Blue arrows: substantia nigra pars compacta; orange arrows: red nucleus magnocellular part; green arrows: white matter tracts; white arrows: 

absence of the white matter tracts; yellow dashed line: medial-posterior boundary of the iron-rich nigrosome 1 region. co: colliculus; cp: 

cerebellar peduncles; ge: geniculate body; mb: mamillary body; pu: pulvinar; rn: red nucleus; snc: substantia nigra pars compacta; snr: 

substantia nigra pars reticula; st: subthalamus; vta: ventral tegmental area. Anatomical notations with lower-case letters for image clarity. 
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The located signal comparison within the anterior midbrain on the inferior-middle 

level between the proton density-weighted, T2-weighted and the susceptibility 

images (Fig. 6.7) is demonstrated by their horizontal line profiles (Fig. 6.8).  

 
Fig. 6.7 Demonstration of the location of the horizontal line profiles of the midbrain on the 

inferior-middle level. 

The yellow solid line indicated the location of the signal intensity measurement, from left 

to right. a: anterior, m: middle, p: posterior. PD - proton density. 

 

Consistent with the visual examination of the images, the susceptibility maps 

generate better CNR among the iron-rich regions in the midbrain, demonstrated as 

the larger normalised signal intensity measured in the substantia nigra (indicated by 

yellow arrows in Fig. 6.7) compared to the surrounding tissue. By comparing the 

signal location, a misalignment is found between the hypointense signal on the T2-

weighted image (orange arrows in Fig. 6.8) and the hyperintensity in the 

susceptibility map (yellow arrows in Fig. 6.8), especially for the inferior level and the 

right-side substantia nigra on the images. The hyperintensity peak of the 

susceptibility is located more adjacent to the central midbrain, compared to its 

hypointense counterpart on T2-weighted and proton density-weighted images. Also, 

this contrast drops out quickly in the susceptibility measurement compared with the 

slow gradual increase of the signal intensity measured in the proton density-

weighted and T2-weighted images, while moving from the central midbrain towards 
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the peripheral edge. It is the most pronounced at the anterior area, between 5 mm 

and 7 mm, and between 29 mm and 33 mm location on the Middle level I (Fig. 6.8a). 

This finding corresponds to the narrow ‘head’ of substantia nigra observed in the 

susceptibility maps compared with the other modalities, supporting that the 

susceptibility map could provide a more straightforward delineation of the nigra 

structure on the inferior level of the midbrain. 

 
Fig. 6.8 The horizontal line profiles of the signal intensity measured on proton density(PD)-

weighted, T2-weighted images and the susceptibility map of the midbrain on the inferior-

middle level. 

On the middle level of the midbrain, the signal profiles of anterior (a), middle (b) and 

posterior (c) were compared; the anterior and posterior profiles of the inferior midbrain 

was shown in (d) and (e) respectively. 

 

The relative location and the local contrast on the proton density-weighted, T2-

weighted and the susceptibility images (Fig. 6.9), between the substantia nigra and 

the red nucleus are demonstrated by the crossline profiles (Fig. 6.10).  

 

Middle 

a) 

b) 

c) 

d) 

e) 

Middle level I Inferior level II 
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Fig. 6.9 Demonstration of the location of the crossline profiles of the midbrain on the 

middle level. 

The yellow solid line indicated the location of the signal intensity measurement, from left 

to right. The yellow and orange triangles indicated the located signal used as the landmark 

in the T2-weighted image and the susceptibility map. PD - proton density. 

 
Fig. 6.10 The crossline profiles of the signal intensity measured on proton density(PD)-

weighted, T2-weighted images and the susceptibility map of the midbrain on the middle 

level. 

The signal line profiles were compared on the Middle level I (a) and II (b) respectively. 
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As both regions are loaded with iron, the signal intensity peaks and valleys are 

expected to locate the substantia nigra and the red nucleus on the susceptibility map 

and the T2-weighted image respectively. On Middle level I, the largest signal intensity 

peak in the susceptibility map is located the substantia nigra (Fig. 6.10a, also 

indicated as the yellow triangles in Fig. 6.9 Middle level I). Compared with the 

hypointense signal on the proton density-weighted and T2-weighted images (Fig. 

6.10a and indicated as the orange triangles in Fig. 6.9 Middle level I) on the left side, 

this location is found closer to the magnocellular portion of the lower red nucleus on 

the left side, which is located at 10 mm distance and appeared as a small peak on the 

QSM image and a signal drop on the proton density- and T2-weighted images (Fig. 

6.10a). On this anatomical level, the substantia nigra consists of the subregion pars 

compacta that located at the inner side of the structure and the pars reticular on the 

lateral peripheral [312, 346, 356, 357], supported by an asymmetrical signal peak 

skewing towards the measuring centre on the susceptibility line profile as higher iron 

concentration is expected in the pars compacta [330, 346, 355]. A clear symmetrical 

observation is not found on the right side of the midbrain, which could be due to the 

slightly tilted angle of the subject’s head during the MR examination or the intrinsic 

heterogeneity of the brain structure. Towards a higher anatomical level, on the 

Middle level II, the discrepancy of the signal contrast location and the distance 

between the centre of the two structures on different image modalities becomes 

smaller, supported by the matched signal landmarks (indicated orange and yellow 

triangles on Fig. 6.9, Middle level II, and arrows on Fig. 6.10b) obtained on the T2-

weighted and the susceptibility images.  

 
6.3.3 Correlation of the susceptibility with the Fe3+ concentration in phantoms 

The regression analysis reveals a significant (p < 0.001, F > 1), very strong linear 

(adjusted R2 > 0.96) correlation of the measured susceptibility with the concentration 

of Fe3+-EDTA (Fig.6.11), and of Fe3+-NTA (Fig.6.12) respectively, over the range from 

0 μg/g to 400 μg/g. 
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Fig. 6.11 Regression analysis of the observed susceptibility with ferric Fe3+-EDTA. 

Open blue circle: mean susceptibility of the ROI; error bar: standard deviation.  

 
Fig. 6.12 Regression analysis of the observed susceptibility with Fe3+-NTA. 

Open blue circle: mean susceptibility of the ROI; error bar: standard deviation.  

 

The linear regression model well describes the relationships between the measured 

susceptibility and the ferric iron in general, and the estimated coefficients for the 

fitting with the concentration of the ferric iron in two different forms of chelation are 

relatively close (Table 6.1). The linear regression model for the ferric EDTA is found 

to have a slope of 1.32 ppb/μg·g-1 with the intercept at -217.82 ppb, while the one 

found in ferric NTA is with the slope coefficient of 1.26 ppb/μg·g-1 and the intercept 

at -167.99 ppb. The linear regression analysis is summarised in Table 6.1. 
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Table 6.1 Summary of the regression analysis between susceptibility and iron concentration 

in phantom. 

Correlation† Slope ! " R2 Adjusted R2 RMSE 

Susceptibility vs. 

Fe3+-EDTA 
1.32 ± 0.08 -217.82 ± 18.51 0.973 0.969 33.8 

Susceptibility vs. 

Fe3+-NTA 
1.26 ± 0.09 -167.99 ± 19.13 0.968 0.964 35 

†Linear model	$%&'()*+,+-+*. = ![1(!"] + " was employed for the regression analysis, the 

units for the susceptibility and the ferric iron concentration [Fe3+] were ppb and μg/g, 

respectively. N = 9, F-statistic against the constant model: F > 1, p < 0.001. 

 
A negative intercept is expected as the water appeared diamagnetic (χwater = -0.727 

ppm at 20 °C, cgs unit) whereas the reference susceptibility of the surrounding 

(standard air, approximately 21% O2 and 79% N2) is estimated χAir = +0.029 ppm (cgs 

unit). The volume susceptibility contribution of the ferric iron is estimated using 

χFeCl3·6H2O = 102.68 ppm (cgs unit, calculated from [354]), a theoretical slope and 

intercept for the susceptibility-Fe3+ solution system are calculated as 1.30 ppb/μg·g-

1 and -9.14 ppm in SI unit. The estimated linear correlation of the measured 

susceptibility from QSM with the ferric iron concentration suggests the slope 

coefficient very close to the result given by the theoretical model, 1.32 ppb/μg·g-1 

and 1.26 ppb/μg·g-1 for Fe3+-EDTA and Fe3+-NTA respectively. However, the 

magnitude of the intercept at y-axis estimated from the regression model is one 

magnitude smaller than the theoretical prediction, when taking the susceptibility of 

air χAir (364.4 ppb in SI unit) into account, which gives the intercepts of above linear 

models -582.22 ppb and -532.39 ppb for Fe3+-EDTA and Fe3+-NTA respectively. 

Although the contribution of the agarose gel is not included in the calculation, due 

to the lack of the absolute measurement of the agarose susceptibility in the literature, 

the presence of it could possibly be neglected in the estimation, as it was reported 

to be weakly diamagnetic [358] and the concentration used in the study is low. The 

different intercepts are not unexpected, as the QSM post-processing only calculated 

the susceptibility relative to a reference, due to the nature of the dipole kernel 

singularity at the k-space centre [17, 271, 310]. Nevertheless, the good consistency 
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between the theoretical and measured slope coefficient, suggests a robust relative 

susceptibility measurement in the chelated iron phantom using QSM.  

 
6.3.4 Correlation of the susceptibility with the prior-published iron concentration in 

healthy brains 

A linear model is employed for the regression analysis between the susceptibility 

measured in deep grey matter brain regions, and the estimated iron concentration 

of the corresponding region by the age of the subject based on the work of Hallgren 

and Sourander [11], as described in Section 6.2.5.2. The established post-mortem 

work provided the regression equations between the subject’s age and non-haemin 

iron concentration measured in various brain regions. Therefore, the iron levels of 

below deep grey matter regions are calculated using those formulas, except the ones 

for the substantia nigra and the red nucleus, as their iron concentrations as a function 

of age are not documented in the study. Hence, for these two regions, the respective 

average iron concentrations reported by Hallgren and Sourander [11] are used for 

the regression analysis. 

 

A significant (p < 0.001, F > 1) linear relationship (adjusted R2 = 0.576) is observed in 

the in vivo human brain data (Fig. 6.13A), between the measured susceptibility and 

the age-dependent iron concentration calculated using Hallgren and Sourander’s 

formulas [11]. The estimated model demonstrates a slope of 0.80 ppb/μg·g-1 with an 

intercept at -20.846 ppb, and these values are consistent with the previously 

reported correlation [14]. The measured susceptibility of the above brain region 

shows overall positive linearity against the estimated iron concentration, but a large 

variation is found among the susceptibility measurements in the red nucleus, caused 

by a few outliers with very low susceptibility. A possibility is considered that the 

estimated iron concentration is inaccurate in the red nucleus, as the average 

measurement of the iron concentration of the regions within the midbrain is used, 

based on the literature [11], where only the mean values are reported for these 

regions without correlation with the age due to the large variation measured 

between subjects.  



 117 

 
Fig. 6.13 Linear regression (A) and residual (B) analyses between susceptibility and 

estimated iron concentration in caudate nucleus (CN), globus pallidus (GP), putamen (PUT), 

red nucleus (RN), and substantia nigra (SN). 

 

Therefore, the linear regression analysis is also performed between the susceptibility 

measurements and the estimation of iron concentration within the regions where 

the brain iron concentration as an exact function of age was provided by the post-

mortem study [11], including the caudate nucleus, globus pallidus and putamen (Fig. 

6.14). As expected, the correlation is found improved in the linear model (adjusted 

R2 = 0.784), with an estimated slope of 0.88 ppb/μg·g-1 and the intercept of -28.05 

ppb.  

 
Fig. 6.14 Linear regression (A) and residual (B) analyses between susceptibility and 

estimated iron concentration in caudate nucleus (CN), globus pallidus (GP), and putamen 

(PUT). 

A) B) 

A) B) 
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To avoid the bias, that the improvement might be simply due to the reduction of the 

data points used in the fitting, the regression analysis is also conducted using the 

susceptibility values excluding the measurement from the red nucleus, and the 

putamen respectively (Fig. 6.15).  

 
Fig. 6.15 Linear regression analysis of the measured susceptibility in selected brain regions. 

The linear correlation analysis that excluded (A) red nucleus, and (B) putamen, respectively. 

CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN – red nucleus, SN – 

substantia nigra. 

 

The regression analysis result shows an improved correlation between the measured 

susceptibility and the estimated iron concentration only when the region red nucleus 

is excluded from the model (adjusted R2 = 0.737, Fig. 6.15A) but not when the 

putamen is excluded (adjusted R2 = 0.483, Fig. 6.15B), comparing to the linear model 

where all data measured from all brain regions are used adjusted (R2 = 0.576, Fig. 

6.13). A summary of the above regression analysis results is shown in Table 6.2. 

 

To summarise, large variation is found in the red nucleus, whose measurements 

deviate from the linear correlation between the susceptibility and the estimated 

brain iron concentration (Fig. 6.13). Similar deviation of the susceptibility measured 

in the red nucleus was also reported in the literature [245, 277], where different QSM 

processing methods was employed, that SHARP was employed for the background 

removal, and HEIDI (Homogeneity Enabled Incremental Dipole Inversion) was applied 

for the dipole inversion [245].  

A) B) 
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Table 6.2 Summary of the regression analysis between susceptibility and iron concentration 

in various brain regions. 

Correlation a 

with brain regions b 
N k C R2 Adjusted R2 RMSE 

Susceptibility vs. Iron in 

CN, GP, PUT, RN, SN 
80 

0.80 ± 

0.08 

-20.85 ± 

12.51 
0.581 0.576 34.8 

Susceptibility vs. Iron in 

CN, GP, PUT 
48 

0.88 ± 

0.07 

-28.05 ± 

9.53 
0.789 0.784 25 

Susceptibility vs. Iron in 

CN, GP, PUT, SN 
64 

0.87 ± 

0.07 

-27.17 ± 

10.02 
0.741 0.737 27.1 

Susceptibility vs. Iron in 

CN, GP, RN, SN 
64 

0.70 ± 

0.09 

0.66 ± 

15.64 
0.491 0.483 36.4 

a Linear model	$%&'()*+,+-+*. = ![1(] + " was employed for the regression analysis, the 

units for the susceptibility and the ferric iron concentration [Fe] were ppb and μg/g, 

respectively. N = number of observations, the F-statistic against the constant model in all 

regression analysis: F > 1, p < 0.001. CN – caudate nucleus, GP – globus pallidus, PUT – 

putamen, RN – red nucleus, SN – substantia nigra. 

 

The residual analysis (Fig. 6.14B and Fig. 6.14B) also reveals the deviation of the 

susceptibility values measured within putamen from the modelled linear correlation, 

whose measured susceptibility values are close to the observation in the caudate 

nucleus, even though most of the post-mortem results [7, 9-11, 43, 49, 51, 359] 

suggested a similar yet slightly higher iron concentration in the putamen, compared 

with the caudate. Similarly, low susceptibility values measured in putamen were also 

found in the other studies using various post-processing techniques [245, 277, 360]. 

Miao et al. [360] employed a comparable method with splenium selected as 

reference, and a similar level of susceptibility in the putamen and the caudate head 

was observed among subjects with an average age of 26 yrs, in the range of 14-45 

yrs. Conversely, in the study where a larger age range was covered or subjects with 

advanced age took part [51, 361], the separation of the measured susceptibility in 

the putamen and caudate became evident. Therefore, it might be due to the limited 

age range of the subject observed in this study, as the iron level in the putamen and 

caudate are expected to undergo a slow increase until reaching a plateau in a late 
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stage of life (over 60 yrs and 50 yrs respectively), and the differences between them 

might be subtle in the age group from 20 to 50, especially when the sample size is 

small. Even though the age-related iron accumulation is already taken into account 

in this study by estimating the regional iron concentration based on the individual 

subject’s age, the susceptibility difference between the caudate nucleus and the 

putamen might be masked by the intra-individual difference of the susceptibility 

measurement.  

 

The scattering of the susceptibility is also examined, shown in Figure 6.16, against 

the expected iron level in globus pallidus, putamen and caudate nucleus, using the 

formulas reported in Hallgren and Sourander’s work [11]. When the measurement 

for each individual is examined, the indifference between the putamen and caudate 

nucleus is persistent. Hence it is also possible that this difference between these two 

brain regions, is under the detection limit of QSM, or caused by other effects that are 

simplified by the physical model employed in the algorithms [268]. 

 
Fig. 6.16 Relationship between the measured susceptibility and the age against expected 

iron concentration in different brain regions. 

 
6.3.5 Comparison of different quantitative MRI measures of brain iron 

The susceptibility, R2*, R2, and effective R2 maps (Fig. 6.17) generated from the scans 

of the same volunteer (male, age 24 yrs), are compared qualitatively and 

GP 
(predicted) 

PUT 
(predicted) 

CN 
(predicted) 
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quantitatively to investigate the relationships between these quantitative 

measurements for iron content in the healthy brain. 

Fig. 6.17 Reconstructed brain images with QSM, R2
*, R2, and effective R2. 

 

All reconstructed parametric maps show comparable CNR, except for the effective R2 

derived from the dual-contrast FSE sequence (bottom right image in Fig. 6.17). It is 

possibly because of the partial contribution of signals from the TE along the ETL, other 

than the effective TE in the segmented k-space (see Section 2.2.1.4), as the price of 

reduced acquisition time. Additionally, compared with the SE sequence, the FSE 

pulse sequence is more prone to susceptibility artifacts and the artifacts caused by 



 122 

the ventricle, due to the reduced FA. Although the proton density-weighted and T2-

weighted images acquired by the FSE sequence are all in the high-SNR regime (SNR > 

3), the fitting of two TE is more sensitive to the background noise compared with 

other multi-echo methods, which is also shown as a higher standard deviation in the 

ROI measurements (right-most column in Table 6.3). Conversely, the advantage of 

full k-space sampling is shown in the R2 map (see Section 2.2.1.2-3), which is 

produced by fitting the images acquired by the CPMG sequence with signal 

acquisition at multiple TE, to exponential decay. Derived from the same SE family, the 

multiple SE sequence is robust against susceptibility artifact and macroscopic 

relaxation caused by the field inhomogeneity. The reconstructed R2 map (bottom left 

image in Fig. 6.17) generates a similar contrast to the one of effective R2 but the 

image appeared less noisy, and this finding is also supported by the closely matched 

measured relaxation rates R2 and effective R2 shown in Table 6.3.  
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Table 6.3 Comparison of the prior-published iron concentrations with quantitative MRI measurements† within ROIs. 

ROI 

Iron concentrations (μg/g ww) estimated from 

prior-published data 

Susceptibility 

(ppb) 
R2

* (s-1) R2 (s-1) Effective R2 (s-1) 

H&S (1958) [11] Krebs et al. (2014) [9] mean ± std mean ± std mean ± std mean ± std 

RNL 194.80 ± 68.6 

(N = 44) 

77.1 ± 57.3 

(N = 22) 

71.80 ± 22.18 27.75 ± 3.11 15.88 ± 1.45 15.03 ± 1.48 

RNR 55.36 ± 15.56 28.54 ± 3.44 16.10 ± 1.21 14.82 ± 1.17 

GPL 
193.11 

202.7 ± 37.8 

(N = 22) 

157.94 ± 37.05 38.92 ± 3.46 20.34 ± 1.13 19.53 ± 2.89 

GPR 157.22 ± 31.11 39.45 ± 3.95 20.74 ± 1.02 18.17 ± 2.29 

SNL 184.60 ± 65.2 

(N = 52) 

210.3 ± 74.6 

(N = 15) 

125.32 ± 52.36 30.52 ± 5.32 16.71 ± 1.59 15.84 ± 1.74 

SNR 98.37 ± 54.51 29.68 ± 5.26 16.22 ± 1.96 13.65 ± 2.04 

PUTL 
94.82 

159.3 ± 36.7 

(N = 44) 

15.93 ± 12.47 23.76 ± 2.25 16.11 ± 0.76 15.21 ± 1.29 

PUTR 28.50 ± 9.89 24.48 ± 1.76 16.59 ± 0.88 13.63 ± 1.27 

CNL 
70.81 

106 ± 26 

(N = 43) 

45.60 ± 17.43 22.39 ± 2.50 15.19 ± 1.12 12.00 ± 2.47 

CNR 52.55 ± 11.28 21.88 ± 1.79 15.31 ± 0.61 12.59 ± 0.94 
† measured from ROIs within the brain of a male volunteer with age 24 yrs. ROIs included the left (L) and right (R) brain regions on the image: CN – caudate 

nucleus, GP – globus pallidus, PUT – putamen, RN – red nucleus, SN – substantia nigra. N = number of observations, N = 1 if not specified.
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Derived from the images acquired from the same 3D GRE sequence, both 

R2*relaxation (top right image in Fig. 6.16) and susceptibility (top left image in Fig. 

6.17) reflect the contribution of the local field inhomogeneity caused by the intrinsic 

tissue electromagnetic properties. Due to the field inhomogeneity, fast relaxation 

rate R2* (third column from the right in Table 6.3) is therefore observed in brain 

regions compared with corresponding R2 measurement (second column from the 

right in Table 6.3) and therefore generates a stronger contrast between iron-rich 

regions in the grey matter and its surrounding tissues, since the time-independent 

dephasing caused by the field inhomogeneity is corrected by the refocusing pulse 

applied in the multiple SE sequence (see Section 2.2.1). Although it is not reflected in 

the measurements of iron-rich regions included in Table 6.3, the most distinctive 

difference between the susceptibility map and the R2* map is the opposite effect of 

diamagnetic structure. For instance, both the paramagnetic iron-laden globus 

pallidus (green arrows in Fig. 6.18) and the diamagnetic calcification in the choroid 

plexus [362] show hyperintense signals on the R2*, but the latter demonstrates 

hypointensity in the susceptibility image (yellow arrows in Fig. 6.18). 

 

Fig. 6.18 Paramagnetic and diamagnetic structures in the susceptibility map (left) and the 

R2
* map (right) of the brain of a subject.  

Green arrows: globus pallidus; yellow arrows: choroid plexus. 

 

The comparison between the measured susceptibility, R2*, R2, and effective R2 in 

these brain regions, are further analysed quantitatively. As shown in Figure 6.19, the 

A) B) 
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correlation analysis suggests significant (p < 0.05), strong positive (Pearson’s ρ > 0.75) 

linear correlations between each two of the quantitative MRI measurements.  

 

Fig. 6.19 Comparison between quantitative MRI measurements within ROIs. 

ROIs covered the bilateral brain regions including the caudate nucleus, globus pallidus, 

putamen, red nucleus, and substantia nigra. (For pairwise values of each bilateral region, 

see Table 6.3) 

 

 

 

Pearson’s ρ = 0.923 
(p < 0.001) 

Pearson’s ρ = 0.930 
(p < 0.001) 

Pearson’s ρ = 0.812 
(p < 0.005) 

Pearson’s ρ = 0.910 
(p < 0.001) 

Pearson’s ρ = 0.773 
(p = 0.009) 

Pearson’s ρ = 0.910 
(p < 0.001) 
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Moreover, the result shows that between every two parameters of R2*, R2 and 

effective R2, the measurements are highly significant (p < 0.001) and positively 

correlated (Pearson’s ρ > 0.9), as well as between the susceptibility and R2*. However, 

the correlation linearity of the measured susceptibility with R2 and with effective R2 

is less significant (p = 0.004 and 0.009, respectively), and with weaker positivity 

(Pearson’s ρ = 0.812 and 0.773, respectively). This deviation appeared to be caused 

by, again, the ordinal difference of the putaminal susceptibility measurements, 

compared with other quantitative MRI measurements. As shown in Table 6.3, the 

putaminal susceptibility is found to be the lowest among all brain regions, while the 

caudate nucleus shows the lowest measurement in R2*, R2, and effective R2. In 

addition to the discordance of the putamen, the proportional difference observed in 

the red nucleus, with respect to other brain regions, also varies between different 

MRI measurements. For instance, the measurement in the red nucleus is lower than 

those for globus pallidus by about 20~25%, and similar to those for substantia nigra, 

according to the transverse relaxation rates (R2*, R2, and effective R2); however, for 

the susceptibility measurement, the red nucleus’ susceptibility shows more than 50% 

lower than the globus pallidus’, and 30~45% lower than the substantia nigra 

susceptibilities (estimated from the 4th to 7th column of Table 6.3). 

 

To further investigate the different behaviours of the susceptibility, R2*, R2, and 

effective R2 in measuring the iron concentration within the above brain regions, 

these measurements are also examined in respect of estimated iron concentrations 

based on prior-published [9, 11] post-mortem data (Table 6.3). Two of the most 

widely recognised post-mortem studies are examined against the above quantitative 

MRI measurements, to investigate any potential bias introduced by the source of the 

putative brain iron concentration. Detailed in the Method section 6.2.5.2, the age-

dependent iron concentrations of the caudate nucleus, putamen, and globus pallidus 

are estimated from the functions provided by Hallgren and Sourander [11], while the 

iron concentrations of the red nucleus and substantia nigra (whose age-dependent 

prediction models were unavailable) are assumed to be the average values (N = 44 

and 52 respectively, age 30-100 yrs, with median age 65 yrs estimated from the 

report) reported in the same study. In comparison, Krebs et al.’s report [9] of the 
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average iron concentrations of corresponding brain regions from post-mortem 

specimens (age 48-81 yrs, median age 61 yrs), without adjustment for age-

dependency, is used as a second reference.  

 

As demonstrated in Figure 6.20, between the post-mortem results from two studies, 

a pronounced difference is found in the iron measurement of the red nucleus, in both 

the absolute concentration and the relative concentration with respect to the iron 

level in other grey matter regions. It should be noted that the formalin fixation 

process in Krebs et al.’s study might cause the decrease of measured iron 

concentration [57, 67], or change of the distribution [64], which may explain the 

underestimation of the iron concentration in red nucleus. It is also noticed that large 

standard deviations of the measurements were reported for brain iron concentration 

of the red nucleus and the substantia nigra, in both post-mortem measurements of 

when using histochemistry technique [11], as well ICP-MS [9]. In contrast, slightly 

higher mean iron concentrations of caudate, putamen, and the nigra were reported 

by Krebs et al. (data above the reference line of slope = 1), compared with the 

reported average concentrations in Hallgren and Sourander’s work. It might be 

caused by the difference in the age range of the subjects included in the two studies, 

where no subject with age below 48 yrs was included in Krebs et al.’s study, as the 

iron concentration in caudate and putamen was still to increase with normal ageing 

(see section 1.2.1 in Chapter 1) and below the average [11].  
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Fig. 6.20 Comparison of the prior-published [9, 11] average iron concentrations in 

different brain regions.  

CN – caudate nucleus, GP – globus pallidus, PUT – putamen, RN – red nucleus, SN – 

substantia nigra. 

 

Subsequently, in this PhD project, the relationships of the quantitative MRI 

parameters measured on the same volunteer (see Sections 6.2.5.2-3), including the 

susceptibility, R2*, R2, and effective R2 within the ROIs, with the estimated iron 

concentrations based on above two prior-published studies [9, 11], are 

demonstrated in Figure 6.21. 
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Fig. 6.21 Comparison of quantitative MRI measurements with reported iron concentrations 

[9, 11]. 

Pearson correlation was calculated using data from both hemispheres; for clarity, only the 

left hemisphere’s measurements were demonstrated. CN – caudate nucleus, GP – globus 

pallidus, PUT – putamen, RN – red nucleus, SN – substantia nigra. 
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Overall, the correlation analysis result shows significant (p < 0.05), moderate to 

strong positive linear correlation (Pearson’s ρ > 0.5, left column in Fig. 6.21) between 

each quantitative MRI measurement except for R2, with the age-dependent iron 

concentration, estimated based on Hallgren and Sourander’s work [11]. Furthermore, 

the positive linear correlation of the iron estimation, is the most significant (p < 0.008) 

and strongest (Pearson’s ρ = 0.784) with the R2* measured in this volunteer’s brain 

regions. In comparison, the correlation is slightly weaker (Pearson’s ρ = 0.716) but 

significant (p = 0.020) with the susceptibility, moderate (Pearson’s ρ = 0.670), 

significant (p = 0.034) with effective R2, insignificant (p = 0.120) with R2 relaxation.  

 

Showed in the left column of Fig 6.21, compared with other brain regions, the 

substantia nigra and red nucleus deviate from the linear correlations, with the 

overestimation of the iron content with respect to Hallgren and Sourander’s study 

[11]. As the estimation of these two regions are not adjusted for the age-dependency 

of the subject, this is possibly because the volunteer in this project is much younger 

than those included in the Hallgren and Sourander’s study [11]. On the contrary, 

Zecca et al. [8] reported an age-dependent increase of total iron concentration of the 

substantia nigra in healthy brains, where the iron concentration was found to be 

increasing until about 30 yrs of age. For a young adult with 24 yrs of age, the putative 

iron concentration of substantia nigra is lower than the average value reported by 

Hallgren and Sourander (184.60 ± 65.2 μg/g ww) [11], when estimated using the 

linear model of iron concentration in the substantia nigra, provided by Zecca et al. 

[352] (150.53 μg/g ww for 24 yrs of age). For the red nucleus, however, not enough 

post-mortem measurement of the iron concentration is found by the time of writing, 

for the brain region explicitly, except the two studies referred here [9, 11]. Neither 

of the two studies reported an explicit model (no age-dependency was observed by 

Krebs et al. [9]) to predict the iron concentration of red nucleus, and a large 

discrepancy is found for the average measurements between these two studies. 

Nevertheless, a recent in vivo MRI work [342] showed an age-dependent 

susceptibility increase at 1.5 T, using multivariable, structural equation modelling, 

where the measured susceptibility of red nucleus experienced a quadratic increase 

with age until 50 yrs of age. Previous in vivo MRI studies [245, 342] generally found 
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good linear correlations of measured susceptibility with the iron concentration 

estimated based on Hallgren and Sourander’s work, when the age range of the 

subjects was comparable to the post-mortem study [11]. Therefore, in this PhD 

project, the observed deviation of the substantia nigra and the red nucleus of the 

young volunteer, from the linear correlation, is probably due to the overestimated 

iron concentration by using Hallgren and Sourander’s data. For the red nucleus, the 

bias could also be introduced by the partial volume effect on the MRI parametric 

maps, along the slice-direction in particular, where the 2 mm-slices are acquired, and 

the averaged signal of the voxel might be contributed by the nearby brain regions. 

 

In contrast, the linear correlation between the quantitative MRI measurements and 

the iron concentration reported by Krebs et al. [9] is found insignificant (p > 0.05, 

right column of Fig. 6.21), but the moderate positive trend (Pearson’s ρ > 0.50) is 

observed. As the iron concentrations reported in Krebs et al.’s study, are averaged 

among subjects with an age range from 48 yrs to 81 yrs, these iron concentrations 

estimated for the volunteer in the PhD project might be overestimated. As the iron 

concentration experiences a region-specific increase, the deviation from the linear 

correlation is possibly caused by the age-related bias in the iron estimation. On the 

other hand, it suggests the necessity of the adjustment for age-dependency when 

iron concentration should be estimated in vivo or ex vivo MRI. 

 
6.3.6 Reproducibility of quantitative susceptibility mapping 

As shown in Table 6.4, the reproducibility of the QSM is calculated from two scans 

obtained two weeks apart from the same subject (female, age 28 yrs). The 

reproducibility is found varied among the brain regions, between 72.01% and 98.29%. 

The best reproducibility of the susceptibility measurement is found in the globus 

pallidus (94.13% and 98.29% for bilateral regions), and the reproducibility is generally 

good in the red nucleus (91.91% and 93.50% bilaterally) and substantia nigra (88.07% 

and 93.84% bilaterally). However, the result suggests that the susceptibility 

measurement performed relatively poorly in the caudate nucleus (85.46% and 

72.01%) and putamen (81.86% and 82.07%). It is noted that the rank of the 

susceptibility reproducibility among the brain regions is concordant with the iron 
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concentration of those regions reported in the literature [10, 11, 13, 14, 43], as well 

as the myelin content [363] measured as the myelin water fraction (MWF) [364]. This 

suggests higher susceptibility SNR might be associated with these factors.  

Table 6.4 Summary of the susceptibility reproducibility in ROIs. 

ROI Susceptibility Std Susceptibility Std Reproducibility† 

CNL 50.13 7.94 57.98 24.64 85.46% 

CNR 60.88 16.21 45.93 16.94 72.01% 

GPL 169.72 28.56 160.05 27.61 94.13% 

GPR 162.37 33.21 165.17 39.45 98.29% 

PUTL 64.67 20.39 53.91 15.04 81.86% 

PUTR 57.28 19.45 68.56 30.98 82.07% 

RNL 123.38 24.98 133.79 35.87 91.91% 

RNR 94.81 19.08 101.17 25.82 93.50% 

SNL 179.02 51.70 158.86 55.01 88.07% 

SNR 122.54 39.56 115.22 60.10 93.84% 

† measured from ROIs within the brain of a female subject with age 28 yrs. ROIs included the 

left (L) and right (R) brain regions on the image: CN – caudate nucleus, GP – globus pallidus, 

PUT – putamen, RN – red nucleus, SN – substantia nigra. 

 
6.4 Discussion 

6.4.1 QSM can enhance iron-induced anatomical contrast 

Using the QSM technique, the result in Sections 6.3.1-2 demonstrates the novel bulk 

susceptibility contrast of ferric phantoms and in vivo human brains, processed from 

the 3D GRE MRI data obtained from the local clinical 3.0 T GE scanner. With a focus 

on the iron-rich brain regions, including the subcortical GM basal ganglia nuclei and 

the subthalamic nuclei, the human brain susceptibility contrast shows a superior 

visualisation of these iron-rich brain regions, compared with the clinical routine 

anatomical proton density-weighted and T2-weighted images. Principally similar to 

R2*, the enhancement of the iron contrast is due to the local field inhomogeneity 

generated by the iron content [365, 366] agglomerated within these regions, causing 

the additional phase shift during the GRE acquisition [227, 229, 230]. Compared with 

the FSE pulse sequence, in GRE acquisition the time-independent proton dephasing 

is not corrected by the refocusing RF pulse, and therefore the phase shift was 
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accumulated along the ETL and received by the MR scanner (see Section 2.2.2 and 

2.3, Section 3.3). In particular, this difference is most pronounced at inferior and the 

dorsal-lateral substantia nigra (Fig. 6.6, Fig. 6.7), where the substantia nigra pars 

compacta and nigrosome 1 located [327, 355]. Dexter et al. [43, 367] showed a higher 

iron deposition within the nigral pars compacta, compared with the neighbouring 

reticular region, due to the presence of the iron-rich dopaminergic neurons. In 

contrast to its surrounding tissue, within these regions iron was largely sequestered 

in the neuromelanin (instead of ferritin) in healthy brains [118, 120, 352], and the 

heterogeneous microscopic distribution of the iron content dominated the observed 

susceptibility via the perturbation of the neighbouring proton’s Larmor frequency.  

 

6.4.2 QSM can faithfully measure the ferric iron concentration in agarose gel 

phantoms, with the linear correlation 

Evaluated by the customised ferric iron agarose gel phantoms, the susceptibility 

maps generated by the QSM processing show the capability to measure the ferric 

iron concentration faithfully, via the linear correlation (Fig. 6.11, Fig. 6.12). Instead 

of using the previously reported phantom consisting of gadolinium solutions [310, 

311], the customised phantom used in the study is constructed with soluble ferric 

iron in physiological pH, to better simulate the main paramagnetic source of the 

signal observed in the in vivo human brain imaging. The iron oxidative state in the 

phantom is carefully maintained and stabilised at pH = 7.4 in the soluble ferric form 

by the coordination with ligands EDTA and NTA, respectively. Good accuracy of iron 

estimation by the resulting susceptibility measurement of the phantom is found in 

the chelated iron phantom, without showing a significant difference in the 

susceptibility between the different coordination ligands. The QSM technique is 

validated by the statistically significant (p < 0.05), strong (adjusted R2 > 0.96) positive 

linear correlations found between the observed susceptibility and the ferric iron 

concentration, with the slope coefficient 1.32 ppb/μg·g-1 and 1.26 ppb/μg·g-1 for Fe3+-

EDTA and Fe3+-NTA respectively, excellently corresponded with the calculated 

theoretical iron-dependent coefficient in the phantom, 1.30 ppb/μg·g-1.  
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6.4.3 In vivo brain susceptibility was linearly correlated with the putative iron 

concentration, and with the transverse relaxation rates (R2*, R2, effective R2), but 

variations existed 

Similar to the iron phantom, the results of in vivo human brain also show statistically 

significant (p < 0.05), positive linear correlations between the observed susceptibility 

and the age-dependent brain iron concentration (Table 6.2 in section 6.3.4), 

estimated from the previous post-mortem study reported by Hallgren and Sourander 

[11]. Moreover, the coefficients estimated for the linear model are widely agreed 

with previous reports in the literature [14]. However, compared with the ferric 

phantom, the strength of the linear correlations between the observed susceptibility 

and the estimated iron concentrations in the brain are weaker (adjusted R2 = 

0.48~0.79 for human brains, versus adjusted R2 > 0.96 for phantoms). Compared with 

other brain regions, larger inter-subject variation due to the outliers with small 

susceptibility values, is observed in the red nucleus (Fig. 6.13), which confounds the 

correlation between the susceptibility and the iron concentration in vivo. The 

deviation of the susceptibility measured in the red nucleus, from the expected level 

based on the empirical iron concentration [11], is also observed in previous reports 

[245, 277], but the causes remained unclear by the time of writing. 

 

At the same time, the intra-subject correlation analysis of the susceptibility, R2*, R2, 

and effective R2 (Fig. 6.19), reveals statistically significant (p < 0.05) positive linear 

correlations between these quantitative MRI measurements, indicating the presence 

of the co-variance (e.g., tissue variables like iron, water diffusion) between these 

measures [191, 260, 368]. Nevertheless, different values of Pearson’s ρ of the intra-

subject correlations between the observed susceptibility with R2*(0.923), R2 (0.812), 

and effective R2 (0.773), suggest unequal contributions of these tissue variables, to 

each quantitative MRI measurement. Additionally, the intra-subject analysis of each 

MRI parameter, with respect to the iron level, show higher sensitivity of R2* to the 

putative tissue iron concentration [11], compared with the susceptibility, R2, and 

effective R2 (Fig. 6.21). 
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Taken together, the weaker correlation between the observed susceptibility and the 

putative brain iron concentration, compared with those for the iron phantoms, is 

possibly caused by both intra- and inter-subject variation of the tissue properties, 

such as chemical forms and distributions of iron content [296], as well as the 

diamagnetic myelin content. For brain iron quantification, myelin is known to be a 

confounder of the iron-associated susceptibility obtained using QSM techniques, and 

vice versa [4]. The diamagnetic property of myelin reduces the observed tissue 

susceptibility, and therefore hampers the linear correlation between the apparent 

susceptibility and the iron concentration in brain tissues. At the same time, the 

presence of myelin is related to the restricted direction of water diffusion within 

axons as well as the myelin sheath, therefore increasing the transverse relaxation 

rate. Recent histological studies [56, 57] quantified the influence of myelin content 

within human post-mortem brains, on the observed susceptibility using QSM, as well 

as on the transverse relaxation rate R2*, at 7.0 T. Using PIXE together with iron 

extraction, it was found that myelin contributed to 72% susceptibility contrast in the 

cortical WM, and 33% in the cortical GM, but for R2*, the contribution of myelin 

decreased to 56% and 19% in WM and GM respectively [56]. The histological staining 

and biochemistry findings also confirmed the myelin content was the main cause of 

the observed susceptibility contrast difference of WM, compared with cortical GM 

and with basal ganglia nuclei [57]. At 3.0 T, the myelin-corrected susceptibility also 

appeared to improve the linear correlation, between the in vivo susceptibility MRI 

measurement and the putative iron concentration [245]. Using the information of 

magnetisation transfer saturation to semi-quantify myelin, Schweser et al. noted the 

myelin-corrected susceptibility generated a stronger correlation with the iron 

concentration estimated from the literature [8, 9, 11], where the iron-associated 

susceptibility was revealed, especially in WM and heavily myelinated subcortical grey 

matter like thalamus.  

 

Additional bias might also be introduced by the difference in the cytoarchitectures-

associated iron deposition between these brain regions, especially by the cell types, 

their morphologies, the volume fractions, and the spatial distribution. Demonstrating 

a brain region-specific cellular distribution, Perls’ staining reactive iron was found 
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largely but not exclusively, in the glia and axons, as well as in the cytoplasm of neuron 

cell bodies within subcortical nuclei [4, 118, 352]. These cells in the human CNS often 

appear morphologically distinctive from each other and had region-specific 

distributions. In the healthy human brain, neurons appear to have median to large 

soma size (10-30 μm) with round or ovoid nucleus, visible cytoplasm, often elongated 

dendrite(s) and axon(s); whereas oligodendrocytes and astrocytes are often small (3-

10 μm) and round-shaped cells situated in groups (oligodendrocyte) or singularly 

(astrocyte), whose cytoplasm is usually not visible; and microglia are found in small 

to medium size, with a thread-like or irregular shape, and with elongated or comma-

shaped nucleus [45, 369-372]. At the same time, although various types of neurons, 

and interneurons (glia as the majority) in rodents and higher vertebrates’ CNS are 

identified and established [372-374], yet a consensus within the research field has 

not been reached by the time of writing, regarding the absolute number or 

proportion of each type of cells in human brains [45, 375, 376]. Using the 

stereological method on the post-mortem brains, Karlsen et al. [371] reported the 

cell count of glia as many as neurons in the neocortex, but a higher glia-to-neuron 

ratio (GNR) measured in basal ganglia, with the oligodendrocytes double to triple the 

number of neurons, in healthy female subjects (N = 6, 60 to 80 yrs of age).  

 

Hence, the variation of the cellular distribution might also contribute to the deviation 

from the linearity (see Section 6.3.4-5) for certain brain regions (such as putamen) in 

this PhD project, and it might partially explain the indifference in observed 

susceptibility values between caudate and putamen, even after myelin-correction, in 

the literature [245]. Nevertheless, within GM of healthy brains, the cellular 

architecture difference between regions, is not commonly considered to be a 

confounder for measuring iron using clinical MRI (3.0 T and below), due to the voxel 

size (1-3 mm). However, the potential bias in MRI-quantified iron concentration, 

generated by the assumption of the homogeneous intra-/extra-cellular distribution 

of the iron content, might become detectable under a higher magnetic field, with 

higher resolution, especially when GRE sequences are employed (see Section 2.2.2). 
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6.4.4 Potential variation in in vivo quantitative MRI correlations may be reduced by 

using the putative iron concentration in healthy brains with age adjustment 

For the MRI study of human brains, there has not been a technique to validate the 

actual iron concentration in vivo, compared with the MRI of iron content in other 

organs such as the liver [173, 174]. Although measuring the iron concentration in 

living human brains using MRI is only indirect, relaxation models and post-mortem 

validation of the parametric MRI measures support the quantitative relationships 

between the observed imaging parameters (i.e., susceptibility, R2*, R2) and the exact 

iron concentrations in the literature [50, 51, 170, 173, 174, 330, 331, 366, 368]. 

However, discrepancies are often observed between studies of living tissues 

(reviewed in [13, 14]), due to variations in the research methods such as pulse 

sequences and acquisition parameters, vendors, image processing, as well as subject-

related variations such as age and gender. 

 

Relied on the empirical iron concentration in the literature, in this project, the age-

dependent estimation of the total iron concentration (of caudate, putamen and 

globus pallidus), reported by Hallgren and Souranders [11], is used for the linear 

correlation analysis for the individual (Fig. 6.21) and all healthy volunteers (Fig. 6.14), 

respectively. The brain regions substantia nigra and the red nucleus, whose putative 

iron concentrations are not adjusted based on the subject’s age (as their age-

dependency was not published by [11]), generated the largest variation in the 

analysis (Fig. 6.13). And the correlation with the observed susceptibility, is weaker 

when the substantia nigra and the red nucleus are included, compared with when 

they are not (Table 6.2). Moreover, the results from the intra-subject analysis of a 

24-yrs young adult also support the importance of adjusting the putative iron 

concentration in healthy brains based on the subject’s age (Fig. 6.21), especially 

when the age range of the in vivo study could not closely match the age range 

reported for those post-mortem iron measurements. In this study of the PhD project, 

the intra-subject analysis results demonstrate a better fit of the in vivo MRI 

measurements (including the susceptibility, R2*, R2, and effective R2) with the age-

adjusted putative iron concentration in the brain [11, 352], than with prior-reported 

brain iron concentration that is not age-dependent [9]. 
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Therefore, the observations in this work support the age-related change of brain iron, 

and it suggests that the age-dependent putative brain iron concentration should be 

employed to avoid potential bias in in vivo MRI studies. Furthermore, it also suggests 

the urgent need of understanding iron homeostasis, and how iron concentration and 

other tissue properties (e.g., myelination, cytoarchitecture), would change with brain 

development and normal ageing, within different brain regions. In particular, the 

direct, robust measurement of living tissue, or unfixed post-mortem tissue for iron 

quantification, might fill the gap of knowledge (e.g., red nucleus), and might confirm 

(or reject) the histological work carried out by Hallgren and Souranders [11] with 

advanced techniques. 

 

6.4.5 Reproducibility of the susceptibility varies among subcortical nuclei 

The results of this study suggest overall good reproducibility of the susceptibility (up 

to 98.29%) measured in subcortical nuclei (Section 6.3.6). However, using a single-

angle acquisition (see Section 3.3), bias is unavoidably introduced in the computed 

susceptibility [245, 281], when the assumption of the random distribution of the 

susceptibility sources within brains is violated [308, 377] by the presence of 

orientated myelin bundles. It was found previously most profound in the 

susceptibility observed within the WM due to the presence of a large number of 

myelinated fibres [57, 245].  

 

The subcortical nuclei measured in this PhD project, contain relatively fewer 

myelinated axons, compared with WM, therefore the influence of myelin on the 

observed susceptibility is minimised. However, the presence of axon collaterals could 

still violate the assumption underlying the QSM technique, that the susceptibility 

source should be randomly and homogeneously distributed within the brain tissue 

[244, 245, 378]. The medium spiny neurons in the striatum (caudate nucleus and 

putamen), receive afferents from cortical neurons and dopaminergic neurons 

originated from the substantia nigra, and projected to the pallidum [379]. In the 

pallidum (include substantia nigra pars reticula and globus pallidus), a large number 

of myelinated axons pass through, receiving input from the striatum, i.e., caudate 



 139 

nucleus and putamen, via medium spiny neurons, and sending output to the superior 

colliculus in the midbrain, and the motor cortex via thalamus [45, 372]. Those 

myelinated axon fibres generate an anisotropic demagnetisation field (see Section 

2.3.2.1 of Chapter 2), which make the observed susceptibility dependent on the angle 

between the main magnetic field and the scanned subject (see Section 3.1.3 in 

Chapter 3, and reference [245, 279]). In contrast, substantia nigra pars compacta 

consisted of dense cell bodies, and about 40 % of dopaminergic neurons are packed 

within nigrosomes, which are local regions lacking striatonigral fibres, indicated by 

previously-reported immunostaining results [355]. Therefore, to quantify brain iron 

concentration accurately and reproducibly with QSM, even for subcortical nuclei, it 

would be still preferable to acquire the MR data from multiple directions (see Section 

3.1.3, and reference [244, 245, 279]) when possible, suggested by the result of the 

PhD project. 

 
6.5 Conclusions 

To conclude, the QSM technique based on nMEDI-L1 [271, 281] approach is validated 

in this study, for measuring iron on the clinical MRI with a local 3.0 T GE scanner, 

providing the proof-of-concept susceptibility measurement with ferric iron 

phantoms and in healthy human brains. A dedicated 3D SWAN sequence with ASSET 

parallel imaging on the Discovery MR750w system is established and reported here 

for QSM, with in-house image reconstruction and processing. Consistent with the 

literature, the linear correlation between the computed susceptibility and the 

putative iron concentration is found in this work, in both ferric iron phantoms and 

healthy brains. Superior correlation of the iron concentration with the observed 

susceptibility is found in the phantom, compared with the human brain MRI, due to 

the inter- and intra-subject variance of the tissue properties. In comparison with the 

transverse relaxation rates, the sources of bias in in vivo QSM MRI are discussed in 

this work and suggestions for future studies are provided. Finally, the brain region-

specific scan-rescan reproducibility is demonstrated, and the remaining challenges 

are discussed. To summarise, this research has successfully established and 

evaluated the QSM contrast, as well as the quantitative measurement for the iron 
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concentration in phantoms and healthy brains, on the local 3.0 T clinical MRI scanner, 

for accelerated and complementary brain iron quantification. 
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Chapter 7: Transverse relaxation rate R2* and quantitative susceptibility 

mapping (QSM) of Aβ(1-42) and ferritin-bound iron in MR phantoms 

for 9.4 T preclinical MRI  

7.1 Introduction 

Aβ is the primary component of senile plaques, which are commonly found in the 

extracellular space of the brain tissue with AD [105, 380]. It is a cleavage product of 

the APP, and its aggregation and extracellular accumulation play the main role in the 

amyloid cascade hypothesis of the AD [381]. Although the aggregation pathways of 

Aβ peptide monomers, and the various structures of aggregated oligomers, fibrils, 

and plaques are still to be elucidated, mounting evidence has established its binding 

and interactions with transition metal ions [85, 88, 382-386]. As the most abundant 

transition metal in the brain, tissue iron is primarily stored in the ferric form within 

the ferritin [22, 23, 387], and could interact with the Aβ peptide and accelerate the 

peptide aggregation [88, 388, 389]. In AD, iron overload has been found colocalised 

with the extracellular senile plaques [34, 90] and intercellular NFTs [99], suggesting 

iron-intermediated pathologies of the disease [390, 391]. Moreover, the association 

of the Aβ plaque with ferritin was supported by the immunostaining finding, where 

ferritin was detected in the extracellular senile plaques within AD hippocampus [34, 

392]. Although the underlying mechanism remains unclear, the interaction of iron 

and ferritin with Aβ and APP suggested that the toxicity of the excessive iron may be 

caused via oxytosis and ferroptosis [114, 385, 389, 393-395]. 

 

Meanwhile, increasing interest is drawn to how to detect, image, and quantitative 

measure tissue iron clinically and preclinically. Exploiting the paramagnetic and 

superparamagnetic properties of tissue iron, chiefly ferritin-bound iron, MRI has 

been used to quantify tissue iron in situ and in vivo in clinical and pre-clinical settings 

[13, 174, 178, 186, 248, 257, 259-261, 265]. Several approaches to investigate the 

tissue iron concentration, such R2 [13, 174, 186, 248, 257], R2* [178, 259-261], and 

FDRI [251, 264], are discussed in Chapter 3. QSM is an advanced MRI technique that 

has been developed in the recent decade, which can extract the local tissue 

susceptibility variation from the MR phase information acquired by the gradient echo 



 142 

sequences [18, 51, 268-273]. It is sensitive to tissue iron, as the abundant 

paramagnetic iron appears to be the dominant source contributing to the local field 

shift [14].  

 

In the post-mortem brain [51] and ferritin phantom [53], the empirical linear 

correlation has been demonstrated and established at 3.0 T, between the 

susceptibility obtained from QSM and the iron concentration measured by ICP-MS. 

Analysis of Perl’s iron staining with QSM also supported this linear relationship in the 

subcortical grey matter at 4.7 T [368]. Although QSM appeared to be sensitive to the 

system and the post-processing [274, 275], as a currently evolving MRI technique 

[269, 348], its high iron-sensitivity and novel contrast have popularised this 

technique as a clinical and preclinical tool.  

 

QSM has been employed to investigate iron accumulation [51, 183, 191, 199, 201, 

204, 296, 342, 368], demyelination [57, 210], aid diagnosis of neurodegenerative 

diseases including AD [150, 191, 199, 201, 204, 215, 396-399], and potentially detect 

iron-laden amyloid plaques and neurofibrillary tangles [109, 150, 215]. As the field 

strength increases, the susceptibility effect of tissue iron becomes profound, which 

could produce stronger contrast and higher resolution in QSM. At 7.0 T, the 

implementation of QSM has been reported for phantoms [311, 400], human brains 

[57, 109, 151, 221, 260, 398] and animal studies [401-403]. Most recently, QSM 

studies of living brains and post-mortem tissues were reported in the literature for 

UHF preclinical MRI systems (9.4 T and above) [210, 214, 215, 311, 404-407]. 

However, compared with the clinical QSM processing optimisation [273, 399, 408-

410], the implementation of QSM has not yet been fully assessed and optimised for 

the preclinical UHF MRI system. 

 

Nevertheless, this emerging QSM MRI technique provides an opportunity to study 

iron content and iron-associated pathologies in vivo, ex vivo and in vitro, and 

especially, with significant effects at UHF MRI. For AD and other neurodegeneration 

with iron homeostasis disruptions, QSM recently showed potential to detect and 

image iron-laden Aβ plaques in the human brain at 7.0 T [109], 9.4 T and 14.1 T [215]. 
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At the time of writing, an ultra-high-resolution QSM study, of the quantitative 

relationship between the susceptibility and the Aβ-associated iron, has not yet 

reported in the literature. Therefore, an attempt to establish an optimised QSM 

framework for a small-animal-compatible 9.4 T UHF MRI system is presented in this 

work, to image novel MR phantoms that contained synthetic ferritin-iron-laden Aβ, 

in comparison with iron-free Aβ and dispersed ferritin. It also demonstrates the 

quantitative relationships for the first time, between the ferritin-bounded iron 

concentration, the susceptibility, and the R2* measurement among those phantoms 

at 9.4 T. 

 

7.2 Method 

7.2.1 Construction of the Aβ(1-42) + ferritin-bound iron and control phantoms 

The preparation and the incubation of the protein suspension are adopted from 

earlier work by Everett et al. [88], described in Appendix E. Horse spleen ferritin (Type 

I, 57 mg/mL, in saline solution; ref: F4503; Sigma-Aldrich) suspension is freshly 

prepared in a modified Krebs-Henseleit (KH) buffer (pH 7.4, 37˚C), with a 

concentration of 1.44 mg/mL. Frozen amyloid β-protein (1-42) (Aβ, ref. 4014447, 

Bachem) is thawed in 1 mM NaOH at room temperature, to form 2 mg/mL Aβ 

suspension. An Aβ+ferritin protein suspension (Aβ+Ftn) is made by mixing the 

prepared Aβ and ferritin suspension in a volume ratio of 1:5 (to maintain the pH), 

where the concentrations of Aβ and ferritin in the mixed suspension are 0.33 mg/mL 

and 1.2 mg/mL, respectively. The ferritin and Aβ(1-42) concentrations in the 

suspension for incubation matches a previous study from our group to investigate 

aggregation under these conditions [88], and the ferritin concentration is decided 

accordingly, so that the final ferritin concentration in the agarose gel sample is within 

the range of physiological levels reported for human brain [7, 13, 43, 411]. The 

suspension is then incubated at 37 ˚C for a period of 100 hrs to produce Aβ+ferritin 

aggregates. An Aβ(1-42) control (Αβ) and a ferritin control (Ftn) are also prepared at 

the same time by substituting the ferritin suspension and the Aβ suspension with KH 

buffer (Fig. 7.1).  
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Fig. 7.1 Peptide suspensions (A) and Aβ(1-42) and ferritin samples after 100 hrs incubation 

(B). 

 

After the incubation, each suspension is diluted into three different concentrations 

with the KH buffer to produce separate protein samples. Then in a warm ultrasonic 

bath (45 °C), each protein suspension sample is carefully mixed with already 

prepared dispersed 4% w/v agarose stock in a volume ratio of 1:1, to make the final 

2 % w/v agarose-protein gel sample. The final 2 % w/v agarose-protein gel samples 

each has a volume of 120 µL, and all samples are let set overnight at 4 ˚C. The final 

concentrations of the components are summarised in Table 7.1. To cast the final MR 

phantoms, the already prepared 8 % w/v agarose gel is poured over four 2 % w/v gel 

samples in a silicone cylinder mould (ID = 20 mm), forming a supporting matrix (Fig. 

7.2). The 8 % w/v agarose gel supporting matrix is employed to fill the space between 

the individual sample volumes to 1) harmonise the B1 effect over the entire phantom, 

2) facilitate global shimming. Each phantom consisted of the sample group of protein 

gel samples, i.e., Aβ+ferritin aggregates (Aβ+Ftn), ferritin control (Ftn), and Aβ 

control (Aβ), with varying concentrations. An internal reference, containing only the 

modified KH buffer, is included in each phantom and this buffer-only sample is 

labelled as ‘Aβ+Ftn 0’, ‘Ftn 0’, and ‘Aβ 0’ for the respective phantoms (see Table 7.1). 

The supporting gel of each phantom let set for 2 hrs at 4 ˚C after casting, and then 

stored at 4 ˚C for no longer than 6 hrs before the MR acquisition. 

 

 

 

Aβ+Ftn Ftn Aβ 

A) B) 

Aβ+Ftn Ftn 
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Table 7.1 Summary of final 2 % w/v agarose-protein gel samples†
 

MR 

phantom 
Sample Aβ (1-42) (mg/mL) 

Horse spleen ferritin 

(mg/mL) 

Aβ+Ftn 

phantom 

Aβ+Ftn 3 0.165 0.6 

Aβ+Ftn 2 0.0825 0.3 

Aβ+Ftn 1 0.0275 0.1 

Aβ+Ftn 0 

(KH buffer only) 
0.0 0.0 

Ftn 

phantom 

Ftn 3 0.0 0.6 

Ftn 2 0.0 0.3 

Ftn 1 0.0 0.1 

Ftn 0 

(KH buffer only) 
0.0 0.0 

Aβ 

phantom 

Aβ 3 0.165 0.0 

Aβ 2 0.0825 0.0 

Aβ 1 0.0275 0.0 

Aβ 0 

(KH buffer only) 
0.0 0.0 

† Prepare phantoms included samples: Aβ+Ftn – Aβ+ferritin aggregates samples, Aβ – Aβ 

control samples, and Ftn – ferritin control samples. Note the samples ‘Aβ+Ftn 0’, ‘Ftn 0’, and 

‘Aβ 0’ only contained KH buffer, served as the identical internal reference. 

 

 

Fig. 7.2 An example of the gel assembly MR phantoms for the small animal coil. 

Axial views of the schematic drawing (A), gel assembly moulding (B) and the resulting 

phantom (C) are shown. 

 

0 

1 

2 3 

A) B) C) 
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7.2.2 Preparation for imaging the phantom in 9.4 T preclinical MRI system 

To support and stabilise the sample during the MRI experiment, a dedicated imaging 

container with sample support is constructed for the phantom, made with MR-

invisible materials (Fig. 7.3). Specifically, a polytetrafluoroethylene (PTFE) O-ring 

(ID/OD = 15/22 mm) is fixed using epoxy inside a 30 mL polystyrene (PS) specimen 

container (ID/OD ´ H = 23/25 ´ 94 mm, which could be tightly fitted in the 25-mm 

RF coil, see following section 7.2.3), parallel to the opening and 4 cm below the 

sealing screw-in PS cap (OD = 31 mm), to ensure the precise co-localisation of the 

supported sample with the RF coil sensitive centre during the MR examination (left-

side image in Fig. 7.3). To further prevent the motion and the rotation of the 

phantom, due to the vibration caused by the strong gradient employed for the 

system, cushioning surrounding the sample is necessary. A flexible, multi-layer nylon 

mesh is therefore employed to serve this purpose. 

 

Subsequently, the cushioned MR phantom sat on the PTFE O-ring support, and a 

detachable polypropylene (PP) sample holder is used to prevent motion of the 

phantom during MR imaging (right-side image in Fig. 7.2). Therefore, the MR 

phantom is securely fastened within the specimen container, co-localising with the 

sensitivity centre of the RF coil, allowing vertical (z-direction) geometry offset to be 

less than ± 2.5 mm, and horizontal offset (x- and y-direction) to be less than ± 0.5 

mm.  

 

Susceptibility artifacts are often seen at the sample-air interface, especially at the 

high magnetic field, due to the large susceptibility differences between the sample 

(usually weakly diamagnetic, e.g., tissue, gel phantoms, because of the large 

proportion of diamagnetic water) and the surrounding air (paramagnetic, because of 

the paramagnetic oxygen O2) [412, 413]. To minimise the susceptibility effect at the 

phantom’s surface, measures are taken to eliminate the paramagnetic air, by 

substituting it with a susceptibility-matched (weak diamagnetic) material [54, 221, 

414]. Hence, the entire imaging container is filled with a susceptibility-matched 

perfluorocarbon liquid Fluorinert FC-40, by which the MR phantom to be examined 
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was surrounded, and any air in the container is carefully eliminated before the MR 

acquisition.  

 

Fig. 7.3 Imaging container and sample installation. 

Left: imaging container and its support; Right: a gel assembly MR phantom installed in the 

dedicated container for MR imaging 

 

7.2.3 Hardware set up for 9.4 T preclinical MRI 

The acquisition is carried out on the 400 MHz (9.4 T) spectrometer, using a Bruker’s 

Micro 2.5 gradient system (ID/OD = 40/72 mm), which is compatible with the 89 mm 

wide-bore magnet (MICWB40), and a (linearly polarised) volume coil tuned to 1H 

frequency (Bruker), with the internal diameter of 25 mm. This system is highly flexible 

in high magnetic field MRI, and suitable for MR microimaging. MRI spatial resolution 

on the frequency encoding (readout) direction is limited by the gradient strength, 

and by the digitization rate on the phase encoding direction. Therefore, by using the 

3-axis (xyz) gradient MICWB40, which has the gradient linearity of 36 mm (sphere), 

and a short rise time (gradient rise form 5-95% < 100 µs) and could support the 

gradient strength of up to 1.5 T/m on each direction (while on clinical 1.5 T and 3.0 T 

scanners, this value is on the magnitude of tens or hundreds mT/m), it is achievable 

to obtain high-resolution images using the set-up described [218].  

 

As the temperature of the sample influences its susceptibility and relaxation 

properties (described by Eq.(2.17) and Eq.(2.18) in Section 2.3.1), the temperature 

within the RF coil (and of the sample itself) needs to be controlled during the MR 

acquisition. Although the body temperature (37 ˚C) would be preferable to imitate 
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the physiological condition of human brain tissues, the SNR is found to be low at 37 

˚C, as well as at room temperature 20 ̊ C, generating images with a noisy background. 

Besides, the SAR is found high due to the repeatedly applied RF pulses. Therefore, to 

minimise the RF heating deposit on the sample, and to reduce the thermal noise 

generated by the RF coil’s resistance, the temperature of the MR experiment is set 

to 4˚C, as reported previously for unfixed tissue [54, 414]. The temperature control 

unit EVT (Enhanced Variable Temperature) inserts are installed to monitor and 

maintain the low sample temperature, and via which the probe is connected to a 

Ni/air chiller (BCU II, Bruker). The low temperature is employed to maintain the 

phantom stability. The final hardware set-up for the MRI experiment is shown in Fig. 

7.4. 

 

Fig. 7.4 UHF MRI hardware set-up.  

Insert: enlarged view of the bottom-loading vertical RF probe/sample insertion point with 

the temperature control system. 

 

After setting up the hardware, a series of pre-scan adjustments are performed before 

the acquisition started, to ensure the quality of MR images (Appendix F). This 

includes: 1) the tuning and matching of the RF pulse, to match the correct power 

transmission and reception between the preamplifier and the RF coil, crucial to 
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achieving a high SNR, 2) global shimming to reduce the global field inhomogeneity, 

also including additional B0 map shimming for the GRE pulse sequence (see details in 

Shimming strategy in Appendix F), 3) frequency adjustment to locate the dominant 

1H Larmor frequency !! (see Eq.(2.6) in Section 2.1.1), 4) RF power adjustment and 

receiver gain adjustment, to calibrate the accurate FA and maximise the signal 

intensity for the analogue-to-digital converter (ADC), respectively. All adjustments 

are performed within Paravision 6.0.1 (PV6), after the temperature within the RF coil 

is stabilised at 277.15 K (4 ˚C) for at least 30 min, thereby allowing the entire sample 

to cool to the target temperature.  

 

7.2.4 MR acquisition 

7.2.4.1 Localisation scans 

A 2D 3-orthogonal planes, proton-weighted fast low angle shot (FLASH) sequence is 

applied for shim system initialisation and phantom localisation at the beginning of 

scanning each sample, because of its fast acquisition, with a large FOV coverage and 

good image contrast. Acquisition parameters: TE = 4 ms, TR = 60 ms, FA = 30˚, FOV = 

30 ´ 30 mm, matrix size = 128 ´ 128, in-plane resolution = 0.234 ´ 0.234 mm, slice 

thickness = 1 mm. Number of averages (NA) = 1, scan time = 6 s. 

 

Subsequently, dedicated localising scans are acquired on 3 orthogonal planes using 

a multi-slice FLASH pulse sequence, the slice location is set to cover the entire outline 

of the sample volume. Images are acquired with following parameters: TE = 3 ms, TR 

= 15 ms, FA = 8˚, FOV = 30 ´ 30 mm, matrix size = 192 ´ 192, in-plane resolution = 

0.156 ´ 0.156 mm, slice thickness = 0.8 mm, slice gap = 1 mm (axial plane)/2 mm 

(sagittal and coronal planes), number of slices = 6/plane. NA = 1, scan time = 2 min 36 

s. 

 

7.2.4.2 3D multi-echo GRE pulse sequence for R2* mapping and QSM 

To investigate the transverse relaxation rate R2* and susceptibility of the samples, a 

high-resolution multi-echo 3D GRE sequence is employed. High isotropic spatial 

resolution, which is comparable to the routine MR microscopy (≤ 100 μm in at least 

one direction) [415], is applied to resolve the Aβ aggregate [215, 218]. As the phase 
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CNR is maximised at TE = T2* [244], multiple echo times are applied to obtain the 

varying phase shift caused by components with different susceptibilities. The 1st TE is 

minimised, and small ESP is employed to allow the capture of the fast phase shift 

(dephase) FID caused by the compact iron-laden oligomers and fibrils. For the slow-

decaying (dephasing) signals generated by the materials with small-susceptibility 

(e.g., the KH buffer samples), a long TE around T2* = 50 ms is preferable, but the SNR 

is already too low when TE > 40 ms. Therefore, the long TE is traded off to shorten the 

TR and the scan time, and the last TE is chosen to be around 25 ms. To further improve 

the SNR for the small voxel volume (6.36´10-4 mm3), a relatively low BW and higher 

NA are also applied. To avoid the signal from outside of the FOV, which may cause 

aliasing along the slice-direction, a sharp, slab-selective Shinnar–Le Roux (SLR) pulse 

is used to excite the entire 3D FOV volume. 

 

7.2.4.2.1 B0 map shim for 3D GRE pulse sequence 

Before the acquisition, additional shimming steps (B0 map shim) are required by the 

GRE sequence, to minimise the global inhomogeneity and any susceptibility artifacts. 

Detailed in Shimming strategy in Appendix F, it is applied after the 1st- and 2nd-order 

FID shims (global FID shim). Before the B0 map shim, a cylinder-shaped shim volume 

is drawn, entirely within and adjacent to the volume boundary of the MR phantom, 

covering a total of 4 gel samples. Then the magnetic field within the shim volume is 

adjusted by the PV6-implemented ‘MAPSHIM’. The ‘MAPSHIM’ algorithm aims to 

minimise the magnetic field inhomogeneity within the selected shim volume, based 

on a map of the magnetic field (B0 map) acquired by a fast two-echoes 3D GRE 

sequence (described in Shimming strategy in Appendix F) prior to the shimming.  

 

After the ‘MAPSHIM’ is completed, an updated B0 map is acquired for inspecting the 

shim result. An adequate shimming result is determined empirically, as no phase-

wrap is observed on the B0 map within the supporting gel, and the in-plane and z-

direction variation of the field shift (a.u., demonstrated as the signal intensity of the 

B0 map) within the supporting gel is within ±20%, respectively. When the shim result 

does not satisfy the criteria, the shim sets are reverted to the previous (global) shim 

result and the B0 map shim is repeated. 



 151 

After the shimming, the 3D GRE acquisition is then performed with the following 

parameters: TE = 3.8, 7.8, 11.8, 15.8, 19.8, 23.8 ms, ESP = 4 ms, number of echoes = 

6 with uni-polar (positive) readout gradient, TR = 40 ms, FA = 20˚, FOV = 22 ´ 22 ´ 11 

mm, acquisition matrix size = 256 ´ 256 ´ 128, with 2nd PE direction (slice-direction) 

oversampling = 1.25 to avoid the slice-direction aliasing. Three-dimensional 

acquisition has isotropic resolution = 0.086 ´ 0.086 ´ 0.086 mm, readout direction = 

L-R, receiver bandwidth = 12.5 kHz, NA = 9, acquisition time = 4 hr 5 min 46 s. 

 

7.2.5 Image processing 

7.2.5.1 Reconstruction 

The magnitude and phase images are first reconstructed by the vendor’s online 

reconstruction at the console within PV6 (Bruker) to assess the image quality. The 

magnitude images are first examined by a visual check, for any aliasing, or motion 

artifact or distortion or signal drop-out that indicated the susceptibility artifact. 

Subsequently, the SNR, signal homogeneity of the magnitude image, as well as the 

preliminary T2* decay, are examined in PV6, using ‘Image Sequence Analysis Tool’, as 

shown in Figure 7.5. The SNR is calculated from the signal intensities of the phantom 

and the background on the 1st echo image (TE = 3.8 ms), which is accepted when 

larger than 15. The signal homogeneity within the supporting gel is deemed 

acceptable, when the variation of the signal intensity measured with a 3-mm 

diameter circular ROI within the xy-plane and along the z-direction, is within ±5%. 

The preliminary T2* decay of the signal magnitude is also inspected, for any deviation 

from an exponential decay or signal drop-out. As the acquired image satisfied the 

above criteria, the MR data proceed to be collected for the subsequent image 

processing. 
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Fig. 7.5 Example examination of the MR signal behaviour within PV6. 

 

The raw 3D GRE MRI data are then exported and reconstructed offline via a user-

defined reconstruction in MATLAB (R2019b, MathWorks), which is built using a 

MATLAB function package ‘pvmatlab’ from Bruker upon request. The FID data 

(stored in ‘fid’ within the Bruker raw data hierarchy) received by the single volume 

coil is first read into a 4D Cartesian k-space using the CKDataObject() class, based on 

the acquisition parameters (header information) stored in ‘Acqp’ as a JCAMP file. For 

each echo (the 4th dimension), 3D- IFT are applied to the k-space data along the slice- 

and in-plane directions, via the function handle Bruker_reco(). To reconstruct the 

unaltered complex images, the phase correction option (‘phase_corr_pi’) and the 

sum-of-squares method (‘sumOfSquare’) are set to false for the reconstruction. A 

final step of the RF un-chopping, as described in the previous Chapter 6 (see Section 

6.2.4.1), is performed, to calculate the correct complex conjugate by reversing the 
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sign of every second complex number (image pixel). The complex values (image pixel) 

are then used to calculate the final magnitude and phase images, shown in Figure 

7.6. Averaged over the echo images, the SNR of the reconstructed magnitude images 

is about 15. 

 

Fig. 7.6 Example reconstructed magnitude (top) and phase (bottom) images of the Ftn 

phantom acquired by the multi-echo 3D GRE pulse sequence. 

 

7.2.5.2 R2* mapping  

The transverse relaxation rate R2* are calculated pixel-wisely from the magnitude 

image reconstructed from the 3D GRE pulse sequence. After subtracting the 

background noise, the signal intensity is fitted into a T2* decay, using an algorithm for 

fast mono-exponential fitting [353]: 

"($") = "!'
#$!$"∗  

where "($")  is the $" -dependent magnitude MR signal, "! = "(0)  denotes the 

signal intensity at $" = 0	*+, and $%∗ = '
("∗

 indicates the transverse relaxation time. 

The employed algorithm utilised ARLO of the T2* signal decay, is capable of fitting the 

MRI data efficiently with comparable accuracy [353] to the widely used Levenberg-

Marquardt method [416], and it has been recently established in the multi-centre 

study [222]. Compared with the pixel-wise fitting using the conventional least-

squares based Levenberg-Marquardt method [249, 417], which took over 40 min for 

each 3D GRE dataset (with 2.6 GHz 6-Core Intel Core i7, macOS Catalina), ARLO 

generates the R2* maps within seconds.  

 

 

 

TE = 3.8 ms TE = 7.8 ms TE = 11.8 ms TE = 15.8 ms TE = 19.8 ms TE = 23.8 ms 

Eq. (7.1) 
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7.2.5.3 QSM post-processing 

7.2.5.3.1 Temporal unwrapping 

The reconstructed phase (Fig. 7.7, also see Section 7.2.5.1) is first corrected by 

removing the echo-to-echo phase inconsistency in the readout direction (see Section 

4.4.2.1) with a non-linear least-squares fitting [298], and then the phase images are 

normalised to the standard deviation of the noise measured in the background. The 

wrapped phase is observed in the raw phase data (middle row in Fig. 7.7), 

demonstrated as the fringe lines within the phantom, where the detected phase 

values jump from positive to negative between two adjacent pixels, forming a +π/-π 

boundary. The density of the fringe line pattern also provides visual information of 

the local field perturbation, which heavily wrapped phase and the fringe lines 

appeared in a high frequency indicated a rapid magnetic field shift. This is observed 

near the phantom’s surface and within the embedded ferritin gel samples (sagittal 

and coronal images in the middle row of Fig. 7.7), due to the susceptibility difference 

between either side of the boundaries. After the temporal unwrapping, the TE-

dependent phase shift is removed, demonstrated as the elimination of the most 

fringe lines (bottom row of Fig. 7.7).  

 

Fig. 7.7 Example temporal unwrapping of Ftn phantom. 

ra
d 

ra
d 

M
ag

ni
tu

de
 

W
ra

pp
ed

 
ph

as
e 

Te
m

po
ra

l 
un

w
ra

pp
ed

 



 155 

7.2.5.3.2 Assessing the phase processing 

As discussed in Section 4.4.2, the RDF resulting from the phase processing of QSM, is 

crucial for the subsequent inversion step. Therefore, various approaches proposed 

in the literature [245, 246, 276, 299, 300] for the phase processing steps are tested 

and compared, as a part of the QSM implementation of Aβ(1-42) and ferritin-bound 

iron phantoms on the preclinical 9.4 T MRI system. In the initial spatial phase 

unwrapping steps, the methods based on the region-growing [299], and the 

continuous Laplacian operator [300] are firstly tested and compared. Each method is 

applied to the temporally-unwrapped phase image, respectively, and the unwrapped 

output phase with superior accuracy and consistency across phantoms proceeds to 

the following background field removal step. 

 

Subsequently, the temporally- and spatially-unwrapped phase is processed to obtain 

the RDF, via background field removal. Three widely employed methods in the 

literature are tested and compared here, including PDF [246], SHARP [245] and LBV 

method [276]. As these methods are already introduced in Section 4.4.2.1-2, thus 

only how each implementation of them is tested and assessed is summarised here.  

 

In the PDF method, the background field to be removed is fitted into the 0th- and 1st-

order spherical harmonic terms in the field expansion and estimated, which is 

optimised by a CG algorithm [246]. The fitting process is allowed to be controlled by 

a fitting tolerance noise level and a maximum iteration, to further tune the resulting 

RDF. A large maximum iteration of 300 is selected imperially to allow sufficient 

convergence, and the effect of the tolerance level is tested by varying the value from 

1´10-5 to 1´10-1 in log steps of 1´10-1, and from 0.2 to 0.8 in steps of 0.2.  

 

In the LBV approach, a comparable tolerance level parameter is provided as the 

iteration stopping criteria for the background field removal process [276], and its 

effect on the RDF is also tested by varying the tolerance level. This tolerance level is 

the iteration stopping criteria on the coarsest grid of the multigrid algorithm 

implemented in the LBV method, for solving Poisson’s equation with the boundary 

condition, to enable an efficient computation [276]. 
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For SHARP, the main parameters that controlled the background field removal 

process include the spherical filter radius and the truncation level. The spherical filter 

radius in SHARP allows the adjustment of the kernel size of the SMV filter, while the 

truncated singular value decomposition (SVD) [278], which is employed to regularise 

the deconvolution [245], is controlled by the truncation level. To investigate the 

effect of the SMV radius on the resulting RDF, a range of SMV radii, varying from 0.1 

to 1 mm in steps of 0.1 mm, as well as radius = 0.05 mm, are tested, at the fixed 

truncated value = 0.08. At the same time, the effect of the truncation level is 

investigated by varying the value from 0 to 0.1 in steps of 0.02. 

 

The resulting RDFs are assessed from the following aspects: 1) image quality 2) phase 

accuracy and consistency, and 3) computational efficiency. In particular, the 

consequent RDF images of each background field removal method are examined 

qualitatively for any phase artifacts, and the line profile of x-, y-, and z-direction is 

examined quantitatively for the varying estimation parameters of each method, as 

well. After assessing, the generated RDF that best satisfying the above criteria, 

proceeds to the final step of dipole inversion. 

 

7.2.5.3.3 Selecting the regularisation parameter λ 

The RDF (see Section 7.2.5.3.2) is used as the input for the field-to-source inversion, 

employing nMEDI-L1 [18], to generate the final susceptibility map. Detailed in Section 

4.4.2.3, nMEDI-L1 provides a sophisticated tool to quantify the bulk susceptibility 

source from the local field inhomogeneity, by reformulating the inversion problem 

into a constrained minimisation problem [17, 18, 310]. The susceptibility χ is the 

optimisation solution to Equation (4.9) in Section 4.4.1, where the difference 

between the field generated by the pseudo-susceptibility (forward problem) and the 

RDF (i.e., the observed field) is minimised. As a single-orientation (acquisition) 

approach, the inversion problem at the magic angle is ill-posed (see Eq. (3.1) in 

Section 3.1.3), demonstrated as cone-shaped streaking artifacts in the resulting 

susceptibility maps [17, 244, 245, 418, 419]. Using a regularisation approach to 

suppress the streaking artifact, the nMEDI-L1 algorithm [18] could compute a smooth, 

artifact-minimised, and accurate solution of the susceptibility, when the 
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regularisation parameter λ is chosen appropriately [419-421]. As demonstrated in 

Figure 7.8, the regularisation parameter λ determines the smoothness of the output 

susceptibility images (due to the streaking artifacts), balancing with the susceptibility 

accuracy [18].  

 

Fig. 7.8 Susceptibility images of phantom Aβ+Ftn (top row), Ftn (middle row) and Aβ 

(bottom row) with varying regularisation parameter λ. 

 

7.2.5.3.3.1 Comparing automatic methods for λ optimisation 

Although selecting the regularisation parameter λ empirically with visual 

examination [399, 407] remains one of the most recognised methods, especially in 

clinical MRI studies, it is subject to the rater’s experience and expertise. In contrast, 

the discrepancy principle [422] could be employed to find the optimal λ, where the 

residual in the data fidelity term matched the background noise [18], by sweeping in 

a large range of λ. Recently, attempts have been made to automatically select λ, 

demonstrating objective approaches for choosing the λ in human brain QSM [305, 

410, 420]. Those methods rely on (and are also mathematically justified by) the 

properties of the regularisation cost and the data fidelity cost, as functions of λ, and 

therefore greatly minimise the rater bias. However, those automatic methods have 

not previously been assessed, for the UHF microimaging MR systems. Hence, to 

investigate the reliability of the automatic optimisation approaches to choosing 
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parameter λ, the following methods are investigated and compared here: L-curve 

heuristic analysis [183, 305, 420], U-curve [305, 410] and rescaled U-curve analysis, 

and elbow point method [423]. The regularisation parameter λ is swept within the 

range from 106 to 100, decreasing in logarithmical steps of 100.4, and the 

corresponding residuals of the data fidelity term and of the regularisation term are 

computed for each of the following optimisation approaches.  

 

For the L-curve heuristic analysis, the regularisation cost and the data fidelity cost 

are examined to create the L-curve [420], and the optimal λ is found at the maximum 

curvature of the log-log L-curve. The curvature , is calculated as [305, 420]: 

, = 2 ρ)η)) − ρ))η)
((1))% + (3′)%)*/% 

Where ρ and η are the logarithms of the regularisation and the data fidelity cost 

respectively, and ρ), η) and ρ)), η)) are their first and second derivatives to the λ. A 

spline interpolation is fit to the discretely sampled λ before the differentiation of the 

parameters ρ , η  for calculating the curvature. The U-curve method [305, 410] 

determines the minimum of the sum of the reciprocates of the two costs: 

5 = 1
78+9,-.-

+ 1
78+9/0123-/45-.467

 

The resulting value 5  is then plotted against the parameter λ to determine the 

minimum. The rescaled U-curved method is based on the same sum-of-reciprocates 

principle, by normalising the data cost and the regularisation cost to the same scale 

before calculating the U-curve. In contrast, an elbow (inflection) point search is 

performed on the linear-linear scale of the curve of the two cost functions. To 

determine the inflection point of the curve, the bisection method [423] is applied to 

the curve, and the elbow point is found at the point, where the sum of errors of the 

fits from both sides is minimised. 

 

Subsequently, determined by each optimisation method, the corresponding 

resulting susceptibility image quality is assessed in respect of streaking artifacts and 

blurring (over-smoothing) for each phantom. Then the consistency of the optimal λ 

Eq. (7.2) 

Eq. (7.3) 
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values between the three phantoms (Aβ+Ftn, Ftn, and Aβ), computed by each 

optimisation method, are compared. 

 

7.2.5.3.3.2 Analysing the effect of λ on the susceptibility images 

To further quantify the effect of λ on the susceptibility image quality, the standard 

deviation of the susceptibility is measured within an internal reference ‘Aβ+Ftn 0’, 

with the varying λ. Detailed in Method section 7.2.1, the internal reference gel 

‘Aβ+Ftn 0’ (as well as the identical ‘Ftn 0’ and ‘Aβ 0’) consisted solely of the 

homogeneous KH buffer, therefore the susceptibility standard deviation measures 

the impact of the streaking artifact on the image quality. To investigate the effect of 

λ on the resulting susceptibility, the average susceptibility measured within the gel 

samples as a function of λ is demonstrated, for the three phantoms (Aβ+Ftn, Ftn, and 

Aβ) respectively. 

 

7.2.5.3.4 Method for QSM of Aβ(1-42) and ferritin-bound iron with 9.4 T preclinical 

MRI 

After the assessment of the phase processing (Section 7.2.5.3.2) and the λ 

optimisation (Section 7.2.5.3.3) approaches, an optimised QSM method of Aβ(1-42) 

and ferritin-bound iron with 9.4 T preclinical MRI is proposed in this work. It is then 

employed to generate the final susceptibility maps for all three phantoms (see Table 

7.1 in Section 7.2.1), from the MR data. To summarise the optimal QSM post-

processing, reconstructed from the complex MR data (see Section 7.2.5.1), the raw 

phase images are first temporally unwrapped using a non-linear least-squares fitting 

[298], and spatially unwrapped using the Laplacian method [300], to generate the 

total field map. To produce the RDF, the background field is then efficiently removed 

from the total field map by solving the LBV [276]. The final susceptibility maps are 

solved from the RDF, using nMEDI-L1 [18], with the automatically optimised λ of 1.92 

´ 102, by searching the elbow (inflection) point using the bisection method [423], for 

all three phantoms. All image post-processing is performed in MATLAB (R2019b, 

MathWorks) on a 16 GB MacBook Pro (macOS, Catalina) with a 2.6 GHz 6-Core 

processor (Intel Core i7). The final susceptibility maps generated using this optimised 

QSM method, are used for the following data analysis. 
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7.2.6 Data analysis 

7.2.6.1 ROI analysis 

To investigate the susceptibility and R2* of Aβ(1-42) and ferritin-bound iron, ROI 

analysis is performed for each sample within all three phantoms using MATLAB 

(R2019b, MathWorks). Shown in Figure 7.9, circular ROIs for each gel sample within 

the phantom are delineated on the consecutive slices of the magnitude images, and 

the pixels near the sample boundaries and (if any) trapped air bubbles within the gel 

phantom are avoided. The pixel values within these ROIs are measured.  

 

Fig. 7.9 Example ROIs (magenta circles) on the phantom for 9.4 T preclinical MRI. 

 

7.2.6.2 Statistical analysis 

The mean, median, and the standard deviation of the susceptibility and R2* of each 

sample are measured, respectively, and the pixel values measured within each ROI 

are examined with Q-Q plot, and tested for normality using Shapiro–Wilk test. To 

investigate the distribution of the measurements, the histograms of the pixel values 

measured within the ROIs are also examined and compared, and the values are fit 

into the t-location-scale distribution to preserve the shape of the data distribution. 

To investigate the relationships between the R2* and susceptibility of Aβ, dispersed 

ferritin, and aggregated Aβ+ferritin, linear regression analysis is performed for the 

co-localised R2* and susceptibility pixel values measured in Aβ, Ftn, and Aβ+Ftn 

phantoms respectively. To quantify the effects of Aβ(1-42) and ferritin-bound iron on 

R2* and susceptibility, linear regression analysis is also performed between the mean 
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(median) R2* measured within the ROIs, and the ferritin (Aβ) concentration, as well 

as between the mean (median) susceptibility and the ferritin (Aβ) concentration. All 

analyses are carried out in MATLAB (R2019b, MathWorks). 

 

7.3 Results 

7.3.1 Assessment of QSM implementation for 9.4 T preclinical MRI 

7.3.1.1 Evaluation of spatial unwrapping methods 

The region-grow [299] and the Laplacian [300] methods are tested to spatially 

unwrap any remanent fringe lines (wrapped phase) in the temporally unwrapped 

phase (Section 7.2.5.3.1, Fig. 7.6). As shown in Fig. 7.10, the phase images generated 

using both methods have similar results in Ftn phantom (top row, Fig. 7.10) and 

Aβ+Ftn phantom (middle row, Fig. 7.10). However, the region-grow method [299] is 

unable to resolve the correct phase for Aβ phantom (bottom right in Fig. 7.10), where 

the phase of the phantom structure is falsely removed. This unwrapping artifact 

might be caused by the premature termination of the region-growing, when the 

growth iteration fails to unwrap any new pixel, and only the regions with high 

reliability are unwrapped successfully [299]. In contrast, the Laplacian unwrapping 

technique employs the path-independent Fourier operator [424] to estimate the true 

phase, and therefore is resistant to the noise and unwrapping artifacts [300]. It also 

showed robustness, at the presence of the large phase shift caused by the trapped 

air bubble (bottom left in Fig. 7.10, yellow arrow).  

 

Both methods unwrap the input phase within a few seconds. Nevertheless, 

compared with the region-grow method [299], the Laplacian operator technique 

[300] demonstrates a superior spatial unwrapping result for the phantoms. 

Therefore, the Laplacian technique [300] is employed as the spatial unwrapping step 

of the QSM presented here, to generate the unwrapped phase images for the 

subsequent background phase removal. 
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Fig. 7.10 Spatially unwrapped phase of Ftn (top), Aβ+Ftn (middle) and Aβ (bottom) 

phantoms using the Laplacian [300] (left) and region-grow [299] (right) unwrapping. 

Yellow arrow indicated the void signal caused by a trapped air bubble in the Aβ gel 

phantom, adjacent to the sample ‘Aβ 1’. 

 

7.3.1.2 Evaluation of background field removal methods 

The results of the background field removal using PDF [246], LBV [276] and SHARP 

[245] techniques, for the Aβ+Ftn phantom are shown in Figure 7.11 as an example. 

Overall, the slowly varying background field, demonstrated as the shadowing in the 

supporting gel (Fig. 7.11, the unwrapped image), is eliminated after applying the 

background field removal methods. Similar RDFs aere generated by PDF [246] and 

LBV [276], but the latter performed better near the phantom boundary. On the other 

hand, the RDF generated by the SHARP technique [245] is prone to the remanent 

background field and image erosion, and dependent on the parameters SMV radius 

and the truncation level in the k-space for the deconvolution. For a 256 ´ 256 ´ 128 
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dataset (as shown in Fig. 7.11), the typical processing time of LBV [276], SHARP [245] 

and PDF [246] is found to be 6 sec, 7 sec, and 10 min 30 sec, respectively. 

 

Fig. 7.11 Background field removal of Aβ+Ftn phantom using PDF [246], LBV [276] and 

SHARP [245] techniques. 

Parameters used to generate the RDFs: maximum iteration = 300 and tolerance = 0.001 for 

PDF; tolerance = 0.01 for LBV; SMV radius = 0.2 mm, truncation level = 0.002 for SHARP. 

 

For PDF [246], the RDF line profile suggests a more effective elimination of the 

background field as the tolerance decreased, demonstrated as the removal of the 

slowly drifting field measured across the supporting gel within the phantom (Fig. 

G1.1, Appendix G). The resulting RDF appears to be stable at a tolerance of less than 

0.01. 

 

For the RDFs generated by the LBV technique [276], the profile also shows effective 

background field removal, across a large range of the tolerance level (Fig. G1.2, 

Appendix G). The low-frequency background field is efficiently removed, and it 

generated the RDF that is visually similar to the result of PDF (Fig. 7.12). The main 

difference between these results, is near the phantom boundary and the small air 
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bubbles trapped inside the phantom (white arrows in Fig. 7.12), where the local field 

is retained better by the LBV method.  

 

Fig. 7.12 RDFs (top) and background fields (bottom) of the Aβ+Ftn phantom calculated 

using LBV [276] (left) and PDF [246] (middle), and the comparison (right). 

 

In contrast, the results demonstrate a strong dependency of the SHARP technique 

[245] on its parameters, the kernel radius as well as the truncation level. As shown 

in the RDF profile (Fig. G1.3, Appendix G), a larger kernel size allows a more accurate 

estimation of the distant field [244], at the cost of the boundary erosion by the SMV 

filter (orange arrows in Fig. 7.13). Reducing the kernel size minimises the erosion 

effect, with the penalty of a less accurate susceptibility estimation. When the kernel 

size is set smaller than the resolution at 0.086 mm (isotropic), the SMV filter become 

an edge detection function and the local field is also falsely removed (radius = 0.05 

mm in Fig. G1.3, Appendix G). In this work, the visually acceptable result is found at 

kernel radius = 0.2-0.5 mm (about 2 to 5 times the image resolution), but the output 

RDF is largely dependent on the chosen kernel size (Fig. G1.3, Appendix G). 
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Fig. 7.13 RDFs of Aβ+Ftn phantom calculated by SHARP [245] with varying SMV filter radius. 

 The k-space truncation value = 0.08 for all results. 

 

Additionally, because the boundary condition has to be relaxed at the ROI boundary, 

the truncation in the k-space is necessary to solve the background field when using 

the SHARP technique, to exclude the low-frequency component [245]. The result, 

therefore, presents a dependency of the selected truncation values (Fig. 7.14), and 

generates the parameter (truncation level)-dependent artifact in the resulting RDFs 

due to the following k-space truncation (red arrows in Fig. 7.14). 

 

Fig. 7.14 RDFs of Aβ+Ftn phantom calculated by SHARP [245] with varying truncation value. 

The SMV filter radius = 0.2 mm. 

 

ra
d 

ra
d 

ra
d 

ra
d 

ra
d 



 166 

Taken together, the result suggests that the LBV technique [276] is a robust approach 

to eliminate the background field and generate the RDF reliably and efficiently, 

compared with PDF [246], and SHARP [245]. Hence, the LBV method [276] is 

employed to produce the local field (Fig. 7.15) for the subsequent dipole inversion 

using nMEDI-L1 [18]. 

 

Fig. 7.15 RDFs of the phantoms generated using LBV [276]. 

 

7.3.1.3 Evaluation of automatic λ optimisation methods 

The L-curve heuristic analysis [183, 305, 420], U-curve [305, 410], scaled U-curve 

analysis, and the elbow point search [423] are tested and compared in the study, to 

search for a reliable automatic optimisation approach of the λ selection (see Section 

7.2.5.3.3.1) for the nMEDI-L1 [18] dipole inversion. The result shows a great variation 

in the λ value suggested by different automatic optimisation methods, in Aβ+Ftn (Fig. 

7.16A), Ftn (Fig. 7.16B), and Aβ (Fig. 7.16C) phantoms. Nevertheless, the elbow point 

search [423], and the U-curve analysis [305, 410] generated the consistent solution 

across phantoms, at 1.39´102 and 7.2 respectively. 
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Fig. 7.16 λ values calculated using automatic optimisation methods for Aβ+Ftn (A), Ftn (B), 

and Aβ (C) phantoms. 

 

The corresponding output susceptibility images of each phantom, generated using 

the λ value suggested by different automatic optimisation methods, are shown in 

Figure 7.17. The best solution (i.e., the susceptibility map) of nMEDI-L1 [18] dipole 

inversion is found when using the regularisation parameter λ optimised by the elbow 

point search [423], λ = 1.39´102 (fist column of Fig. 7.17). The selected λ appears to 

balance the regularisation cost and the data fidelity cost, generating the 

susceptibility images of the phantoms without over-smoothing or conspicuous 

streaking artifacts. 

λ = 1.93 ´ 104

λ = 5.18 ´ 104

λ = 1.39 ´ 102 λ = 7.2 ´ 100
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λ = 1.39 ´ 102 λ = 7.2 ´ 100

´106 Ftn

B)

λ = 1.93 ´ 104
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Fig. 7.17 Susceptibility images of each phantom generated with the λ optimised using 

different methods. 

 

The analysis of each optimisation method suggests a rather distinctive parameter λ, 

compared with each other (Fig. 7.16, also see Appendix G2). The L-curve analysis [183, 

305, 420] and the scale U-curve show the tendency of under-regularisation, while the 

U-curve method [305, 410] demonstrates a heavily over-regularised result (Fig. 7.17). 

Recently, similar observations were also reported in the 3.0 T human brain QSM, 

where neither the conventional L-curve heuristic analysis nor the U-curve analysis 

was able to generate reliable optimisation result [410]. As both methods rely on the 

calculation of the curvature of the cost function (Section 7.2.5.3.3.1), the (orders of) 

magnitude difference between the regularisation cost and the data fidelity cost 

greatly confounds these approaches, and the optimisation results are dominated by 

the larger cost, which, in this case, is the regularisation weight. Compared with the 

standard U-curve optimisation [305, 410], the rescaled U-curve approach retained 

the information of the data fidelity by minimising the magnitude difference between 

the two costs, but it is found insufficient in suppressing the streaking artifacts 

(Appendix G2). In contrast, the elbow (inflection) point search using the bisection 

Elbow point L-curveU-curve

Aβ
+F

tn
Ft

n
Aβ

Scaled U-curve



 169 

method [423] produces consistent optimisation results of λ for all phantoms, which 

is concordant with their similarity in the structure and the image SNR. 

 

7.3.1.4 Relationship between the parameter λ and the measured susceptibility 

The susceptibility standard deviation of the internal reference ‘Aβ+Ftn 0’ is measured 

at different λ values (Fig. 7.18A), to further examine the effect of the parameter λ on 

the image quality. As the homogeneous susceptibility is expected (Section 7.2.5.3.3.2) 

within the ROI (red circle in the inserted image in Fig. 7.18A), the standard deviation 

of the susceptibility reflects the trade-off between the data accuracy and the 

presence of the streaking artifacts. When the parameter λ is very small and the 

solution was over-regularised, the measured mean, median and standard deviation 

are all near-zero (λ < 101, Fig. 7.18B). As the magnitude of λ increased, the standard 

deviation measured within the ROI increases almost proportionally (Fig. 7.18A). 

However, as the λ continues to increase, the solution of the susceptibility becomes 

under-regularised and the streaking artifacts appear, demonstrated as the spread of 

the measurement towards negative susceptibility (i.e., (mean-standard deviation) < 

0, as λ ≥ 102.6 in Fig. 7.18B). After the mean (median) susceptibility stops increasing 

(λ ≥ 103.4, Fig. 7.18B), the continuously increasing standard deviation demonstrates 

the heavily over-regularised results, accompanied by prominent streaking artifacts. 

 

This result also supports the elbow (inflection) point search with the bisection 

method [423] (black arrow in Fig. 7.18B), as the automatic optimisation method for 

selecting the parameter λ (Sections 7.2.5.3.3.1 and 7.3.1.3), which suggests an ideal 

trade-off between the data fidelity and the regularisation weight. 
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Fig. 7.18 Susceptibility measurements of ‘Aβ+Ftn 0’ sample with varying λ. 

A: standard deviation of the susceptibility measured within the ROI (red circle); B: mean 

and median of the susceptibility. Error bar: standard deviation. Red arrows: L-curve 

criterion; blue arrows: scaled U-curve; black arrows: elbow point; cyan arrows: U-curve. 

 

To further investigate the effect of the parameter λ on the numerical output of the 

reconstructed susceptibility maps, the average susceptibility of each sample is 

measured at the varying λ (Fig. 7.19).  

B) 

A) Standard deviation 
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Fig. 7.19 Average susceptibility measured in the samples of Aβ+Ftn (top), Ftn (middle) and 

Aβ (bottom) phantoms with varying λ. 

Arrows indicating the optimal λ calculated using different methods: L-curve criterion (red), 

scaled U-curve (blue), elbow point (black), and standard U-curve (cyan). 

Aβ 

Ftn 

Aβ+Ftn 
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Similar to the observation of the internal reference (Fig. 7.19B), when the λ is large, 

the solution is under-regularised, and the magnitude of the susceptibility remains 

large and stable in all samples (Fig. 7.19, large λ) because the data fidelity is enforced 

[278]. As the λ decreases, the contrast of reconstructed susceptibility maps starts to 

become smoother, at the cost of data fidelity, until the λ becomes so small that the 

solution is over-regularised, resulting the underestimation of the susceptibility 

magnitude (Fig. 7.19, small λ). Therefore, the optimal λ is found at which the 

streaking artifacts are sufficiently suppressed, while the measured susceptibility 

remains accurate. 

 

In the Aβ+Ftn phantom, the average susceptibility of each sample increases with λ, 

and the susceptibility measured in each sample increasingly differs from each other 

as λ become larger (top image in Fig. 7.19). At the optimal λ that is determined by 

the elbow (inflection) point search (black arrow in Fig. 7.19), the largest susceptibility 

is found in ‘Aβ+Ftn 3’ sample, and the smallest in the internal reference ‘Aβ+Ftn 0’. 

In the Ftn phantom, a similar trend of the increasing susceptibility with λ is also 

observed (middle image in Fig. 7.19). However, the λ-associated susceptibility 

difference between each sample is less significant, compared with the Aβ+Ftn 

phantom. The sample ‘Ftn 3’ is found to have the largest average susceptibility at the 

optimal λ (elbow point method, black arrow in Fig. 7.19), within the Ftn phantom, 

and the smallest is found in ‘Ftn 2’. Nevertheless, in the Aβ phantom (bottom image 

in Fig. 7.19), similar susceptibility is found in samples ‘Aβ 0’, ‘Aβ 2’ and ‘Aβ 3’ at the 

optimal λ (elbow point method, black arrow in Fig. 7.19), but the measurement of 

sample ‘Aβ 1’ is driven towards negative susceptibility, due to the artifact caused by 

the adjacent air bubble trapped inside the phantom (see Fig. 7.10 in Section 7.3.1.1). 

 

7.3.2 Quantitative R2* and susceptibility of the Aβ(1-42) and ferritin-bound iron 

The measurements of the R2* and susceptibility values of each sample within the MR 

phantoms are summarised in Table 7.2. Although the ROI carefully excludes the 

sample boundaries and any trapped air bubbles, the measurements of the sample 

‘Aβ 1’ is compromised, due to the signal drop-out (susceptibility) artifact caused by 

an adjacent median-size bubble as demonstrated earlier in Fig. 7.10 (Section 7.3.1.1). 
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This artifact mainly affects the accuracy of the susceptibility, as the QSM 

reconstruction is more sensitive to the phase shift caused by the nearby air bubble, 

compared with R2*. For the completeness of the study, the measured values of the 

sample ‘Aβ 1’ are still included here and in the following analysis.  

Table 7.2 Summary of R2* and susceptibility measurements of phantoms 

 R2* (s-1) Susceptibility (ppm) 

Sample (ROI) Median Mean Std Median Mean Std 

Aβ+Ftn 0 

(KH buffer only) 
18.52 18.84 6.55 0.01074 0.01272 0.01082 

Aβ+Ftn 1 27.04 28.61 10.38 0.01079 0.02537 0.04049 

Aβ+Ftn 2 39.64 42.49 24.33 0.03541 0.03668 0.03686 

Aβ+Ftn 3 44.64 54.50 39.78 0.09564 0.10485 0.07060 

Ftn 0 

(KH buffer only) 
15.28 15.42 4.49 0.04836 0.04908 0.00375 

Ftn 1 15.57 15.70 4.37 0.04442 0.04878 0.00864 

Ftn 2 19.09 19.26 4.76 0.04077 0.04285 0.00941 

Ftn 3 23.65 23.99 5.75 0.05514 0.05585 0.00726 

Aβ 0 

(KH buffer only) 
20.95 21.06 5.33 0.03002 0.02908 0.00640 

Aβ 1† 18.06 18.29 8.05 -0.01464 -0.02486 0.03477 

Aβ 2 19.52 19.63 4.84 0.03368 0.03564 0.00669 

Aβ 3 18.19 18.32 5.07 0.02935 0.02860 0.00562 

† the susceptibility measurement of sample ‘Aβ 1’ was compromised, due to the adjacent 

susceptibility artifacts. 

 

7.3.2.1 R2* distribution 

The pixel-wise R2* values measured within each ROI from Aβ+Ftn, Ftn, and Aβ 

phantoms are shown in Figures 7.20-22, respectively. The data distribution of the ROI 

is demonstrated in the violin plot, and any outlier of the measurement is also 

presented. The distribution of the 8% w/v supporting agarose gel of the phantom 

(see Section 7.2.1) is also shown in each figure as a reference. The supporting gel 
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shows a faster transverse relaxation rate R2*, compared with the inserted KH-buffer-

only reference (‘Aβ+Ftn 0’, ‘Ftn 0’ and ‘Aβ 0’, see Section 7.2.1 for details), mainly 

caused by the restricted proton movement and possibly the MT effect [425] due to 

the repeatedly applied RF pulses. In the 8% supporting gel, the MR signal from the 

macromolecule pool (hydrogen bounds formed in the agarose gel) is much 

attenuated [426, 427], unintentionally by the intensive RF pulses chain, compared 

with the 2% agarose gel. 

 

Consisting of the aggregated Aβ and ferritin (see Section 7.2.1), the Aβ+Ftn phantom 

shows evidently increased R2* with the increasing Aβ+Ftn concentration (Fig. 7.20, 

also see Table 7.1 in Section 7.2.1). Moreover, the distribution of the pixelwise R2* 

gradually shiftes towards large R2* as the aggregated Aβ+Ftn concentration increases, 

demonstrated by the increasing number of the high-R2* component and outliners in 

samples ‘Aβ+Ftn 1’, ‘Aβ+Ftn 2’ and ‘Aβ+Ftn 3’. In particular, the data distributions of 

samples ‘Aβ+Ftn 2’ and ‘Aβ+Ftn 3’ are skewed from a normal distribution, and the 

mean R2* of ‘Aβ+Ftn 3’ significantly deviates from its median (inserted image in Fig. 

7.20). Although all distributions are found to be unimodal, the skewed distributions 

observed in the samples suggests multiple R2* components, possibly caused by the 

varying forms and clusters of the peptide aggregate [89, 388]. Nevertheless, these 

measurements are consistent with the ex vivo quantitative R2* measured in the 

human brain tissue, at 9.4 T [428]. 
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Fig. 7.20 The distribution of R2
* measured within the ROIs of Aβ+Ftn phantom. 

Insert: the mean, median R2
* of the ROIs; error bar: standard deviation. The ferritin 

concentration was 0, 0.1, 0.3, 0.6 mg/mL for ‘Aβ+Ftn 0’, ‘Aβ+Ftn 1’, ‘Aβ+Ftn 2’, ‘Aβ+Ftn 3’. 

 

In contrast, the pixel-wise R2* values of samples in the Ftn phantom are found 

normally distributed (Fig. 7.21), in which the ferritin-bound iron presented in a 

uniformly dispersed form (see Section 7.2.1). Compared with the KH-buffer-only 

sample ‘Ftn 0’, a few high-R2* pixels within the samples ‘Ftn 2’ and ’Ftn 3’ are 

observed, possibly caused by the ferritin clusters as the ferritin concentration 

increased [171, 285, 366]. Nevertheless, all three ferritin samples (‘Ftn 1’, ‘Ftn 2’, and 

‘Ftn 3’) show normal distributions similar to the KH-buffer-only reference (‘Ftn 0’), 

with the concordant mean and median values in each ROI (inserted image in Fig. 

7.21), suggesting the ferritin is overall well dispersed during the gel sample 

preparation. 

 

The observed R2* of each sample increases with their ferritin concentration (Fig. 7.21, 

also summarised in Table 7.1 in Section 7.2.1), in a more moderate manner, 

compared with the Aβ+Ftn phantom. Additionally, the result shows an almost 

indistinct R2* difference between the reference sample ‘Ftn 0’ (contained KH buffer 

only) and the sample ‘Ftn 1’ (ferritin concentration of 0.1 mg/mL), suggesting the 
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measurement is approaching the lower detection limit for the ferritin-bound iron in 

‘Ftn 1’. House et al. [50] reported a lower detection threshold of iron concentration 

at 55 μg/g wet tissue, using R2 at 4.7 T, however, this number cannot be compared 

directly with this PhD project directly, because of the different experiment conditions 

(e.g., samples, temperature, magnetic field) and quantitative MRI methods (e.g., MR 

acquisition for R2 or R2*, iron measured in absolute concentration or relative 

concentration with regard to ferritin). Nevertheless, the ferritin concentration in the 

sample ‘Ftn’ (0.1 mg/mL) is found at the lower bound of the human GM reported by 

Connor et al. [411], but one to two magnitude higher than what is found in the WM 

[7, 13, 43, 411]. In human brain MRI, the GM/WM contrast in T2 (T2*) was found 

dominated by the (largely, ferritin-bound) iron concentration in healthy brains under 

clinical field strength (3.0 T and below) [48, 429], and higher magnetic fields [54, 56, 

57], and the in vitro result presented in this PhD project is agreed with those previous 

observations.  

 

Fig. 7.21 The distribution of R2
* measured within the ROIs of Ftn phantom. 

Insert: the mean, median R2
* of the ROIs; error bar: standard deviation. The ferritin 

concentration was 0, 0.1, 0.3, 0.6 mg/mL for ‘Ftn 0’, ‘Ftn 1’, ‘Ftn 2’, ‘Ftn 3’. 

 

The normal distributions are also found in the pixel-wise R2* in Aβ phantom (Fig. 7.22), 

and similar mean and median values are measured in samples ‘Aβ 0’, ‘Aβ 1’, ‘Aβ 2’, 

* 
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and ‘Aβ 3’ (inserted image in Fig. 7.22). Except for the sample ‘Aβ 1’, whose data 

spread wider due to the susceptibility artifact caused by the adjacent air bubble (see 

Section 7.3.1.1 and Fig. 7.10), the distribution of the Aβ samples (‘Aβ 1’, ‘Aβ 2’, and 

‘Aβ 3’) is virtually identical to the reference sample ‘Aβ 0’ (contained KH buffer only). 

In another word, the R2* measurement is significantly affected by the Aβ 

concentration (Fig. 7.22, also summarised in Table 7.1 in Section 7.2.1). 

 

Fig. 7.22 The distribution of R2
* measured within the ROIs of Aβ phantom. 

Insert: the mean, median R2
* of the ROIs; error bar: standard deviation. The Aβ(1-42) 

concentration was 0, 0.0275, 0.0825, 0.165 mg/mL for ‘Aβ 0’, ‘Aβ 1’, ‘Aβ 2’, ‘Aβ 3’. 

A wider spread of R2
* in ‘Aβ 1’ was caused by the adjacent susceptibility artifacts. 

 

7.3.2.2 Susceptibility distribution 

Compared with the distribution of the R2*, the measured susceptibility of the samples 

displays a pronounced deviation from the normal distribution (Fig. 7.23-25). Multi-

modal distributions with outliers are observed in the samples, including the Aβ+Ftn 

(Fig. 7.23) and Ftn (Fig. 7.24) phantoms, suggesting varied sources of the apparent 

susceptibility. Inherent in the employed QSM technique, the dipole inversion [18] 

generated the susceptibility solution from the local field perturbation (i.e., the RDF), 

which is relative for each acquisition. It is because the inversion step could produce 

an arbitrary global offset to the solution (susceptibility), as it would not affect the 
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local field shift numerically in the (source-to-field) forward problem (see Eq.(2.23-24) 

in Section 2.3.2.1, and Section 3.2). In this PhD project, the scan-to-scan variation is 

also demonstrated, by the different susceptibility values between the identical 

reference samples within each phantom (‘Aβ+Ftn 0’ in Fig.7.23, ‘Ftn 0’ in Fig.7.24, 

and ‘Aβ 0’ in Fig.7.25, also see Table 7.1 in Section 7.2.1). The scan-to-scan variation 

also contributes to the susceptibility variation of the 8 % supporting agarose gel 

across phantoms (‘Supporting gel’ in Fig. 7.23-25).  

 

As shown in Figure 7.23, highly homogeneous susceptibility is observed in samples 

‘Supporting gel’ and ‘Aβ+Ftn 0’, while the data distribution greatly are skewed 

towards the high-susceptibility in the Aβ and ferritin aggregate samples (‘Aβ+Ftn 1’, 

‘Aβ+Ftn 2’, and ‘Aβ+Ftn 3’ in Fig. 7.23). As the susceptibility increases with the 

concentration of the Aβ and ferritin aggregate (inserted image in Fig. 7.23), multi-

modality is also observed in these aggregate samples. A low-susceptibility mode 

around 7 ppb and varied high-susceptibility modes are found. The low-susceptibility 

values correspond to the measurement of the KH buffer reference (‘Aβ+Ftn 0’ in Fig. 

7.23), possibly are contributed by the pixels where the aggregated peptide is not 

present, due to the highly inhomogeneous distribution of the Aβ and ferritin 

aggregate (see Fig. 7.1B in Section 7.2.1, and ‘Aβ+Ftn’ in Fig. 7.17 in Section 7.3.1.3). 

The high-susceptibility pixels are mainly present as outliers when the aggregate 

concentration is low (‘Aβ+Ftn 1’ in Fig. 7.23), but gradually become dominant within 

the data distribution as the aggregate concentration increased (‘Aβ+Ftn 2’ and 

‘Aβ+Ftn 3’ in Fig. 7.23). This change in the shape of the data distributions also 

supports that the heterogeneous susceptibility sources co-exist in the samples of the 

Aβ and ferritin aggregate, however, other analytical techniques, such as XRF [53, 78], 

transmission electron microscopy (TEM) [89], and histology [215] would be required 

to investigate the exact contributors of the observed bulk susceptibility. 
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Fig. 7.23 The distribution of susceptibility measured within the ROIs of Aβ+Ftn phantom. 

Insert: the mean, median susceptibility of the ROIs; error bar: standard deviation. The 

ferritin concentration was 0, 0.1, 0.3, 0.6 mg/mL for ‘Aβ+Ftn 0’, ‘Aβ+Ftn 1’, ‘Aβ+Ftn 2’, 

‘Aβ+Ftn 3’. 

 

Compared with the Aβ+Ftn phantom, the susceptibility measured within the Ftn 

phantom shows much smaller within- and between-samples variations (Fig. 7.24). 

The homogeneous susceptibility is observed within all samples, generated by the 

uniformly dispersed ferritin and/or KH buffer in the agarose gel. At the same time, as 

the ferritin concentration increases, however, significant changes of the 

susceptibility are not observed (inserted image in Fig. 7.24) among samples ‘Ftn 0’ 

(KH buffer, 0 mg/mL ferritin), ‘Ftn 1’ (0.1 mg/mL ferritin), ‘Ftn 2’ (0.3 mg/mL ferritin), 

and ‘Ftn 3’ (0.6 mg/mL ferritin).  

 

At 3.0 T, Zheng et al. [53] measured the susceptibility of the horse spleen ferritin 

(F4503, Sigma-Aldrich) gelatin samples, using a least-squares forward fitting QSM, 

and reported a larger susceptibility difference (50-100 ppb) between the comparable 

samples with varying (ferritin-bound) iron concentrations. Although the ferritin 

concentration was not specified in the report, the estimated concentrations of their 

three samples should be ~0.7, 0.36, 0.18 mg ferritin/mL according to the reported 
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serial dilution protocol for their samples 4-6 [53], and therefore should be 

comparable to the samples ‘Ftn 3’, ‘Ftn 2’ and ‘Ftn 1’ in the current study. Compared 

with the measurement at the room temperature and 3.0 T field strength [53], a lower 

temperature (4 ˚C) is applied in this PhD project, and so a stronger microscopic 

susceptibility of (super)paramagnetic materials (ferritin) is expected according to 

Curie’s Law (see Section 2.3.1, and references [170, 219, 241]). Nevertheless, the 

discrepancy is probably caused by the (iron) loading factor (LF) of the ferritin samples 

used in this study, which might be lower and possess smaller overall susceptibility 

[167, 430], compared with the previous report [53]. Moreover, higher resolution is 

employed in this study (0.086 mm), compared with the conventional clinical MRI (~1 

mm, including reference [53]), and therefore generated several orders of magnitude 

difference in the voxel size (6.36´10-4 mm3 vs. 1 mm3). As QSM MRI measures the 

bulk susceptibility generated by each entire voxel, it may be sensitive to the voxel 

size, demonstrating smaller apparent susceptibility magnitude as the voxel size 

(volume) decreased, because less macroscopic inhomogeneity is sampled [228, 239, 

344, 431-433].  

 

Fig. 7.24 The distribution of susceptibility measured within the ROIs of Ftn phantom. 

Insert: the mean, median susceptibility of the ROIs; error bar: standard deviation. The 

ferritin concentration was 0, 0.1, 0.3, 0.6 mg/mL for ‘Ftn 0’, ‘Ftn 1’, ‘Ftn 2’, ‘Ftn 3’. 
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Similar to the Ftn phantom, homogeneous susceptibility is also observed within the 

samples of Aβ phantom (‘Aβ 0’, ‘Aβ 2’, and ‘Aβ 3’ in Fig. 7.25), demonstrated as the 

very narrow spread of the pixel-wise measurement. However, the measurement in 

the ‘Aβ 1’ sample is confounded by the strong susceptibility artifact (see Fig. 7.10 in 

Section 7.3.1.1, and Table 7.2 and Section 7.3.2), generating a negative susceptibility 

shift and a great spread of data (‘Aβ 1’ in Fig. 7.25). At the same time, in the Aβ 

phantom, no significant changes of the mean or median susceptibility are observed 

with the Aβ concentration (inserted image in Fig. 7.25, except for ‘Aβ 1’). With the 

absence of the ferritin-bound iron, the Aβ peptide itself does not show a strong 

paramagnetic susceptibility effect in the study. 

 

Fig. 7.25 The distribution of susceptibility measured within the ROIs of Aβ phantom. 

Insert: the mean, median susceptibility of the ROIs; error bar: standard deviation. The Aβ(1-

42) concentration was 0, 0.0275, 0.0825, 0.165 mg/mL for ‘Aβ 0’, ‘Aβ 1’, ‘Aβ 2’, ‘Aβ 3’. 

A negative shift and wider spread of data in ‘Aβ 1’ was caused by the adjacent susceptibility 

artifacts. 

 

7.3.3 Relationship between pixel-wise R2* and susceptibility in different phantoms 

Figure 7.26 shows the comparison of the fitted distributions of the pixel-wise 

susceptibility and R2* measured in each sample of different phantoms. The main 

difference is found between the data distributions in Aβ+Ftn phantom (Fig. 7.26a, d) 
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and other phantoms (Fig. 7.26b, f and Fig. 7.26c, g). In the Aβ+Ftn phantom, both R2* 

(Fig.7.26a) and susceptibility (Fig.7.26d) distributions experienced a right shift, but 

the susceptibility shows a more significant data spreading, as the concentration 

increases (low-to-high for ‘Aβ+Ftn 0’, ‘Aβ+Ftn 1’, ‘Aβ+Ftn 2’, ‘Aβ+Ftn 3’). In the Ftn 

phantom, the right shift with the increased concentration (low-to-high for ‘Ftn 0’, 

‘Ftn 1’, ‘Ftn 2’, ‘Ftn 3’) is only observed in the R2* distribution (Fig.7.26b), with 

moderate spreading, but not in the susceptibility distribution (Fig.7.26e). In the Aβ 

phantom, the distributions of both R2* (Fig.7.26c) and susceptibility (Fig.7.26f) of 

samples are highly overlapped (except for ‘Aβ 1’). 

 

Fig. 7.26 Distributions of R2
* (left) and susceptibility (right) of samples in each phantom. 

The pixel value was fitted to a t-location-scale distribution. The data of ‘Aβ 1’ was 

compromised by the adjacent susceptibility artifacts. 

 

The linear regression analyses between the pixel-wise R2* and susceptibility reveala 

weak trend (R2 = 0.0933) of positive (slope k > 0) correlation, in the Aβ+Ftn phantom 

(Fig. 7.27). The weak correlation is possibly caused by the great dispersion of data, 

315 

350 

pd
f 

pd
f 

pd
f 

pd
f 

pd
f 

pd
f 

// 

a) 

b) 

c) 

d) 

e) 

f) 

A
β+

Ft
n 

Ft
n 

A
β 

Susceptibility R2
* 



 183 

which is observed in the samples with Aβ and ferritin aggregate (Fig. 7.27B, C), 

especially within the sample ‘Aβ+Ftn 3’ (green data points in Fig. 7.27B, C). This data 

dispersion, particularly the susceptibility, increases with the concentration of the co-

aggregate Aβ+ferritin (Fig. 7.27C), suggesting the heterogeneous local field 

inhomogeneity generated by the Aβ and ferritin aggregate. The positive correlation 

between the pixel-wise R2* and susceptibility, suggests that the observed T2(T2*)-

shortening effect is dominantly contributed by the paramagnetic source in the 

Aβ+Ftn samples. Although several diamagnetic materials are also presented in the 

aggregate gel assembly, including water, agarose gel, Ca2+ and Mg2+ ions in the KH 

buffer, their effect to the measured susceptibility is negligible due to the 

concentrations (e.g., c(Ca2+) = 1.4 mM, c(Mg2+) = 1.2 mM) and molar susceptibility 

(χCa2+ = -54 .7 ´ 10-6 cm3/mol, χMg2+ = -47.4 ´ 10-6 cm3/mol), and can be excluded by 

comparing to the KH-buffer reference sample ‘Aβ+Ftn 0’.  

 

Fig. 7.27 Correlation between pixel-wise R2
* and susceptibility (A), with the corresponding 

distribution of each sample (B, C) within Aβ+Ftn phantom.  

 

Linear fit with coefficients (95% 
confidence bounds):  

Susceptibility = k ´ R2* + C, 
k = 5.66 ´ 10-4 (5.54 ´ 10-4, 5.78 ´ 10-4),  
C = 2.63 ´ 10-2 (2.57 ´ 10-2, 2.69 ´ 10-2).  

R2 = 0.0933,  
RMSE = 0.0559, SSE = 260.07. 

A
) 

B
) 

C
) 
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Similarly, a positive (slope k > 0) correlation is also found between the pixel-wise 

susceptibility and R2* within the Ftn phantom (Fig. 7.28), which might indicate the 

T2(T2*)-shortening effect induced by the (super)paramagnetic ferritin-bound iron. 

Compared with the Aβ+Ftn phantom, the data are less scattered in the Ftn phantom, 

demonstrating a more consistent correlation between the susceptibility and the 

transverse relaxation among pixels in each sample (Fig. 7.28B). This result suggests 

that the effect generated by the source materials is microscopic and mesoscopic 

[228]. At the same time, the data distributions of the sample are overlapped, 

especially for ‘Ftn 0’ and ‘Ftn 1’ (black and red data points in Fig. 7.28C, respectively), 

indicating the susceptibility-related effect, presumably generated by the ferritin-

bound iron, is relatively weak. Nevertheless, pixels with higher susceptibility and R2* 

are observed in ‘Ftn 3’ (green data points in Fig. 7.28C) when compared with other 

samples, possibly because of the higher ferritin-bound iron level.  

 

Fig. 7.28 Correlation between pixel-wise R2
* and susceptibility (A), with the corresponding 

distribution of each sample (B, C) within Ftn phantom. 

A
) 

B
) 

C
) 

Linear fit with coefficients (95% 
confidence bounds):  

Susceptibility = k ´ R2* + C, 
k = 4.06 ´ 10-4 (3.98 ´ 10-4, 4.14 ´ 10-4), 
C = 4.15 ´ 10-2 (4.14 ´ 10-2, 4.17 ´ 10-2).  

R2 = 0.0729,  
RMSE = 0.0087, SSE = 10.67. 
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In contrast, the linear regression analysis shows a negative (slope k < 0) correlation 

between the pixel-wise R2* and susceptibility measured within the Aβ phantom (Fig. 

7.29). The result suggests a weaker linear relationship (R2 = 0.0043) between the R2* 

and susceptibility in this phantom, compared with the Aβ+Ftn and Ftn phantoms. In 

the absence of ferritin-bound iron, neither susceptibility-related nor T2(T2*)-

shortening effect is observed, therefore generating highly-overlapped data 

distributions among the Aβ samples (Fig. 7.29C).  

 

Fig. 7.29 Correlation between pixel-wise R2
* and susceptibility (A), with the corresponding 

distribution of each sample (B, C) within Aβ phantom. 

Data from ROI Aβ 1 was excluded from fitting. 

 

7.3.4 Correlation of R2* with the ferritin-bound iron level 

The result of the linear regression analysis between the ferritin and Aβ 

concentrations of the samples, and the transverse relaxation rate R2* mean and 

median values measured within each phantom, is shown in Figure 7.30, and 

summarised in Table. F1 in Appendix F. In the Aβ+Ftn phantom (Fig. 7.30A), a strong 

A
) 

C
) 

B
) 

Linear fit with coefficients (95% confidence 
bounds):  

Susceptibility = k ´ R2* + C, 
k = -2.29 ´ 10-4 (-2.50 ´ 10-4, -2.08 ´ 10-4), 
C = 3.10 ´ 10-2 (3.06 ´ 10-2, 3.14 ´ 10-2).  

R2 = 0.0043, adjusted R2 = 0.0043,  
RMSE = 0.0192, SSE = 39.41. 
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(adjusted R2 = 0.949) positive linear correlation is found between the mean R2* and 

the ferritin concentration. A weaker (R2 = 0.842) linear correlation with the ferritin 

concentration is observed for the median R2* of the samples within the Aβ+Ftn 

phantom, suggesting the correlation for the representative data (median R2*) is 

compromised by the high-R2* outliers within the distribution (see Fig. 7.20A in 

Section 7.3.2.1). In the Ftn phantom (Fig. 7.30B), a strong linear correlation with the 

ferritin concentration are found, for the mean and median R2* of the samples 

(adjusted R2 = 0.976 and 0.977, respectively). In contrast, the result does not show a 

linear correlation (adjusted R2 < 0.03) between the Aβ concentration and the 

observed R2* in the Aβ samples (Fig. 7.30C). 

 

Moreover, when comparing the Aβ+Ftn and Ftn phantoms, different correlations 

between the ferritin concentration and the median R2* are found (Fig. 7.30D), where 

a larger slope (ferritin-dependent) coefficient k is observed in the Aβ+Ftn phantom 

(42.48 s-1/mg·mL-1 vs. 14.65 s-1/mg·mL-1). This result suggests a higher ferritin 

sensitivity of R2* to the aggregated Aβ+ferritin content (i.e., Aβ+Ftn samples), than to 

the dispersed ferritin (i.e., Ftn samples). A small difference of the intercept 

coefficient is also observed between the correlations (21.84 s-1 vs. 14.73 s-1 for 

aggregated vs. dispersed ferritin), which might be caused by the imperfect shimming, 

or fitting errors due to the limited data points used for the regression analysis. 
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Fig. 7.30 Linear regression analysis of the ferritin (Aβ) concentration with R2
* measured in 

Aβ+Ftn (A), Ftn (B), and Aβ (C) phantoms, and the comparison of the correlations (D). 

D: the correlations of the ferritin concentration with the median R2
* observed in Aβ+Ftn 

and in Ftn phantoms were compared, the dashed line showed the 95% prediction interval 

of the correlation. 

 

7.3.5 Correlation of the susceptibility with the ferritin-bound iron level 

The regression analysis shows a strong (adjusted R2 = 0.921) positive linear 

correlation between the ferritin (Aβ) concentration and the susceptibility observed 

in the Aβ+Ftn phantom (Fig. 7.31A), but not in the Ftn (Fig. 7.31B) or Aβ (Fig. 7.31C) 

phantoms (adjusted R2 < 0). The linear regression analysis result is summarised in 

Appendix H. 

A) Aβ+Ftn 

C) Aβ 

B) Ftn 
Aβ concentration (mg/mL) 

0.0            0.0547          0.1093         0.165 

Median: 
Adjusted R2 = 0.842 

Mean: 
Adjusted R2 = 0.949  

Mean: 
Adjusted R2 = 0.976  
Median: 
Adjusted R2 = 0.977  

Mean: 
Adjusted R2 = 0.02  

Median: 
Adjusted R2 = -0.027 

Aggregated (Aβ+Ftn): 
k = 42.48 s-1/mgꙓmL-1 

Dispersed (Ftn): 
k = 14.65 s-1/mgꙓmL-1 

D) Aβ+Ftn vs. Ftn 
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Fig. 7.31 Linear regression analysis of the ferritin (Aβ) concentration with the susceptibility 

measured in Aβ+Ftn (A), Ftn (B), and Aβ (C) phantoms. 

 

In the Aβ+Ftn phantom (Fig. 7.31A), the slope (ferritin concentration-dependent) 

coefficient is found to be 150.2 ppb/mg·mL-1 for the mean susceptibility, and 147.3 

ppb/mg·mL-1 for the median susceptibility, respectively. In the Ftn phantom (Fig. 

7.31B), the linear fit generates the slope coefficient of 12.3 ppb/mg·mL-1 and 10 

ppb/mg·mL-1 for the median and mean susceptibility. For the Aβ samples (Fig. 7.31C), 

these coefficients are found to be -4 ppb/mg·mL-1 and 2.9 ppb/mg·mL-1 for the 

median and mean susceptibility, respectively. 

 

 

 

 

Median: 
Adjusted R2 = 0.921 

Mean: 
Adjusted R2 = 0.921  

A) Aβ+Ftn 

B) Ftn 

Median: 
Adjusted R2 = -0.791 

Mean: 
Adjusted R2 = -0.791 

C) Aβ 

Median: 
Adjusted R2 = -0.960 

Mean: 
Adjusted R2 = -0.993 

Mean susceptibility (ppm) = 0.1502 ´ 
[Ferritin] (mg/mL) + 0.0073 

Median susceptibility (ppm) = 0.1473 ´ 
[Ferritin] (mg/mL) + 0.0013 

Susceptibility-ferritin correlation in 
the Aβ+Ftn phantom: 
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7.4 Discussion 

7.4.1 QSM of Aβ(1-42) and ferritin-bound iron with 9.4 T small-animal MRI system 

Tested and assessed on phantoms, a QSM method optimised for the high-resolution 

imaging of the Aβ(1-42) and ferritin-bound iron in vitro, with a 9.4 T small-animal MRI 

system, is presented in this work. The multi-echo 3D GRE pulse sequence is employed 

to acquire the MR data, with the small voxel volume (6.36´10-4 mm3, isotropic spatial 

resolution) to obtain imaging information about the Aβ aggregate [214, 215, 218] 

and ferritin-bound iron. A non-linear QSM framework [298] is implemented for the 

UHF preclinical MRI system, where the frequency map is estimated from the MR 

phase data using the non-linear least-squares fitting [298] and the Laplacian method 

[300], followed by the LBV approach [276] to calculate the RDF. The final 

susceptibility map can be generated using a regularised QSM approach nMEDI-L1 [18], 

with automatic optimisation of the regularisation parameter λ, by searching the 

elbow (inflection) point using the bisection method [423]. 

 

The QSM using the UHF small-animal MRI systems to investigate tissue specimens, 

brains of rodents and monkeys ex vivo and in vivo, was previously reported in the 

literature [214, 215, 311, 403-407], but the results were sometimes compromised by 

pronounced susceptibility artifacts and the fast phase shift caused by the strong 

paramagnetic source [404, 405]. As the magnetic field strength increased, the B1 field 

experienced by the spins varies rapidly with time [239], and the phase evolution with 

TE that is estimated using linear fitting might become inappropriate and could cause 

erroneous results of phase processing [214]. Moreover, the ultra-high-resolution 

acquisition causes a further reduction of the SNR, and introduces unsuppressed 

streaking artifacts and low contrast in the susceptibility maps. Previously, a dedicated 

attempt was made to optimise the QSM method for high-resolution rat brain 

venography [403], utilising SHARP background field removal [245] with a non-linear 

regularised approach comparable to nMEDI-L1 [18] for dipole inversion. In this PhD 

project, the result suggests the LBV [276] as an improved background removal 

method for the UHF preclinical MRI and MR microimaging, compared with SHARP 

[245]. Incorporating the nMEDI-L1 approach [18], an automatic parameter 

optimisation scheme, elbow (inflection) point search using the bisection method 
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[423], is also proposed here for the dipole inversion to improve analysis consistency 

and comparability between imaging subjects and studies. Tested on Aβ(1-42) and 

ferritin-bound iron gel phantoms, this QSM method is found robust against streaking 

artifacts and small susceptibility fluctuation, but could be confounded by adjacent 

prominent susceptibility artifacts (e.g., median to large air bubbles, poor shimming). 

The result of this PhD project also suggests the necessity of finding a suitable 

reference for QSM based on UHF small-animal MRI and MRM, which could be 

implemented with MEDI+0 (Section 4.4.2.3) [271] to improve reproducibility [311]. 

 

7.4.2 Correlation between R2* and susceptibility 

Intrinsically, R2* and susceptibility are connected via the local field inhomogeneity 

and the resulting relaxation rate R2’ [227-229], which may be reversed by the 

refocusing RF pulse of the SE sequence (see Section 2.2.1, and Section 3.1). At 4.7 T 

[368] and 7.0 T [56, 217, 260] human brain MRI, a positive correlation between the 

susceptibility and R2* has been observed in the iron-laden brain regions, where the 

susceptibility effect of the (super)paramagnetic iron in tissue was prominent [227]. 

In this study, such correlation is weaker, demonstrated by the pixel-wise fitting of the 

susceptibility and the R2* measured within samples that contained ferritin. It is 

because of the high resolution employed in the study, where less field inhomogeneity 

associated with the ferritin-bound iron is sampled within the small voxel, and 

therefore, the observed R2* might be dominated by the R2 relaxation. This could 

partially explain the smaller R2* increase with the ferritin iron level in the dispersed 

ferritin phantom, compared with the phantom consisting of co-aggregated 

Aβ+ferritin, whose transverse relaxation is more efficient due to the larger magnetic 

moment of the clustered ferritin [168, 171, 366], and also generates large local field 

inhomogeneity [227] even with the ultra-high resolution. On the other hand, QSM 

reveals the inherent magnetic (bulk) susceptibility property of the sample, directly 

from the local phase shift and the field inhomogeneity detected by the MRI system 

and is less affected by the R2 relaxation or proton diffusion.  
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7.4.3 R2* of Aβ(1-42) and ferritin-bound iron level 

In this PhD project, the ferritin concentration of the sample is within the physiological 

range for the healthy human brain [13, 43, 411] (0.03-1.54 mg ferritin/mL wet tissue, 

assumed tissue density of 1 g/mL), as previously reviewed by Haacke et al. [13] (Table. 

2 of reference [13], data reported by Chen et al. [7] was not considered due to 

magnitudes of difference compared with others). The sample’s concentration is 

comparable to the prior-reported ferritin concentration in several subcortical nuclei 

such as caudate, putamen, globus pallidus, as well as in substantia nigra [43, 136]. 

However, the R2* of those brain regions reported in the literature, obtained with 

clinical scanners (3.0 T and below, reviewed in [13]) or at UHF MRI (7.0 T) [260], was 

larger than the R2* of the ferritin samples measured here. Using 9.4 T microimaging 

MRI, Finnegan et al. [54] reported a quantitative relationship between R2* and iron 

concentration measured in the frozen human brain tissue specimen and suggested 

an iron-dependent coefficient of 0.34 s-1/μg·g-1 iron for R2* prediction. Assuming 

fully-loaded ferritin (LF = 4500) and 1 g/mL tissue density, the converted ferritin-

coefficient 92.9 s-1/mg·mL-1 is still larger than the observed 14.65 s-1/mg·mL-1 for the 

dispersed ferritin samples in this PhD project, which might suggest the LF of ferritin 

used in this project is lower. This is consistent with ferritin in living systems typically 

being part-full rather than reaching iron storage, and it should also be noted that 

there will be further differences between the present in vitro and previous in (ex) 

vivo observation caused by the different transverse relaxation mechanisms of ferritin 

in gel (or solution) [169, 434] and in biological tissues [227], whose transverse 

relaxation was previously found to be more efficient [171, 247].  

 

To investigate the protein pathologies of neurodegenerative diseases, the transverse 

relaxation rate R2* has been employed previously for Aβ detection in brains and post-

mortem tissue [214, 215, 218, 435]. At UHF high-resolution MRI or MRM, often in 

contrast with the surrounding brain tissue, the Aβ plaques show hypointensity in T2*-

weighted images or hyperintense R2* on the parametric maps [208, 215, 218, 428]. 

As some neuritic plaques are known to incorporate with metal ions [34, 90, 382, 384], 

it is also possible that some highly-condensed, hydrophobic plaques may also 

demonstrate hypointensity on the weighted images due to the reduced proton 
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interactions. With a 40-μm in-plane resolution, Nabuurs et al. [428] reported a 

significant T2(T2*)-shortening effect of the post-mortem human brain sample that 

contained Aβ plaque, but not the diffused Aβ, at 9.4 T. In this PhD project, the R2* 

measured from the Aβ+ferritin aggregate is comparable to the prior-reported ex vivo 

quantitative measurement, between 21.1 s-1 (diffused plaques) and 56.5 s-1 (Aβ 

plaques) [428]. 

 

Moreover, the result of this study demonstrates the T2*-shortening effect of the 

ferritin-bound iron in vitro, in the form of dispersed ferritin (i.e., Ftn phantom), as 

well as incorporated into amyloid aggregate structures by Aβ(1-42) [88] (i.e., Aβ+Ftn 

phantom). In contrast, the Aβ(1-42) aggregate (i.e., Aβ phantom) does not 

significantly change the observed R2*. The observed T2(T2*)-shortening effect of the 

ferritin-bound iron in the uniformly dispersed form is comparable to the literature of 

in vitro studies [167, 171, 430], where the transverse relaxation rate showed a linear 

increase with the ferritin-bound iron level. Although the observed R2* is within the 

previously reported range, the measurements could not be compared directly with 

the studies of the ferritin aqueous solution, due to the LF variation of the ferritin 

samples [167, 430]. Nevertheless, the result of the PhD project has confirmed that 

the R2* changes arise from the ferritin-bound iron, and the contribution from the 

aggregated Aβ(1-42) fibrils along shows negligible effect in the in vitro condition. 

 

7.4.4 Susceptibility of Aβ(1-42) and ferritin-bound iron level 

Based on the magnetometry of ferritin-bound iron (Fe3+, effective magnetic moment 

μeff = 3.8 Bohr Magnetons) and the protein shell [167], Schenck predicted the 

theoretical susceptibility of a fully-loaded ferritin molecule (LF = 4500) should be 520 

ppm at body temperature [436]. This suggests a theoretical correlation between the 

susceptibility and the ferritin-bound iron concentration, with the iron-dependent 

coefficient of 1.4 ppb/μg iron·g-1 [240]. Converted into the ferritin concentration, 340 

ppb/mg·mL-1, the theoretical coefficient of the predicted susceptibility is found an 

order of magnitude larger, than what might be suggested by the observed 

susceptibility of the dispersed ferritin phantom (12.3 ppb/mg·mL-1) in this PhD 

project. In the literature, the (ferritin) iron-dependent coefficient estimated from the 
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experimental data was also found below the theoretical prediction, between 0.55 

ppb/μg iron·g-1 and 1.3 ppb/μg iron·g-1 (reviewed elsewhere [14]). Given the 

complexity of the magnetic composition of the biological tissue, a concordance 

between Schenck’s prediction of ferritin’s susceptibility and the in vivo observation 

would appear rather coincidental. However, the underestimation observed in the 

ferritin phantom might also be contributed by the LF, because the overall 

susceptibility of ferritin is jointly determined by the (super)paramagnetic iron core 

and the diamagnetic protein shell [167, 430]. Additionally, the discrepancy might be 

also due to the higher magnetic field applied in this PhD project, which is supported 

by a recent study of QSM reproducibility. The study [437] showed a slight-to-

moderate dependency (with a linear factor of 0.69-0.87) of the measured 

susceptibility in human brains, using QSM, on the field strength (3.0 T vs. 7.0 T) and 

the number of echoes (5 vs. 10), where the smaller susceptibility was observed on 

the higher magnetic field and the larger number of echoes. Interestingly, the field-

dependency was not found in the gadolinium phantoms [311], suggesting the QSM 

might be sensitive to the different magnetic properties between the paramagnetic 

ions and the ferritin in vitro or in vivo. 

 

Empirically, the relationship between the susceptibility measured with the clinical 

QSM MRI, and ferritin-bound iron in gel phantoms has been reported to be linear, 

and increased with the iron concentration, at 3.0 T [53]. For human brain QSM, as 

the homogeneously distributed ferritin-bound iron is assumed to be one of the 

dominant sources (together with myelin) of the observed tissue susceptibility, the 

linear correlation was also reported [51, 53, 191, 245]. Positive, linear relationships 

of the susceptibility, with the brain iron concentration that was measured post-

mortem [51, 53], or estimated from the literature for in vivo data [191, 245], were 

reported for 3.0 T clinical MRI. At 7.0 T, Wang et al. [221] demonstrated a positive, 

linear correlation (Pearson’s ρ = 0.43) between the susceptibility and the semi-

quantified ferritin concentration in the post-mortem brain with amyotrophic lateral 

sclerosis. In this PhD project, the linear correlation between the susceptibility and 

the ferritin level in its dispersed form is not significant, but the quantitative 
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susceptibility showed a strong dependency of the level of ferritin when it is co-

aggregated with Aβ(1-42).  

 

Under lower resolution (> 400 μm), the presence of Αβ plaques was reported to be 

associated with elevated susceptibility at 7.0 T [109, 151], while the ultra-high-

resolution QSM showed the potential of detecting Aβ deposit using UHF MRI [215]. 

In this PhD project, the distribution of the synthetic aggregated peptides is imaged 

using the ultra-high-resolution susceptibility mapping, and the associated protein 

concentration could be measured with the QSM signal. The measured mean and 

median susceptibility of the samples show strong concentration-dependence for the 

co-aggregated Aβ+ferritin, with the ferritin concentration coefficients of 150.2 

ppb/mg·mL-1 (mean susceptibility) and 147.3 ppb/mg·mL-1 (median susceptibility) 

respectively. In contrast, for the dispersed ferritin, the correlation is not significant 

between the susceptibility and the ferritin concentration due to the small 

susceptibility change, compared with the variation; but the data suggest the 

potential coefficients would be one order of magnitude smaller than the aggregated 

Aβ+ferritin. At the same time, the Aβ(1-42) aggregate on the absence of ferritin does 

not markedly alter the observed susceptibility. This observation suggests that the 

susceptibility of the Aβ+ferritin aggregate, measured in vitro using the ultra-high-

resolution QSM at 9.4 T, is greatly enhanced by the agglomeration of ferritin by co-

aggregating with the Aβ(1-42) after the incubation [88]. 

 

7.4.5 Effect of the mineral form and distribution of the iron, on UHF R2* and 

susceptibility MRI 

Compared with the dispersed ferritin sample, the larger slope coefficients of the 

susceptibility(R2*)-ferritin correlation, is found for the aggregated ferritin, which 

indicated other factors that influenced the observed R2* and susceptibility, in 

addition to the ferritin-bound iron level. It is known that the susceptibility (R2*) of the 

sample is also associated with the oxidation state of the iron ion, which determines 

the spin energy (see Eq. (2.5) in Section 2.1.1) and the effective magnetic moment 

[240]. Under normal condition, iron ions stored in the ferritin is in a stable ferric state 

(Fe3+), mainly in the form of ferrihydrites [438]. However, the magnetite-like 
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structure of the ferritin core was detected under pathological conditions such as AD 

[90, 438], or in the presence of aggregating Aβ(1-42) [86-88], where both Fe3+ and 

Fe2+ present. Recently, the impact of the iron oxidation state of the formalin-fixed 

brain tissue, on quantitative R2* and susceptibility at 3.0 T clinical MRI, was reported 

by Birkl et al. [296], where the decrease of both measurements was observed in WM 

and cortex as the iron content was chemically reduced from Fe3+ to Fe2+. According 

to the previous observation [88], Fe2+ in ferritin was only detected after prolonged 

incubation of 144-240 hrs with Aβ(1-42), at 37 ˚C. In the PhD research, the samples 

are constructed immediately after 100-hrs incubation, into the MR agarose gel 

phantoms, and are kept and scanned at 4˚C within 24 hrs. Therefore the iron content 

in the co-aggregated Aβ(1-42) and ferritin, is less likely to be already chemically 

reduced by the time of the MR acquisition. However, further experiments are 

required to confirm the exact mineral form of the ferritin-bound iron in this study. 

 

Moreover, the quantitative R2* and susceptibility measurements, derived from the 

GRE pulse sequence, are also sensitive to the magnetic field inhomogeneity (see 

Section 2.2.2, and Section 3.1). It is concordant with the observation in this study. 

For the same ferritin-bound iron level, the agglomerated ferritin with Aβ 

demonstrates a stronger susceptibility effect and the T2*-shortening effect, 

compared with the dispersed ferritin. Compared with the dispersed ferritin, three 

times larger ferritin-dependent coefficient is found in the aggregated Aβ+ferritin 

samples for the median R2* (42.48 s-1/mg·mL-1 vs. 14.65 s-1/mg·mL-1), and possibly an 

order of magnitude larger for the median susceptibility (147.3 ppb/mg·mL-1 vs. 12.3 

ppb/mg·mL-1). This result suggests that, for the preclinical UHF MRI, the QSM may be 

more sensitive to the intrinsic magnetic susceptibility effect of the Aβ+ferritin 

aggregates, compared with R2*, with ultra-high resolution. Moreover, it also shows 

the importance of the chemical form and the spatial distribution of tissue iron, for 

the accurate interpretation of existing R2* and QSM results in the literature 

concerning the Aβ-associated pathologies and neurodegenerative diseases [14, 150, 

204, 439].  
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7.4.6 Comparison with in vivo and ex vivo UHF MRI 

Using 9.4 T preclinical MRI, this in vitro PhD study presented here shows the 

quantitative R2* and QSM have a higher sensitivity to the Aβ+ferritin aggregate, 

compared with the dispersed ferritin. Although the agarose gel phantom could not 

entirely represent the realistic biological tissue, the observation is generally in line 

with the existing in (ex) vivo findings [215, 218, 428]. The stronger T2(T2*)-shortening 

effect of the tissue that contained Aβ plaques was observed at UHF MRI [208, 215, 

218, 428], and R2* was applied to investigate Aβ-plaque-associated neuropathology 

in transgenic mice [213, 440]. Compared with R2* mapping, QSM also showed the 

ability to differ the (voxel-averaged) signals of the paramagnetic source from the 

diamagnetic [51, 245, 441] (see also Chapter 6). At higher field (7.0 T), the human 

cortex GM susceptibility was dominated by a contribution from the iron-associated 

(super)paramagnetic source, while the cortex WM was dominated by the 

diamagnetic myelin content [56, 57] (also see Discussion in Chapter 6). However, for 

the UHF preclinical MRI (9.4 T and above), the ultra-high-resolution (< 200 μm) 

mouse brain QSM suggested the whole-brain image contrast might be dominated by 

the myelination [210, 214]. Although it appeared to pose challenges in detecting 

iron-associated Aβ plaques and NTF in vivo and ex vivo, O’Callaghan et al. [214] 

suggested that QSM could be used to detect the demyelination of the region with 

less aberrant protein accumulation at the early stage of the disease. On the other 

hand, the sensitivity of the QSM to the iron-laden tissue or pathological iron 

accumulation in (ex) vivo, could be improved by correcting the myelin content [4, 

245]. Nevertheless, the relative susceptibility between mouse brain regions 

appeared inconsistent among several ultra-high-resolution mouse brain studies 

[210-212, 214]. This discrepancy might be improved by using multiple TE to calculate 

the susceptibility-associated phase shift, as demonstrated here, where the 

components with different susceptibilities could be sampled.  

 

7.5 Conclusions 

For the first time, a comprehensive assessment and comparison of phase processing 

methods on 9.4 T UHF small-animal MRI system is presented in this work, and a 

method for QSM of Aβ(1-42) and ferritin-bound iron in vitro is proposed. In this study, 
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with ultra-high resolution, the quantitative R2* and QSM of Aβ(1-42) and ferritin-

bound iron is demonstrated in vitro, at 9.4 T. Compared with the dispersed ferritin, 

both MRI measurements demonstrate a higher sensitivity to the Aβ+ferritin 

aggregate, with a potential positive linear correlation with the ferritin-bound iron 

level. Specifically, R2* and QSM are shown to be three and ten times more sensitive 

to the presence of the Aβ+ferritin aggregate, respectively, than the dispersed ferritin 

in vitro, indicating they may be useful for non-invasive detection and semi-

quantification of the iron-laden Aβ plaques. This also provides evidence to support 

the importance of the mineral form and spatial distribution of the iron content, in 

addition to the concentration, for both R2* and susceptibility measurements. 
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Chapter 8: Conclusions and future work 

A range of MRI techniques and applications for measuring brain iron are investigated 

and assessed in this PhD research d, including transverse relaxation rates derived 

from different pulse sequences, and the current state-of-the-art QSM techniques, in 

both clinical (3.0 T) and preclinical (9.4 T) systems.  

 

Demonstrated using the retrospective 3.0 T clinical MR data from the PPMI study, 

the quantitative MRI parameter derived from dual-contrast FSE MRI, effective R2, is 

named in this study (Chapter 5). In contrast to what was commonly believed in the 

qualitative nature of FSE MRI, at 3.0 T, the dual-contrast FSE-derived effective R2, is 

strongly correlated with the estimated iron concentration of subcortical GM in living 

human brains. As the linear correlation of the effective R2 with the estimated iron 

concentration is reported here for the first time, this quantitative MRI also shows the 

potential clinical value in evaluating the disease laterality in PD patients. In PD brains, 

this asymmetry of the putaminal effective R2 at the early disease stage is associated 

with the DaT dysfunction, and may share the mechanism with the unilateral 

reduction of the nigrostriatal terminal density or dopaminergic neuron loss. Hence, 

it may be concluded here that the proposed effective R2 could be used to measure 

brain iron as a fast alternative to the conventional R2, in iron-laden brain regions, 

when the prolongated SE acquisition is impractical at 3.0 T clinical MRI. One 

limitation in this study is the relatively small sample size, which is practically 

restricted by the PhD time frame. Although the subjects included in the case-control 

analysis are matched as rigorously as possible between groups, it might be the source 

of variation observed in the result. The method of calculating the effective R2 is 

straightforward, but the measurement may vary across clinical MRI systems due to 

the differences in MR acquisition. For the future plan, to compensate for the variance 

introduced by the acquisition parameters, this quantitative MRI method may benefit 

from more sophisticated signal modelling, such as adapting the extended-phase-

graph [318, 442, 443], or Bloch simulation [444-446], when the aim is to retrieve the 

‘true’ R2 (T2) from the FSE MRI sequence. 
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In phantoms and in vivo human brains, the QSM with nMEDI-L1 dipole inversion is 

successfully validated and assessed in this PhD project, with 3.0 T clinical MRI 

(Chapter 6) and 9.4 T preclinical MRI (Chapter 7), respectively. At 3.0 T, the QSM 

susceptibility is significantly proportional to the Fe3+ concentration in the phantom, 

with a very strong, linear correlation. In the phantoms, the theoretical iron-

associated susceptibility increase, 1.30 ppb/μg·g-1, can be accurately measured by 

the QSM technique using 3.0 T clinical MRI. In the healthy human brain, the QSM 

method can significantly enhance the anatomical contrast of iron-laden regions, but 

the correlation of the measured susceptibility with the estimated brain iron is 

weaker, compared with the phantom. This deviation is caused by the brain region-

dependent variations, suggested by the observations in this Chapter (Chapter 6), 

which may be associated with the myelin content, tissue structure, and iron 

distribution within a voxel. Good reproducibility can be achieved in subcortical 

nuclei, especially in iron-laden brain regions. For future research, the myelin 

correction [245] may be applied to improve the quantitative relationship between 

the brain iron concentration and bulk susceptibility. Therefore, developing 

biophysical models and/or MR pulse sequences that may simultaneously measure 

both tissue components could open new opportunities in this field. 

 

Using 9.4 T preclinical MRI, for the first time, QSM of Aβ(1-42) and ferritin are 

measured in vitro, together with R2*(Chapter 7). An ultra-high-resolution QSM 

method, with UHF small-animal MRI, is assessed and optimised here for the first 

time, to image ferritin-bound iron associated Aβ aggregate in vitro. An optimal QSM 

reconstruction pipeline is devised according to the assessment: 1) the raw MR phase 

data may be temporally unwrapped with the non-linear least-squares fitting [298], 

and then spatially unwrapped using the Laplacian operator [300], 2) the background 

magnetic field of the unwrapped phase can then be removed efficiently and 

effectively by the LBV approach [276], 3) finally, a regularised approach nMEDI-L1 [18] 

may be applied for the field-to-susceptibility dipole inversion, with the regularisation 

parameter λ automatically optimised by searching the elbow (inflection) point using 

the bisection method [423]. Using this pipeline, a potential linear correlation is 

discovered between the observed R2* and susceptibility, and phantom’s ferritin 
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levels. For the Aβ+ferritin aggregate, the ferritin-level-associated R2* and 

susceptibility increases are found three times and likely one order of magnitude 

larger, respectively, than in the dispersed ferritin phantom. The findings suggest that 

QSM may be a sensitive tool to detect iron-laden Aβ aggregates at UHF MRI. The 

observations in this PhD study, on the other hand, also indicate that even with the 

ultra-high resolution, the R2* and susceptibility derived from the 3D GRE pulse 

sequence may be influenced by the spatial distribution of ferritin under UHF, in 

addition to its concentration. As the human brain MRI is entering a UHF era, caution 

may still be taken to quantitatively interpret the iron-associated R2* and susceptibility 

contrast, especially in diseased tissue where aberrant iron-laden plaques and lesions 

are present. The main limitation in this research is the lack of the measurement of 

the absolute iron concentration or the LF of the ferritin, which may help to explain 

the underestimation of the iron-associated R2* and susceptibility increase, compared 

to the theoretical prediction. Therefore, future work may include measuring the 

exact iron concentration, using analytical techniques such as ICP-MS, together with 

XRF [53, 78] and TEM [89], to quantitatively incorporate the effect of any different 

iron species and the spatial distribution on the observed R2* and susceptibility. 

 

To summarise, studying the human brains and the synthetic (ferritin-bound) iron-

containing MR phantoms, with retrospective 3.0 T clinical FSE MRI data, the new 

effective R2 is presented here as a practical alternative quantitative measurement to 

the conventional R2, enabling detection of asymmetrical iron level and DaT 

dysfunctions in PD hemispheres. Meanwhile, the advanced QSM techniques are 

originally validated and assessed at 3.0 T clinical MRI and developed for the UHF (9.4 

T) small-animal MRI system in this PhD research, to measure brain iron in vivo and in 

vitro. The original contributions to research described in this PhD thesis will thereby 

advance understanding of quantitative MRI techniques and applications for 

measuring brain iron in both clinical and preclinical settings. 
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Appendix A Empirical prediction of iron concentrations of brain regions 

by Hallgren and Sourander 

Frontal white matter: : = 39.5 × (1 − '#!.'!9) + 3.1 

Globus pallidus: : = 214.1 × (1 − '#!.!:9) + 3.7 

Cerebellar cortex: : = 27 × (1 − '#!.!;<9) + 6.8 

Prefrontal cortex: : = 24.3 × (1 − '#!.!=9) + 5.8 

Temporal cortex: : = 27 × (1 − '#!.!=9) + 5.5 

Sensory cortex: : = 39.7 × (1 − '#!.!=9) + 4.9 

Parietal cortex: : = 33.1 × (1 − '#!.!>9) + 6.0 

Occipital cortex: : = 40.3 × (1 − '#!.!>9) + 7.2 

Motor cortex: : = 47.9 × (1 − '#!.!<9) + 4.0 

Caudate nucleus: : = 96.6 × (1 − '#!.!<9) + 3.3 

Putamen: : = 146.2 × (1 − '#!.!?9) + 4.6 

with : denoted the non-haemin iron in μg/g wet weight (ww), D the age in years. 
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Appendix B Effective R2 measurements in reported PPMI subjects 

Table B1. Caudate nucleus 

Gender Group Region Age @ 0 
month 

Effective R2 (s-1) Effective R2 percentage change (%) 

0 month 12 
month 

24 
month 

48 
month 0-12 month 0-24 month 0-48 month 

Male HC CN 44 9.96952 10.79346  10.92203 8.26459  9.554221 
Male HC CN 44 10.50505 10.00427  11.07133 -4.76704  5.39055 
Male HC CN 45.8 10.8332 10.89931  10.6776 0.610254  -1.43633 
Male HC CN 46.8 10.59513  11.11357   4.893191  

Male HC CN 52.4 10.40112 10.75883 10.65757 10.49292 3.439149 2.4656 0.882597 
Male HC CN 54.1 10.77844 11.15083  10.66625 3.454953  -1.04087 
Male HC CN 60.1 10.4322 10.40842  10.11873 -0.22795  -3.00483 

Female HC CN 40.6 10.06181 10.25496 10.42221  1.919635 3.581861  

Female HC CN 48.8 10.23738 10.13643 10.02848  -0.98609 -2.04056  

Female HC CN 50.3 10.95358 10.74672   -1.88851   

Female HC CN 52.7 10.58046 10.62798   0.44913   

Female HC CN 54.1 10.3924 10.29155 10.62593  -0.97042 2.247123  

Male PD 
contralateral CN 40.8 10.29213 10.29112 10.34259 10.48465 -0.00981 0.490278 1.870555 

Male PD 
contralateral CN 45.2 10.56837 9.77448 10.35481 10.16486 -7.51194 -2.02075 -3.81809 

Male PD 
contralateral CN 46 10.61708 10.61801 11.11476  0.008759 4.687541  

Male PD 
contralateral CN 49 10.18244 11.05785 10.89468 11.27537 8.597252 6.994787 10.73348 

Male PD 
contralateral CN 51.9 11.90846 11.82229 11.49647 11.51175 -0.7236 -3.45964 -3.33133 
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Male PD 
contralateral CN 56 10.10652 9.90684 9.95239 10.38235 -1.97575 -1.52506 2.729228 

Male PD 
contralateral CN 60.3 10.06367 9.83789 10.29967 10.81782 -2.24352 2.345069 7.493787 

Female PD 
contralateral CN 39.2 10.54934 10.7966 11.12395 10.77596 2.343843 5.446881 2.148191 

Female PD 
contralateral CN 49.8 9.89197 9.94746 9.85783 10.26883 0.56096 -0.34513 3.809757 

Female PD 
contralateral CN 50.6 10.61864 11.31104 10.91095 9.84887 6.520609 2.752801 -7.24923 

Female PD 
contralateral CN 52.9 10.14803 10.84812 10.84145 10.46753 6.898777 6.83305 3.148394 

Female PD 
contralateral CN 54.1 11.84408 11.33045 11.35069 11.33499 -4.3366 -4.16571 -4.29827 

Male PD ipsilateral CN 40.8 10.41052 10.4316 10.49638 10.45675 0.202487 0.824743 0.44407 
Male PD ipsilateral CN 45.2 10.66972 10.30745 10.65859 9.87413 -3.39531 -0.10431 -7.45652 
Male PD ipsilateral CN 46 10.78513 10.80935 11.61073  0.224568 7.654984  

Male PD ipsilateral CN 49 10.61471 11.19495 11.36123 9.97664 5.466376 7.032882 -6.01119 
Male PD ipsilateral CN 51.9 11.47872 11.19843 11.40748 11.79452 -2.44182 -0.62063 2.751178 
Male PD ipsilateral CN 56 9.53488 9.52485 9.49418 9.59103 -0.10519 -0.42685 0.58889 
Male PD ipsilateral CN 60.3 10.32488 9.88332 10.00386 10.23253 -4.27666 -3.10919 -0.89444 

Female PD ipsilateral CN 39.2 10.35598 10.87464 10.98044 11.12284 5.008314 6.029946 7.404997 
Female PD ipsilateral CN 49.8 9.75292 9.98304 9.90116 10.34467 2.359498 1.519955 6.067414 
Female PD ipsilateral CN 50.6 9.87102 10.27477 10.43747 9.41052 4.090256 5.738515 -4.66517 
Female PD ipsilateral CN 52.9 10.57279 11.02611 10.96864 11.27402 4.28761 3.744045 6.632403 
Female PD ipsilateral CN 54.1 11.36699 11.06981 10.97685 11.44771 -2.61441 -3.43222 0.710126 
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Table B2. Putamen 

Gender Group Region Age @ 0 
month 

Effective R2 (s-1) Effective R2 percentage change (%) 

0 month 12 
month 

24 
month 

48 
month 0-12 month 0-24 month 0-48 month 

Male HC PUT 44 12.11453 12.66974  12.71207 4.582968  4.93242 
Male HC PUT 44 12.15158 12.14061  12.53785 -0.09029  3.178787 
Male HC PUT 45.8 12.50174 12.3425  12.37272 -1.27379  -1.03207 
Male HC PUT 46.8 13.53829  13.65826   0.886129  

Male HC PUT 52.4 13.74504 14.18229 13.96127 14.05252 3.181157 1.573174 2.23706 
Male HC PUT 54.1 13.7121 14.74349  14.46479 7.521733  5.489222 
Male HC PUT 60.1 12.2513 12.34194  11.79213 0.739837  -3.7479 

Female HC PUT 40.6 12.3617 12.62461 12.62087  2.126839 2.09656  

Female HC PUT 48.8 13.23656 13.18746 13.15597  -0.37096 -0.60885  

Female HC PUT 50.3 13.18663 13.18208   -0.03451   

Female HC PUT 52.7 12.80613 12.69906   -0.83613   

Female HC PUT 54.1 11.7726 11.64606 11.85179  -1.07493 0.672638  

Male PD 
contralateral PUT 40.8 12.94535 13.14017 13.32637 13.20768 1.504912 2.943254 2.026429 

Male PD 
contralateral PUT 45.2 12.03312 12.20539 12.07688 11.76501 1.431617 0.363671 -2.22809 

Male PD 
contralateral PUT 46 12.52283 12.63097 12.94468  0.863573 3.36863  

Male PD 
contralateral PUT 49 11.64379 11.87807 12.02893 12.12937 2.012102 3.307749 4.170281 

Male PD 
contralateral PUT 51.9 13.39845 13.17372 13.12959 13.02462 -1.67727 -2.00664 -2.79006 
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Male PD 
contralateral PUT 56 10.54912 10.45616 10.45801 10.62322 -0.88124 -0.86373 0.70237 

Male PD 
contralateral PUT 60.3 11.73677 11.79688 11.87053 11.7356 0.512177 1.139723 -0.00992 

Female PD 
contralateral PUT 39.2 13.15497 13.30814 13.58752 13.57621 1.16432 3.288095 3.202146 

Female PD 
contralateral PUT 49.8 11.85956 12.07114 11.81147 12.45106 1.784032 -0.40552 4.987507 

Female PD 
contralateral PUT 50.6 12.88514 13.09697 13.17804 12.28077 1.644056 2.273215 -4.69038 

Female PD 
contralateral PUT 52.9 12.95561 12.9622 13.31478 13.35677 0.050861 2.772283 3.096423 

Female PD 
contralateral PUT 54.1 13.51459 13.09854 13.11138 13.14489 -3.07855 -2.98353 -2.73561 

Male PD ipsilateral PUT 40.8 13.38438 13.58454 13.50951 13.72577 1.495518 0.934904 2.550675 
Male PD ipsilateral PUT 45.2 12.14476 11.97196 11.89528 11.47057 -1.4228 -2.05419 -5.55128 
Male PD ipsilateral PUT 46 13.03583 13.45184 13.84553  3.191244 6.211304  

Male PD ipsilateral PUT 49 11.79697 12.08507 12.10344 12.65338 2.442168 2.597811 7.259533 
Male PD ipsilateral PUT 51.9 13.32994 13.09354 13.06558 12.75383 -1.77349 -1.98321 -4.32198 
Male PD ipsilateral PUT 56 10.55716 10.55309 10.57077 10.59825 -0.03856 0.128907 0.38924 
Male PD ipsilateral PUT 60.3 12.61973 12.41054 12.61623 12.65819 -1.6576 -0.02774 0.304797 

Female PD ipsilateral PUT 39.2 13.45437 13.82162 14.00294 14.14764 2.729631 4.077312 5.152771 
Female PD ipsilateral PUT 49.8 12.29134 12.18166 12.22603 12.65327 -0.89236 -0.53138 2.944559 
Female PD ipsilateral PUT 50.6 12.93225 13.31132 13.46476 12.72595 2.931164 4.117715 -1.59527 
Female PD ipsilateral PUT 52.9 13.13297 12.99324 13.18694 13.3221 -1.06397 0.410908 1.440074 
Female PD ipsilateral PUT 54.1 13.55005 13.32935 13.30755 13.56814 -1.62881 -1.78966 0.133503 
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Table B3. Globus pallidus 

Gender Group Region Age @ 0 
month 

Effective R2 (s-1) Effective R2 percentage change (%) 

0 month 12 
month 

24 
month 

48 
month 0-12 month 0-24 month 0-48 month 

Male HC GP 44 16.60637 17.10597  16.82664 3.008476  1.326405 
Male HC GP 44 15.70205 15.35727  16.40937 -2.19578  4.504664 
Male HC GP 45.8 15.98131 16.11558  16.02169 0.840176  0.252649 
Male HC GP 46.8 16.15652  15.75549   -2.4822  

Male HC GP 52.4 15.92761 16.46213 15.64295 15.74065 3.355899 -1.78723 -1.17384 
Male HC GP 54.1 16.77154 16.85943  17.18725 0.524042  2.47865 
Male HC GP 60.1 15.19773 14.79271  14.64043 -2.665  -3.66697 

Female HC GP 40.6 16.29753 16.05182 16.03991  -1.50762 -1.58071  

Female HC GP 48.8 14.89904 14.6327 15.10723  -1.78762 1.397384  

Female HC GP 50.3 16.62461 16.638   0.080564   

Female HC GP 52.7 15.90803 15.45767   -2.83103   

Female HC GP 54.1 13.7864 14.04506 13.65629  1.876155 -0.94375  

Male PD 
contralateral GP 40.8 15.27478 15.08842 15.09544 15.06337 -1.22003 -1.17406 -1.38401 

Male PD 
contralateral GP 45.2 16.27277 16.87378 16.23609 15.44792 3.693385 -0.22538 -5.06886 

Male PD 
contralateral GP 46 17.70944 17.56145 18.25248  -0.83564 3.066405  

Male PD 
contralateral GP 49 16.86308 15.18279 16.29025 16.7763 -9.96431 -3.3969 -0.51462 

Male PD 
contralateral GP 51.9 16.13173 16.05455 15.95375 16.1043 -0.47841 -1.10323 -0.16998 



 vii 

Male PD 
contralateral GP 56 15.69077 15.68994 15.35812 15.99322 -0.00532 -2.12008 1.927525 

Male PD 
contralateral GP 60.3 14.37829 14.50637 15.15015 14.21653 0.890768 5.368223 -1.12508 

Female PD 
contralateral GP 39.2 16.20099 16.29006 16.59423 15.75917 0.549738 2.427262 -2.72715 

Female PD 
contralateral GP 49.8 15.52131 15.45519 15.51581 15.76556 -0.42596 -0.03544 1.573681 

Female PD 
contralateral GP 50.6 16.39376 16.71739 16.79054 15.59334 1.974056 2.420259 -4.88248 

Female PD 
contralateral GP 52.9 16.11822 16.26505 17.79494 16.61898 0.910956 10.40257 3.106737 

Female PD 
contralateral GP 54.1 17.35226 16.42756 16.33598 16.13716 -5.32897 -5.85677 -7.00253 

Male PD ipsilateral GP 40.8 15.046 15.06569 15.25127 15.43432 0.13089 1.364302 2.580923 
Male PD ipsilateral GP 45.2 16.21772 16.97025 16.4609 16.34854 4.640175 1.49946 0.806655 
Male PD ipsilateral GP 46 17.41464 17.49069 17.47893  0.436739 0.369184  

Male PD ipsilateral GP 49 16.67692 16.69739 16.54423 15.96296 0.12274 -0.79563 -4.28114 
Male PD ipsilateral GP 51.9 16.55944 16.37111 16.37452 16.49099 -1.13728 -1.11669 -0.41337 
Male PD ipsilateral GP 56 16.52544 16.90975 16.0555 16.54808 2.325541 -2.84373 0.137009 
Male PD ipsilateral GP 60.3 14.5942 14.79069 15.11818 14.83253 1.346349 3.590309 1.63307 

Female PD ipsilateral GP 39.2 16.02014 16.15412 15.89096 16.72362 0.836309 -0.80641 4.391194 
Female PD ipsilateral GP 49.8 16.4526 15.58072 15.86882 16.06506 -5.2993 -3.5482 -2.35548 
Female PD ipsilateral GP 50.6 16.28501 16.52671 17.30282 15.38634 1.484214 6.250023 -5.51839 
Female PD ipsilateral GP 52.9 17.44616 16.99878 16.94618 17.55077 -2.56432 -2.86581 0.599649 
Female PD ipsilateral GP 54.1 16.18793 15.65161 16.11807 15.99383 -3.31309 -0.43156 -1.19904 
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Table B4. Red nucleus 

Gender Group Region Age @ 0 
month 

Effective R2 (s-1) Effective R2 percentage change(%) 

0 month 12 
month 

24 
month 

48 
month 0-12 month 0-24 month 0-48 month 

Male HC RN 44 14.81094 14.94241  13.82837 0.88768  -6.63407 
Male HC RN 44 14.34354 13.3032  13.38826 -7.25301  -6.66005 
Male HC RN 45.8 15.65028 15.75647  15.35413 0.678552  -1.89224 
Male HC RN 46.8 15.23241  15.07795   -1.01399  

Male HC RN 52.4 14.41725 14.96682 14.34114 14.25888 3.811889 -0.52794 -1.09851 
Male HC RN 54.1 13.86952 14.3599  15.30643 3.53565  10.36021 
Male HC RN 60.1 14.6517 13.38433  13.60425 -8.64993  -7.14899 

Female HC RN 40.6 13.40433 13.39341 13.99798  -0.08148 4.428782  

Female HC RN 48.8 13.93471 13.48977 13.86595  -3.19304 -0.4935  

Female HC RN 50.3 14.66252 14.47832   -1.25627   

Female HC RN 52.7 13.30178 13.71369   3.096655   

Female HC RN 54.1 13.18967 13.23728 12.94478  0.361017 -1.85666  

Male PD 
contralateral RN 40.8 14.83426 14.68509 14.84575 14.14686 -1.0056 0.077456 -4.63385 

Male PD 
contralateral RN 45.2 13.87174 14.06202 14.69911 12.60538 1.371718 5.964407 -9.12907 

Male PD 
contralateral RN 46 15.15167 14.48143 13.05104  -4.42352 -13.864  

Male PD 
contralateral RN 49 13.27479 13.35801 13.01289 13.17499 0.626952 -1.97291 -0.75174 

Male PD 
contralateral RN 51.9 14.56786 14.84455 14.20631 15.15381 1.899286 -2.48184 4.022203 
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Male PD 
contralateral RN 56 12.81362 13.04628 13.79769 14.1484 1.815766 7.679907 10.41689 

Male PD 
contralateral RN 60.3 14.50689 15.97795 15.61011 15.33788 10.1404 7.604812 5.728219 

Female PD 
contralateral RN 39.2 14.54419 15.16121 15.21531 16.12064 4.2424 4.614357 10.83901 

Female PD 
contralateral RN 49.8 13.57614 13.03118 13.42391 13.74261 -4.01411 -1.12133 1.226145 

Female PD 
contralateral RN 50.6 13.83851 14.17447 13.59385 12.58328 2.427714 -1.76796 -9.07053 

Female PD 
contralateral RN 52.9 14.23457 14.00976 15.01119 14.87954 -1.57936 5.455893 4.530983 

Female PD 
contralateral RN 54.1 13.38111 12.88665 13.20745 13.08094 -3.69519 -1.29781 -2.24322 

Male PD ipsilateral RN 40.8 14.27032 14.40808 14.84663 14.41584 0.965375 4.038511 1.019777 
Male PD ipsilateral RN 45.2 13.03015 13.655 12.53955 13.56946 4.795429 -3.76513 4.138981 
Male PD ipsilateral RN 46 14.85733 14.72449 14.94703  -0.89416 0.603704  

Male PD ipsilateral RN 49 12.90136 13.26005 12.5466 12.5608 2.780294 -2.74979 -2.63973 
Male PD ipsilateral RN 51.9 14.12997 14.30081 14.00687 14.98121 1.208994 -0.8712 6.024317 
Male PD ipsilateral RN 56 12.86369 13.10741 12.01106 13.80203 1.894645 -6.62817 7.294529 
Male PD ipsilateral RN 60.3 14.90927 14.30496 16.1621 14.977 -4.05326 8.403013 0.454277 

Female PD ipsilateral RN 39.2 14.8103 15.50632 14.92242 15.37576 4.699581 0.757016 3.817993 
Female PD ipsilateral RN 49.8 14.09197 13.09042 13.54301 12.99946 -7.10721 -3.89552 -7.75273 
Female PD ipsilateral RN 50.6 13.99198 14.228 13.9152 12.68788 1.686816 -0.54877 -9.32037 
Female PD ipsilateral RN 52.9 15.06344 14.79333 15.03491 15.34206 -1.79312 -0.1894 1.849641 
Female PD ipsilateral RN 54.1 13.38332 13.17422 13.02031 12.72177 -1.56244 -2.71246 -4.9431 
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Table B5. Substantia nigra 

Gender Group Region Age @ 0 
month 

Effective R2 (s-1) Effective R2 percentage change (%) 

0 month 12 
month 

24 
month 

48 
month 0-12 month 0-24 month 0-48 month 

Male HC SN 44 15.38105 15.47776  15.29475 0.628773  -0.56108 
Male HC SN 44 13.88179 13.56211  13.22858 -2.3029  -4.70553 
Male HC SN 45.8 14.88613 14.78042  14.59948 -0.71009  -1.9256 
Male HC SN 46.8 16.32024  16.16374   -0.9589  

Male HC SN 52.4 13.2879 13.64532 13.79538 13.30881 2.689779 3.819119 0.157335 
Male HC SN 54.1 14.78367 15.38635  15.80324 4.076698  6.89666 
Male HC SN 60.1 14.11654 13.78599  14.37724 -2.34157  1.846777 

Female HC SN 40.6 14.23919 14.28033 14.65801  0.288909 2.941357  

Female HC SN 48.8 13.25507 12.85809 13.48345  -2.99497 1.722974  

Female HC SN 50.3 14.6331 14.07179   -3.83586   

Female HC SN 52.7 13.17549 13.67766   3.811361   

Female HC SN 54.1 12.56421 12.73319 12.63321  1.344932 0.549221  

Male PD 
contralateral SN 40.8 14.08304 14.31954 14.99603 14.44076 1.679278 6.482898 2.540073 

Male PD 
contralateral SN 45.2 14.99275 14.62393 14.31435 13.60835 -2.45999 -4.52489 -9.23378 

Male PD 
contralateral SN 46 17.3188 16.76819 14.77863  -3.17927 -14.6671  

Male PD 
contralateral SN 49 16.20959 16.84926 16.37188 14.4477 3.946197 1.001156 -10.8694 

Male PD 
contralateral SN 51.9 13.40329 13.69938 14.09807 14.83999 2.209126 5.183652 10.71905 
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Male PD 
contralateral SN 56 13.41169 13.64343 11.70928 13.93201 1.727884 -12.6935 3.879608 

Male PD 
contralateral SN 60.3 13.62384 13.47572 14.44758 14.27864 -1.08717 6.046313 4.806295 

Female PD 
contralateral SN 39.2 14.432 14.79249 15.63881 14.84578 2.497882 8.362066 2.867141 

Female PD 
contralateral SN 49.8 15.00019 14.14266 14.13319 15.01487 -5.7168 -5.77991 0.097847 

Female PD 
contralateral SN 50.6 14.69288 14.05056 14.46631 13.21558 -4.37166 -1.54206 -10.0545 

Female PD 
contralateral SN 52.9 14.62418 15.31482 14.57626 15.75103 4.722583 -0.32771 7.705388 

Female PD 
contralateral SN 54.1 13.451 13.89947 13.79514 13.40579 3.334114 2.558462 -0.33612 

Male PD ipsilateral SN 40.8 14.1401 14.16184 13.79509 14.74425 0.153745 -2.43997 4.272585 
Male PD ipsilateral SN 45.2 15.16026 14.9417 12.05906 15.14281 -1.44164 -20.4561 -0.11512 
Male PD ipsilateral SN 46 14.9287 15.48748 14.2389  3.742954 -4.62062  

Male PD ipsilateral SN 49 15.68933 15.76579 13.77798 14.5816 0.487305 -12.1825 -7.0604 
Male PD ipsilateral SN 51.9 13.82724 14.95947 13.64006 15.22446 8.18841 -1.3537 10.10479 
Male PD ipsilateral SN 56 13.23918 14.09054 15.57805 13.38733 6.430605 17.66628 1.119013 
Male PD ipsilateral SN 60.3 13.95536 13.37045 14.13931 14.03678 -4.19127 1.31811 0.583435 

Female PD ipsilateral SN 39.2 13.55795 13.40803 14.40674 14.30506 -1.10576 6.260514 5.510556 
Female PD ipsilateral SN 49.8 14.01106 13.48401 12.6526 14.73477 -3.76163 -9.69564 5.16533 
Female PD ipsilateral SN 50.6 14.13869 13.82144 13.22318 12.27418 -2.24382 -6.47523 -13.1873 
Female PD ipsilateral SN 52.9 15.14972 15.36886 15.20504 15.50581 1.446487 0.365162 2.350502 
Female PD ipsilateral SN 54.1 12.96592 13.03366 13.21931 13.14023 0.522442 1.95424 1.34432 
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Appendix C DaT SBR results of reported PPMI subjects 
Table C1. Healthy controls 

HC  SBR SBR L-R difference Effective R2 (s-1) Effective R2 L-R 
difference (s-1) 

Patient 
Number Visit* right 

caudate 
left 

caudate 
right 

putamen 

left 
putame

n 

caudat
e 

putame
n 

right 
caudate 

left 
caudate 

right 
putamen 

left 
putame

n 

caudat
e 

putame
n 

3301 SC 2.64 2.94 1.93 1.46 0.3 -0.5 10.58 10.22 14.02 13.47 -0.36 -0.5 
3357 U01 3.42 3.5 2.37 2.6 0.08 0.23 10.55 10.46 12.06 12.25 -0.09 0.19 
3369 SC 3.08 3.95 2.63 2.7 0.87 0.07 9.979 9.96 11.99 12.24 -0.02 0.25 
3563 U01 1.98 2.15 1.68 1.38 0.17 -0.3 10.4 10.47 12.26 12.24 0.07 -0 
3565 SC 2.21 2.36 1.83 1.59 0.15 -0.2 10.6 10.96 13.67 13.75 0.36 0.07 
3571 SC 3.01 2.69 2.18 1.89 -0.3 -0.3 10.83 10.84 12.56 12.44 0.01 -0.1 
3853 SC 3.21 3.67 2.97 2.62 0.46 -0.4 10.69 10.47 12.63 12.98 -0.22 0.34 
3857 SC 3.53 3.6 2.73 2.81 0.07 0.08 10.68 11.23 13.15 13.22 0.55 0.06 
3855 SC 2.79 3.25 2.47 2.19 0.46 -0.3 10.24 10.55 11.88 11.66 0.31 -0.2 
3850 SC 3.31 3.14 2.62 2.32 -0.2 -0.3 10.35 10.84 13.36 13.71 0.48 0.35 
3767 SC 2.64 2.62 2.28 1.98 -0 -0.3 10.36 10.12 13.28 13.19 -0.24 -0.1 
3851 SC 2.48 2.86 2.13 2.25 0.38 0.12 10 10.12 12.45 12.27 0.12 -0.2 

*Visit code: SC/U01 = 0 month, V04 = 12 month, V06 = 24 month, V10 = 48 month. 
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Table C2. PD patients 
  SBR SBR L-R difference Effective R2 (s-1) Effective R2 L-R 

difference (s-1) 

Patient 
Number Visit* right 

caudate 
left 

caudate 
right 

putamen 

left 
putame

n 

caudat
e 

putame
n 

right 
caudate 

left 
caudate 

right 
putamen 

left 
putame

n 

caudat
e 

putame
n 

3352 SC 1.9 1.77 0.7 0.55 -0.1 -0.2 11.48 11.91 13.33 13.4 0.43 0.07 
3352 V04 1.71 1.62 0.69 0.62 -0.1 -0.1 11.2 11.82 13.09 13.17 0.62 0.08 
3352 V06 1.37 1.33 0.6 0.33 -0 -0.3 11.41 11.5 13.07 13.13 0.09 0.06 
3352 V10 1.33 1.37 0.74 0.46 0.04 -0.3 11.79 11.51 12.75 13.02 -0.28 0.27 
3367 SC 2.01 1.23 0.51 0.34 -0.8 -0.2 10.67 10.57 12.14 12.03 -0.1 -0.1 
3367 V04 1.83 1.5 0.7 0.59 -0.3 -0.1 10.31 9.774 11.97 12.21 -0.53 0.23 
3367 V06 1.88 1.15 0.38 0.53 -0.7 0.15 10.66 10.35 11.9 12.08 -0.3 0.18 
3367 V10 1.62 1.26 0.33 0.11 -0.4 -0.2 9.874 10.16 11.47 11.77 0.29 0.29 
3800 SC 2.59 2.25 1.36 0.85 -0.3 -0.5 10.41 10.29 13.38 12.95 -0.12 -0.4 
3118 SC 1.5 1.9 0.76 0.56 0.4 -0.2 10.06 10.32 11.74 12.62 0.26 0.88 
3118 V04 1.59 1.72 0.51 0.68 0.13 0.17 9.838 9.883 11.8 12.41 0.05 0.61 
3118 V06 1.28 1.44 0.44 0.52 0.16 0.08 10.3 10 11.87 12.62 -0.3 0.75 
3118 V10 1 1.14 0.42 0.29 0.14 -0.1 10.82 10.23 11.74 12.66 -0.59 0.92 
3822 SC 1.83 1.47 0.59 0.52 -0.4 -0.1 9.535 10.11 10.56 10.55 0.57 -0 
3822 V04 1.74 1.24 0.55 0.54 -0.5 -0 9.525 9.907 10.55 10.46 0.38 -0.1 
3822 V06 1.67 1.25 0.56 0.42 -0.4 -0.1 9.494 9.952 10.57 10.46 0.46 -0.1 
3822 V10 1.44 1.36 0.52 0.3 -0.1 -0.2 9.591 10.38 10.6 10.62 0.79 0.02 
3125 SC 2.05 2.79 0.59 1.12 0.74 0.53 10.62 10.79 12.52 13.04 0.17 0.51 
3125 V04 1.88 2.15 0.66 0.99 0.27 0.33 10.62 10.81 12.63 13.45 0.19 0.82 
3125 V06 1.63 2.2 0.85 0.83 0.57 -0 11.11 11.61 12.94 13.85 0.5 0.9 
3125 V10 1.69 2.02 0.75 0.74 0.33 -0       
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3365 SC 2.34 3.41 0.76 1.02 1.07 0.26 10.18 10.61 11.64 11.8 0.43 0.15 
3365 V04 1.68 2.56 0.6 0.78 0.88 0.18 11.06 11.19 11.88 12.09 0.14 0.21 
3365 V06 1.64 2.53 0.67 0.95 0.89 0.28 10.89 11.36 12.03 12.1 0.47 0.07 
3365 V10 1.43 1.9 0.65 0.81 0.47 0.16 11.28 9.977 12.13 12.65 -1.3 0.52 
3364 U01 2.6 2.98 0.96 1.37 0.38 0.41 10.55 10.36 13.15 13.45 -0.19 0.3 
3364 V04 1.98 2.63 0.56 0.97 0.65 0.41 10.8 10.87 13.31 13.82 0.08 0.51 
3364 V06 1.63 2.44 0.5 0.75 0.81 0.25 11.12 10.98 13.59 14 -0.14 0.42 
3364 V10 1.09 1.51 0.59 0.43 0.42 -0.2 10.78 11.12 13.58 14.15 0.35 0.57 
3108 SC 2.36 3.09 0.8 1.2 0.73 0.4 9.892 9.753 11.86 12.29 -0.14 0.43 
3108 V04 2.36 2.81 0.76 0.95 0.45 0.19 9.947 9.983 12.07 12.18 0.04 0.11 
3108 V06 2.44 3.1 0.65 1.28 0.66 0.63 9.858 9.901 11.81 12.23 0.04 0.41 
3108 V10 2.03 2.42 0.64 0.82 0.39 0.18 10.27 10.34 12.45 12.65 0.08 0.2 
4012 SC 2.16 2.48 0.81 1.08 0.32 0.27 10.62 9.871 12.89 12.93 -0.75 0.05 
4012 V04 1.76 2.16 0.66 0.94 0.4 0.28 11.31 10.27 13.1 13.31 -1.04 0.21 
4012 V10 1.34 1.74 0.68 0.96 0.4 0.28 9.849 9.411 12.28 12.73 -0.44 0.45 
4012 V06 1.74 1.81 0.68 0.81 0.07 0.13 10.91 10.44 13.18 13.46 -0.47 0.29 
3819 SC 2.33 1.68 0.97 0.6 -0.7 -0.4 10.57 10.15 13.13 12.96 -0.42 -0.2 
3819 V04 2.37 1.96 0.98 0.56 -0.4 -0.4 11.03 10.85 12.99 12.96 -0.18 -0 
3819 V06 1.88 1.67 0.68 0.51 -0.2 -0.2 10.97 10.84 13.19 13.31 -0.13 0.13 
3819 V10 2.03 1.66 0.64 0.54 -0.4 -0.1 11.27 10.47 13.32 13.36 -0.81 0.03 
3309 SC 1.83 2.38 0.94 1.04 0.55 0.1 11.84 11.37 13.51 13.55 -0.48 0.04 
3309 V04 1.97 2.24 0.61 1.05 0.27 0.44 11.33 11.07 13.1 13.33 -0.26 0.23 
3309 V06 1.96 2.24 0.81 0.94 0.28 0.13 11.35 10.98 13.11 13.31 -0.37 0.2 
3309 V10 1.87 2.21 0.61 0.8 0.34 0.19 11.33 11.45 13.14 13.57 0.11 0.42 

*Visit code: SC/U01 = 0 month, V04 = 12 month, V06 = 24 month, V10 = 48 month. 
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Appendix D Magnitude signal decays in 3D GRE, MESE and dual-

contrast FSE sequences for 3.0 T clinical study at UHCW, Coventry 

MR signal decays of the magnitude images acquired by the 3D GRE, MESE and dual-

contrast FSE sequence, at 3.0 T clinical MRI study at UHCW, Coventry were initially 

checked as part of MR pulse sequence set-up and quality reassurance. 

 
Fig. D.1 Magnitude signal decays for various sequences. 

Iron-rich brain region globus pallidus was measured. 
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Appendix E Agarose gel preparation, protein aggregation and gelation  

E1. Agarose gel preparation 

Preparation of 4 % w/v agarose gel stock 

A 4 % w/v agarose gel stock was prepared by melting the agarose (A9539, Sigma-

Aldrich) in the prepared minimum KH buffer (pH 7.4) using a hot plate instead of a 

water bath method due to the moderate concentration. To minimise extended 

heating, the agarose suspension was placed in a beaker that can contain 3-4 times 

the volume of the suspension and was gently stirred at room temperature for 20 min 

to prevent clumping. To avoid charring during the gel dispersion, while stirring 

moderately, the suspension was covered and first allowed to stand at the 110˚C-hot 

plate for 1 hr, and the temperature was lowered to 95˚C to prevent boiling/charring. 

The gel solution was then heated at 95˚C for another hour meanwhile continued 

stirring gently, to ensure complete dispersion of the gel and let the air bubbles escape. 

The agarose gel mixture was weighed before and after heating, and deionised water 

was added to the mixture and dispersed completely to compensate for the mass loss 

via evaporation during heating. The hot 4 % w/v agarose gel was allowed to cool to 

50-55˚C before the following gelation with protein samples. 

 
Fig. E1.1 Preparation of 4 % w/v agarose gel stock 

 

Preparation of 8 % w/v agarose gel 

A very high concentration of 8 % w/v agarose gel was prepared to serve as a 

supporting matrix for the 2 % w/v agarose-protein gel sample during the MRI 

examination. Because of the high concentration of the gel, boiling water bath was 

0 hour  After 1st hr at 110 
˚C  

After 2nd hr at 95 ˚C 



 xvii 

not sufficient anymore to disperse the agarose gel without extremely extending the 

reacting time; and the direct hot plate method was challenged in evenly heating up 

the agarose suspension without charring the agarose mixture near the direct contact 

point, due to the swelling of agarose in the confined volume that largely disabled 

stirring during heating. Therefore, the 8 % w/v agarose gel solution was prepared by 

melting agarose using a modified microwave-ultrasonic bath combined method.  

 

The appropriate amount of agarose (A9539, Sigma-Aldrich) powder was weighed and 

slowly sprinkled into 50 mL deionised water. After gently stirring to remove clumps, 

the stirrer was removed, and the high agarose content suspension was let stand at 

room temperature for 30 min to allow the agarose to be hydrated and swelled. Then 

the gel mixture was covered and transferred to the centre of a microwave oven to 

be heated, a beaker with 4-5 times the volume of the agarose suspension was used 

to give enough space for the solution to foam and boil during heating. The agarose 

suspension was heated on medium power for 15-10-10 s, with an interval of a few 

seconds to prevent foaming when the agarose mixture was swirled gently to re-

collect evaporated solution from the cover and wall of the beaker, and to re-suspend 

undissolved agarose particles each time; then the suspension was heated for another 

10 s to come to boil. After boiling, the agarose solution was re-heated in the 

microwave oven for 30 s to allow continue boiling, with a pulse every 5 s to avoid 

overboiling/overheating; and this re-heating process was repeated once to ensure 

the complete dissolution of agarose and to form a clear, colourless to light yellow 

agarose solution. 

 

After boiling and completely dispersing the agarose, the resulting hot agarose 

solution was transferred to a pre-heated 65 ˚C ultrasonic bath to sit for 2 hrs, to 

remove bubbles generated from the previous microwave heating/re-heating process. 

Every 30 min, the gel solution was gently swirled to re-collect and disperse droplets 

formed by evaporated solution. The agarose gel mixture was weighed before and 

after heating, and deionised water was added to the mixture and dispersed 

completely to compensate for the mass loss via evaporation during heating. The 8 % 

w/v gel solution was allowed to cool to 55 ˚C before casting. 
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Fig. E1.2 Preparation of 8 % w/v agarose gel using the ultrasonic bath. The agarose 

gel before (top left), during (right) and after (bottom left) 2-hour 65 ˚C ultrasonic 

bath. 

  

Before 

After 
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E2. Protein aggregation and gelation for phantom construction 

Preparation of modified Krebs-Henseleit (KH) buffer and protein suspensions 

The suspension preparation and the incubation methods were adopted from the 

work of Everett et al [88]. A modified Krebs-Henseleit (KH) buffer was prepared 

before the experiment. In 100 mL deionised water, 3.02 g piperazine-N,Nʹ-bis(2-

ethanesulfonic acid) (PIPES), 0.70 g NaCl, 0.036 g KCl, 0.030 g MgSO4, 0.021 g CaCl2, 

0.2 g glucose were weighed and carefully dissolved. While stirring, the solution was 

first neutralised by adding 1 M NaCl to allow the complete dissolution of the 

remaining PIPES. At 37 ˚C, the pH of the buffer was adjusted to 7.4, and then 

continually stirred for another hour to ensure a stable pH. This modified KH buffer 

contained 100 mM PIPES, 118.5 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.4 mM CaCl2, 

11 mM glucose. A minimum KH buffer (pH 7.4, 37˚C) was also made using the above 

method, but only consisted of 100 mM PIPES and 118.5 mM NaCl. All reagents used 

were analytical grade. All buffers were stored at 4 ˚C until use. 

 

Horse spleen ferritin (Type I, 57 mg/mL, in saline solution; ref: F4503) was obtained 

from Sigma-Aldrich (Gillingham, United Kingdom). A total of 0.5 mL ferritin stock with 

the concentration of 1.44 mg/mL horse spleen ferritin was made by diluting 12.6 µL 

57 mg/mL ferritin with 487.4 µL modified KH buffer (pH 7.4). The 1.44 mg/mL ferritin 

stock solution was then divided into two 250 µL ferritin solutions. 

 

Amyloid β-protein (1-42) (ref. 4014447) was purchased from Bachem (Bubendorf, 

Switzerland) and stored at -80 ˚C before use. The entire 1 mg peptide was freshly 

dissolved into 0.5 mL 1 mM NaOH to make a 2 mg/mL Aβ(1-42) solution on the day 

of use to prevent aggregation. The peptide solution was let stand for 30 min at room 

temperature before use to allow complete dissolution. 

 

Incubation of Aβ(1-42) with Horse Spleen Ferritin 

Three protein/peptide suspensions were prepared for the following incubation. From 

the 2 mg/mL Aβ(1-42) stock, 50 µL peptide solution was added to 250 µL 1.44 mg/mL 

ferritin stock to create an Aβ+ferritin suspension (Aβ+Ftn), where the concentrations 

of Aβ and ferritin were 0.33 mg/mL and 1.2 mg/mL respectively. At the same time, a 
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ferritin reference (Ftn) was prepared as above but substituting the Aβ solution with 

1 mM NaOH. Similarly, an Aβ control (Aβ) was also made by adding the corresponding 

Aβ stock solution to 250 µL modified KH buffer. All three suspensions were kept in 

tightly closed microcentrifuge tubes and incubated at 37 ˚C for a consecutive period 

of 100 hrs before gelation. 

 

Gelation of incubated protein suspensions 

The incubated protein suspensions Aβ+Ftn, Aβ, and Ftn were distributed into 

individual microcentrifuge tubes after incubation and diluted with modified KH 

buffer (pH 7.4) to a concentration gradient series according to Table SB.1. 

 

Table E2.1 Dilution gradient series of 3 incubated protein suspensions. 

 Aβ+Ftn 

suspension 

Ftn suspension Aβ suspension Modified KH 

buffer (pH 7.4) 

Aβ+Ftn 3 60 µL - - - 

Aβ+Ftn 2 30 µL - - 30 µL 

Aβ+Ftn 1 10 µL - - 50 µL 

Aβ+Ftn 0 - - - 60 µL 

Ftn 3 - 60 µL - - 

Ftn 2 - 30 µL - 30 µL 

Ftn 1 - 10 µL - 50 µL 

Ftn 0 - 0 µL - 60 µL 

Aβ 3 - - 60 µL - 

Aβ 2 - - 30 µL 30 µL 

Aβ 1 - - 10 µL 50 µL 

Aβ 0 - - 0 µL 60 µL 

 

Each diluted sample was allowed to sit in a heated ultrasonic bath for 5 min to 

remove air bubbles and to disperse any moderate protein clumps, at the same time 

the heated ultrasonic treatment pre-warmed the microcentrifuge tube and the 

contained sample suspension individually to 45 ˚C. 
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Then the prepared 4 % w/v agarose gel stock that was cooled to 50-55 ˚C was gently 

pipetted and mixed with the ultrasonic treated, pre-warmed protein suspension in a 

volume ratio of 1:1, to create the 2 % w/v agarose-protein gel mixture. Care was 

taken in handling the mixture to well distribute the solution/suspension at the 

bottom of the microcentrifuge tube, while not generating air bubbles in the mixture 

during pipetting. After mixing, the 2 % w/v agarose-protein gel mixture was 

immediately returned to the 45 ˚C ultrasonic bath for another 10 min to remove any 

remaining bubbles and to reduce protein/gel clumping. The 2 % w/v agarose-protein 

gel was transferred to a 37˚C ultrasonic bath for 30 min to allow gelation to start, 

then the protein gel sample was let sit at room temperature overnight to complete 

the gelation process. All 2 % w/v agarose-protein gel samples were stored at 4 ˚C for 

no more than one week until use. 

 

Supporting gel casting and phantom construction 

The set 2 % w/v agarose-protein gel sample was carefully removed from the 

microcentrifuge tube while keeping its shape intact, providing a near cone-shaped 

gel with around 7-mm height and 5-mm diameter at its base. The gel was then rinsed 

using deionised water and the solution remaining on the gel surface was removed 

using filter papers.  

 
Fig. E2.1 Removed 2 % w/v agarose-protein gel samples.  

Insert: side-view of a protein gel sample. 

 

The protein gel sample was then placed on the bottom of a 20 ´ 20 mm (ID ´ H) soft 

silicone cylinder mould, standing on its base and its round end pointing upwards. The 
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8 % w/v agarose gel solution was then cast into the cylinder mould to about 1.5 cm 

height, covering the 2 % w/v agarose-protein gel sample. Some small air bubbles 

floating on the surface of the 8 % w/v gel solution was carefully removed before 

pouring, and those remaining in the gel solution tended to float to the surface of the 

gel assembly that was just cast. The gel assembly was allowed to stand for 5-10 min 

until it set and can be removed from the cylinder mould, then was slid back into the 

mould with the topside first to expose the base of the gel block. More supporting 

agarose gel solution was then cast until the entire cylinder mould was filled. The 

complete 20 ´ 20 mm (ID ´ H) gel assembly was let sit for another 10 min until the 

whole block can be removed from the mould, then the excessive top and bottom of 

the gel cylinder was removed with a sharp blade to form the final gel assembly MR 

phantom with an approximate dimension of 20 ´ 10 mm (D ´ H), in which the 2 % 

w/v agarose-protein gel sample was sitting at the centre of an 8 % w/v agarose 

supporting matrix. The final gel assembly MR phantom was transferred to 4 ˚C to 

continue gelation for another 2 hrs. The gel assemblies were stored at 4 ˚C for no 

more than 48 hrs before MR examinations. 

 

 
Fig. E2.2 Moulding and the resulting gel assembly MR phantoms. Left column: single 

protein gel sample embedded; Right column: four protein gel samples embedded. 
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Appendix F Pre-scan adjustments and shimming strategies for 9.4 T 

preclinical MRI  

F1. Pre-scan adjustments 

Tuning and matching 

The MR signal-to-noise ratio (SNR) is highly dependent on the efficiency of the RF 

power transmission and reception. The power is transported between the 

preamplifier and the RF coil via a coaxial cable. To reach its maximum, the transmitter, 

the cable, and the RF coil needed to achieve the same impedance. This was achieved 

by manually adjusting the matching capacitor of the RF coil/probe, until all the power 

was transferred to the coil with zero power reflected back to the transmitter. It is 

referred to as a power match situation.  

 

On the other hand, the sensitivity of the probe required adjustment so that the 

transmission frequency of the RF coil was near the observed nucleus’ frequency (1H). 

Although the probe had been initially tuned for the 400 MHz spectrometer during 

installation, slight variations in the transmission frequency (< 100 kHz) were adjusted 

within a specified range using the tuning capacitor built into the probe circuitry. The 

tuning and matching result was examined on the wobble curve (Fig. F1.1) of the RF 

coil after the sample was inserted and stabilised. The ‘dip’ in the wobble curve should 

reach the bottom (matched) and align with the frequency centre (tuned). 

 
Fig. F1.1 An example wobble curve of a phantom after the tuning and matching 

adjustment. Left: the entire wobble curve of the phantom; Right: zoom area of the selected 

yellow box. 

 

Shimming 

Shimming describes the process of correcting the magnetic field inhomogeneity 

caused by the hardware (e.g., coils materials and electric currents) and the sample’s 
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location and magnetic properties. The GRE sequence is highly sensitive to the 

magnetic field inhomogeneity, which is generally present near the sample-air 

interface. On the other hand, in sequences where multiple, repetitive RF pulses are 

used to generate MR signals, i.e., MESE, FSE, EPI sequences, the phase error caused 

by the field inhomogeneity tends to propagate along the echo train length via phase 

accumulation. 

 

Within the sample space of the RF coil, the total magnetic field (B0’) experienced by 

each location (x,y,z) is the summation of the desired constant or homogeneous 

magnetic field B0 and the field inhomogeneity at that point. Shimming is a process of 

finding a set of spatial functions !!(#, %, &) that satisfy 

(" = ("# (#, %, &) + +!,!!!(#, %, &) 
Ideally, shimming therefore counteracts the field inhomogeneity caused by the 

hardware design and the inserted sample, by manipulating the current in the shim 

coils so that it generates the desired field profile !!(#, %, &). 
 

Before starting the shimming, the sample tube was placed in the centre of the RF coil, 

then the RF coil/probe was carefully moved into the gradient coil and fixed at the 

vertical shim centre, which is also the 3-axis gradient centre. 

 

Shimming strategy 

To achieve high quality of the image data, a systematic, multi-step shimming strategy 

was developed for the MR examination of sample with large susceptibility variation, 

on a total of 18 shim sets (up to 4th order shim). It included three steps of FID 

shimming, with increased shim order at each step to achieve maximum FID signal 

globally and followed by an additional localised shimming based on the field map to 

minimise the B0 inhomogeneity within the sample. With this shimming strategy, the 

MR acquisition minimised the field inhomogeneity caused by the susceptibility 

variation within the sample, whilst maintaining a good field homogeneity within the 

RF coil by compensating for the field distortion caused by the insertion of sample. 

The details of the shimming step are described in the following section F2. 

 

Eq.(F1.1) 
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Frequency adjustment 

This adjustment was performed automatically at the beginning of scanning each 

sample, and manually re-adjusted after alternation of higher-order (3rd and 4th order) 

shim sets. The algorithm searched the dominant 1H resonance frequency of the 

sample by sweeping the central frequency around 398.2 MHz (Fig. F1.2), the 

configuration frequency for water considering the main field B0 drift of the magnet 

and set it to the frequency of the spectrometer. 

 

 
Fig. F1.2 Frequency shift of the dominant resonance frequency of a sample before (left) and 

after (right) the frequency adjustment. 

 

Reference RF power and receiver gain 

After the completion of all the above adjustments, reference power and receiver gain 

adjustments were carried out to calculate the transmitter and receiver 

attenuation/gain. As the RF adjustment depends on the coil loading and sample 

location, when the RF coil was fastened at the magnet centre, the construction of the 

phantom holder allowed the sample to be placed within the sensitivity centre of the 

coil, around z = 0 and occupied at least z = ±2.5 mm coil space, therefore a standard 

Paravision method (PVM) can be reliably used to adjust the reference power. In this 

method, a 3-pulses stimulated echo (STE) sequence was employed, where an α-2α-

α pulse train with a consistent pulse amplitude was applied to the selective 5-mm 

slice located at the imaging centre (z=0). The algorithm varied the pulse angle α by 

gradually increasing the RF pulse amplitude, until the signal amplitude at the slice 

profile’s centre of the STE was minimised, which was generated after the last α 

excitation pulse. The peak power reached for the α pulse at this point was set to be 

the reference power of a 1-ms 90˚ RF pulse.  
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As the last step of the pre-scan adjustment, the receiver gain was adjusted 

individually for each pulse sequence of the following MR acquisition, according to 

their scan parameters, to obtain appropriate signal intensity for the analogue-to-

digital converter (ADC). The adjustment result was confirmed once the maximum 

signal intensity received was adjusted to 1 (Fig. F1.3). 

 

 
Fig. F1.3 Adjusted receiver gain of a multi-echo gradient echo sequence. 
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F2. Shimming strategies 

To minimise the susceptibility artefact and optimise SNR, a consistent multi-step 

shimming was employed in this work, with details described here. 

 

a) Global FID shim 

An iterative global linear shim adjustment of 1st order shim sets based on the non-

localised FID integral was initially ran at the beginning of scanning each sample. A 

non-selective hard pulse was sent by the RF coil to generate an FID signal for each 

shim setting, and the area under the FID in the time domain (showed as 

GS_normalised area) was maximised, by fitting the FID area as a function of shim sets 

to a Gaussian curve, and setting the shim values corresponding to the FID area at the 

centre of the curve the optimised results. 

 

 
Fig. F2.1 An example global FID of a phantom after the 1st order shim adjustment 

 

The resonance frequency was adjusted to the frequency where the maximum peak 

of the Fourier Transform of the FID signal was located. This process was done 

automatically at the beginning of each study (sample) within PV6. 

 

b) 1st order and z2 shim 

Similar to the 1st order shimming, a series of gradient sweeping was performed on 

Z2-X-Y-Z shims to locate the maximum FID area. It was based on an algorithm, which 

allowed repetitive sweeping of above shims on both sides of the established shim 

setting, back-and-forward for 3 times. The sensitivity of the sweeping was increased 

for each repetition, with 200 Hz, 100 Hz and 50 Hz respectively.  
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c) 1st and 2nd order shim 

An iterative shimming was then performed on X-Y-Z shims and Z2-XZ-YZ-XY-X2-Y2 

shims. For each shim set, 3 iterative were carried out with a decreasing step length 

that started from 200 Hz. Every time when completing a 2nd order shim, 1st order 

shims X-Y-Z were readjusted afterwards. 

 

d) B0 map shim 

To minimise the high-order gradients that generated at the sample surface, higher-

order shims and localised signal examination were performed using B0 map shim. A 

corresponding B0 map (field map) was acquired before shimming, using a temporary 

phase-difference technique, within a cubic 22mm-FOV that covered the whole 

sample and the region-of-interest (ROI) to be imaged later at the centre of the 

geometry. The acquisition was carried out using a 3D GRE pulse sequence with a non-

selective hard pulse, and with two echo times (TE) at TE1=1.63 ms (minimum echo 

allowed) and TE2=3.58 ms. The field map was calculated from the spatially varied 

phase evolution φ(x,y,z,t) during the echo spacing ΔTE. 

 
Fig. F2.2 Comparison of FIDs within the selected shim volume from two sets of shims 

calculated using different shimming methods. 

Left: 1st and 2nd order shimming; Right: B0 map shimming 

 

The field profile was calculated pixel-wisely within a 128*128*128 matrix, then the 

mapshim algorithm can calculate the optimal shim sets that satisfy Eq(F1.1), using 

the least-squares method to minimise the residual field across the chosen shim 

volume. The shim volume was selected to cover the entire inserted gel sample. After 

this step, sometimes the time-domain FID area was slightly compromised compared 

with lower-order shimming results, but the local field homogeneity within the sample 
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was generally improved, by visual examination of B0 maps and the image quality of 

the anatomical scans (localiser) before and after the shimming. 
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Appendix G Assessment of QSM reconstruction on 9.4 T preclinical MRI 

G1. Background field removal 

 
Fig. G1.1 An example line-profile of the RDF for Aβ+Ftn phantom estimated using PDF 

method with different tolerance (tol) at maximum iteration = 300. 
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Fig. G1.2 An example line-profile of the RDF for Aβ+Ftn phantom estimated using LBV 

method with varied tolerance (tol). 
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Fig. G1.3 An example line-profile of the RDF for Aβ+Ftn phantom estimated using SHARP 

method with various SMV kernel radius.  

The k-space truncation values = 0.08.  
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G2.L-curve analysis 

 
Fig. G2.1 L-curve analysis and the susceptibility images of Aβ+Ftn phantom reconstructed 

with λ selected using the L-curve criterion. 

A1: Log-log L-curve of the regularisation cost and the data fidelity cost; inserted image: 

plotting in a linear axis; A2: calculated curvature derived from λ spanning across a large 

logarithm scale. B: reconstructed susceptibility images with λ = 5.18 ´ 104. 

A1) 

B) 

A2) 
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Fig. G2.2 L-curve analysis and the susceptibility images of Ftn phantom reconstructed with 

λ selected using the L-curve criterion. 

A1: Log-log L-curve of the regularisation cost and the data fidelity cost; inserted image: 

plotting in a linear axis; A2: calculated curvature derived from λ spanning across a large 

logarithm scale. B: reconstructed susceptibility images with λ = 1 ´ 103.  

A1) 

B) 

A2) 
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Fig. G2.3 Fig.11 L-curve analysis and the susceptibility images of Aβ phantom reconstructed 

with λ selected using the L-curve criterion. 

A1: Log-log L-curve of the regularisation cost and the data fidelity cost; inserted image: 

plotting in a linear axis; A2: calculated curvature derived from λ spanning across a large 

logarithm scale. B: reconstructed susceptibility images with λ = 1.39 ´ 102. 

  

B) 

A1) A2) 
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G3.U-curve analysis 

 
Fig. G3.1 Reconstructed susceptibility images (upper) of Aβ+Ftn phantom and its U-curve 

(bottom). Optimal regularisation parameter λ = 1.93 ´ 104. 

 

 
Fig. G3.2 Reconstructed susceptibility images (upper) of Aβ phantom and its U-curve 

(bottom). Optimal regularisation parameter λ = 1.93 ´ 104. 
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Fig. G3.3 Reconstructed susceptibility images (upper) of Ftn phantom and its U-curve 

(bottom). Optimal regularisation parameter λ = 5.18 ´ 104. 
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Appendix H Summary of linear regression analyses between R2* and 

ferritin levels, and between susceptibility and ferritin level in Aβ+Ftn, 

Ftn and Aβ phantoms 

Table H1. Summary of linear regression analysis 

Phantom Correlation ! " SSE R2 
Adjusted 

R2 
RMSE 

Aβ+Ftn 

Median R2
*-ferritin 42.48 21.84 44.76 0.8943 0.8415 4.7308 

Mean R2
*-ferritin 58.08 21.59 24.89 0.9661 0.9491 3.5278 

Median susceptibility-

ferritin 
0.1473 0.0013 0.0003 0.9473 0.9209 0.0113 

Mean susceptibility-

ferritin 
0.1502 0.0073 0.0003 0.9473 0.9209 0.0113 

Ftn 

Median R2
*-ferritin 14.65 14.73 0.7061 0.9846 0.9769 0.5942 

Mean R2
*-ferritin 15.00 14.84 0.7818 0.9837 0.9756 0.6252 

Median susceptibility-

ferritin 
0.0123 0.0441 8.2e-05 0.2806 -0.0791 0.0064 

Mean susceptibility-

ferritin 
0.0100 0.0466 8.2e-05 0.2806 -0.0791 0.0064 

Aβ 

Median R2
*-ferritin -10.44 19.90 3.7542 0.3156 -0.0266 1.3701 

Mean R2
*-ferritin -10.64 20.05 3.391 0.346 0.020 1.302 

Median susceptibility-

ferritin† 
-0.004 0.0313 1.1e-05 0.0202 -0.9597 0.0033 

Mean susceptibility-

ferritin† 
-0.0029 0.0313 3.1e-05 0.0036 -0.9927 0.0056 

A linear correlation # = !% + " was fitted for the observed data individually, where # was 

the observed value of R2
* (s-1) or susceptibility (ppm), % indicated the nominal concentration 

of the ferritin or Aβ (mg/mL), and the slope coefficient !  and a constant offset "  were 

estimated for each fit. † Correlation was fitted without the measurements in Aβ 1 ROI, due 

to the susceptibility artifact. 
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Appendix I Ethical approval documentation  

The list of documentations for the ethical approval granted for the study presents 

here: 

 

I1. Signed BSREC application form 

I2. Data flow map 

I3. Invitation email 

I4. Poster and leaflet 

I5. Participant information sheet (PIL) 

I6. MRI information sheet 

I7. Consent form 

I8. MRI safety screening form 

I9. Sample MRI scan list 

I10. BSREC full approval 

I11. GafREC application form 

I12. GafREC approval letter – use of facility only 

I13. GafREC approval letter – retrospective data 

I14. GafREC insert letter for COVID19 response 
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Invitation Email 
Dear friends, 

 

You are invited to take part in a research study, Validation of a Quantitative Susceptibility Mapping 
Sequence to Measure Brain Iron Concentrations. 

 
What is the study about? 
 
This study involves imaging your brain by using magnetic resonance imaging (MRI), which is a safe, 
non-invasive, and non-ionising medical imaging technique. By applying an advanced MRI technique, 
quantitative susceptibility mapping (QSM), we aim to investigate and validate QSM analysis on local 
clinical MRI scanners (3.0T GE healthcare) of the University Hospital Coventry and Warwickshire 
(UHCW), for quantitatively measuring iron concentration in the brain. 
 
Why? 
 
As the regional brain iron is a potential biomarker of ageing and multiple neurodegenerative disorders, 
including Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis. QSM has been used 
increasingly in brain imaging in recent years, however, it is not yet undertaken at UHCW. Therefore, 
this study aims to validate a QSM-applicable sequence on the local scanners in UHCW. As an 
essential development work to support future research studies, including proposed research into 
multiple sclerosis, the MRI technique of QSM will help understanding of the pathological alternations 
and the role of iron in disease development.  
 
How? 
 
If you are an adult no older than 50 years old and have no known brain disorder (e.g. Parkinson’s 
disease, multiple sclerosis, a brain haemorrhage, a brain infarct, or a brain tumour) and wear no 
cardiac pacemaker or other electronic implants, and if you are interested in taking part in the study, 
you can contact us directly or write to: 
 
Jierong Luo 
School of Engineering 
University of Warwick 
Coventry 
CV4 7AL 
Email: J.Luo.1@warwick.ac.uk 
Tel: 024 7657 5487 
 
If you have any questions about the study or if you would like to know more information, you are 
welcome to contact us by using the information provided above. Thank you for your time! 

This study is as part of a PhD project by Miss Jierong Luo (School of Engineering, University of 
Warwick), and it is not funded by any external body. It is collaborative research with University 
Hospitals Coventry and Warwickshire (UHCW). 
 

Best regards, 

 

Jierong 



University Hospitals 
Coventry and Warwickshire 
NHS Trust

TAKE PART
IN OUR RESEARCH
TO HELP
UNDERSTANDING
BRAIN DISORDERS

NHS

PLEASE CONTACT US
Jierong Luo
University of Warwick
Coventry
CV4 7AL
J.Luo.1@warwick.ac.uk

IF YOU ARE:

AND IF YOU 
are interested in taking part or have questions
or would like more information

We’re carrying out a research study to validate an advanced
medical imaging technique quantitative susceptibility mapping
(QSM) using Magnetic Resonance Imaging (MRI) on local
clinical MRI scanners of the University Hospital Coventry and
Warwickshire (UHCW), to measure brain iron – a biomarker of
ageing and multiple neurodegenerative disorders.

WE NEED
healthy volunteers to 
undergo a single brain 
MRI scan at UHCW

Have no 
brain 

disorder

Have no 
electronic 
implants

Adult up 
to 80 

years old
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Participant Information Leaflet 

Study Title: Validation of a Quantitative Susceptibility Mapping Sequence to 
Measure Brain Iron Concentrations 

Investigator(s): 
Jierong Luo, Joanna Collingwood (University of Warwick); Sarah 
Wayte, Andrew Weedall, Michael Doikono (University Hospitals 
Coventry and Warwickshire) 

 
Introduction 
 
You are invited to take part in a research study. Before you decide, you need to understand 
why the research is being done and what it would involve for you. Please take the time to read 
the following information carefully. Talk to others about the study if you wish. 
 
Please ask us if there is anything that is not clear or if you would like more information. Take 
time to decide whether or not you wish to take part. 
 
Who is organising and funding the study? 
 
This study is as part of a PhD project by Miss Jierong Luo (School of Engineering, University 
of Warwick), and it is not funded by any external body. It is collaborative research trial with 
University Hospitals Coventry and Warwickshire (UHCW). 
 
What is the study about? 
 
This is a research project that uses a medical imaging technique, magnetic resonance imaging 
(MRI), to compute the tissue susceptibility and measure iron in the brain. By applying an 
advanced MRI technique, quantitative susceptibility mapping (QSM), we aim to investigate if 
QSM can quantitatively measure iron concentration in different brain regions with good 
reliability and robustness. 
 
As an emerging technique, QSM has been used increasingly in brain imaging in recent years, 
however, it is not currently undertaken at UHCW. Therefore, this study aims to validate a QSM-
applicable sequence on the local scanners in the Hospital. The images will be obtained using 
a standard MRI scanner and applying a standard pulse sequence optimised to image the 
tissue susceptibility that is generated by brain iron. Your MRI scan will then be processed and 
analysed at the University of Warwick, to test and measure iron concentration in the brain. 
 
What would taking part involve? 
 
This study involves imaging your brain by using MRI, which is a safe, non-invasive, and non-
ionising medical imaging technique.  
 
If you agree to take part in the study, you will be required to undertake a single MRI scan in 
the Radiology Department at UHCW. You have been given an MRI information sheet, which 
should give you more information about the MRI examination; you can also find some useful 
information about this on the NHS page of MRI: https://www.nhs.uk/conditions/mri-scan/. 
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Before making an MRI appointment 
Please look at the MRI Safety screening form, a safety questionnaire that has been given to 
you with this doucument. If you will answer ‘yes’ to questions 1 to 7 on the form, please contact 
us, and we will discuss with the MRI team at UHCW. If you have any doubts or questions 
regarding the MRI safety screening form, please also contact us.. 
 
Making an MRI appointment 
If you will answer ‘no’ to questions 1 or 7 on the MRI safety screening form, or if you have 
answered ‘yes’ but the MRI team at UHCW has confirmed it should be safe to proceed with 
your MRI, then you will be contacted by Miss Jierong Luo and given a short list of when an 
MRI appointment is available at the site, and you may choose the date and time that are 
convenient for you. Once your appointment has been made, you will receive a confirmation 
from us. 
 
Attending the MRI appointment 
Note: There are no lifestyle or dietary restrictions for undergoing the MRI scan. You are free 
to drive to and from the hospital before and after your scan. No changes to regular 
medications, no blood-taking or injections are required prior to or during this scan. 
 
On the day of your appointment, you should visit the MRI department within the x-ray 
department of UHCW as arranged to undergo your MRI scan.  
At the appointment, you will be asked to complete the MRI safety screening form together with 
a member of the MR staff before the MR scan, to ensure that having an MRI scan is safe for 
you. (Please bring the MRI safety screening form you have been given along to your 
appointment.) 
If you pass the safety screening and ready to undergo your scan, then instructions will be 
provided to help you understand and complete the MRI scan . Your MRI scan will be performed 
by a trained radiographer, and should take approximately 15 minutes, but may take up to 45 
minutes. During scanning, you will be required to lie down on your back and to keep as still as 
possible during some of this time, and you can communicate with the scan operator at any 
time if necessary.  
 
After the appointment 
The images collected in this study will be reviewed by a radiologist. If we are concerned by 
the appearance of your images, we will inform your GP.  
Your MRI scanimages will be taken to the University of Warwick for processing, analysis and 
storage. 
 
 
Do I have to take part? 
 
Participation in this study is completely voluntary.  
 
Before you make the decision of whether to take part in this study or not, a member of the 
research team will ask a few short questions to ensure that you are eligible for the participation 
of the study. You should then be talked through the aims of the study; any questions you may 
have that concerns the study will be answered with honesty. You will then be given at least 3 
days to consider if you wish to take part. If so, we will then discuss and go through with you 
the consent form, which you will initial and sign if you are happy to participate in the study.  
 
You can also choose to withdraw your participation at any time, without giving a reason by 
contacting one of the research team. Further details about withdrawing from the study are 
provided later on in this document.  
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What are the possible benefits of taking part in this study? 
 
As the regional brain iron is a potential biomarker of ageing and multiple neurodegenerative 
disorders, including Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis (MS), 
this study aims to validate the QSM analysis for brain iron quantification, on local clinical MRI 
scanners (3.0T GE healthcare) of UHCW. If applicable, the MRI technique of QSM will be an 
essential part of a bigger clinical project that concerns MS pathological alternations and the 
role of iron in disease development.  
 
What are the possible disadvantages, side effects or risks, of taking part in this study? 
 
With no known hazard, MRI is entirely non-invasive and involves no exposure to hazardous 
radiation, unlike some other medical imaging technique (e.g. X-ray imaging).  
MRI uses strong magnetic fields and radio-frequency pulses, so it can be unsafe for certain 
individuals, for example those with cardiac pacemakers, cochlear implants or other implanted 
electronic devices. We are also excluding pregnant participants from this trial, as the possible 
effects of MRI scans on the baby are not completely known. You will be taken through the MRI 
safety screening form with an member of the MRI staff at UHCW immediately prior to your 
examination to ensure that the MRI scan is safe for you. 
MRI is comfortable for most people, but those who suffer from claustrophobia (fear of enclosed 
spaces) might find it uncomfortable to stay in a tube-shaped scanner. 
 
Your participation and data will be kept confidential, but if your MR scan reveals any 
unsuspected abnormality, we will inform your general practitioner (GP) and your images may 
be  withdrawn from the study. 
 
Expenses and reimbursary 
 
Local transportation charges (e.g. bus fares) and parking charges at UHCW for the study will 
be reimbursed after your participation. 
 
Will my taking part be kept confidential? 
 

 
Your participation will be kept confidential. All the data obtained from you as part of this study 
will be stored securely and handled with care by the research team.  
 
In the study, your participation will be pseudonymous - you will be given a unique study number 
after signing on the informed consent form, so your identity will be protected from the 
beginning of the study; after that, all research activities about you will be carried out under the 
study number. The only file that keeps the link of the code with your identity will be securely 
stored at the University of Warwick. 
 
Only the research team can access your data in the study; when the study is completed, all 
data that are collected from you will be fully  pseudonymised in the study to be reported and 
submitted, and you will not be identified in the report directly or indirectly. 
 
What will happen to the data collected about me? 
 
The collection of research data is carried out under a study trial number that is given to you at 
the beginning of the study, so all research data will bepseudonymised, and will contain no 
personally-identifiable information of you. Following data will be collected from you: 
 
1) Your age and gender 
2) The MRI scan of your brain 
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The data will then be processed and analysed, and to be used to generate the tissue 
susceptibility maps, and to evaluate the brain iron. To validate the QSM-applicable sequence, 
necessary statistics analysis will be carried out using the data. 
 
Your personal information that is collected on the consent form will be stored separately and 
securely to the research data, in the University of Warwick, until being destroyed to safeguard 
your identity.  
 
The MRI safety screening form will be stored securely at UHCW. If no abnormality is seen on 
your images the form will be destroyed. If an abnormality is seen, the form will be retained for 
1 year before being destroyed. 
 
As a publicly-funded organisation, the University of Warwick has to ensure that it is in the 
public interest when we use personally-identifiable information from people who have agreed 
to take part in the research. This means that when you agree to take part in a research study, 
such as this, we will use your data in the ways needed to conduct and analyse the research 
study. 
 
We will be using information from you in order to undertake this study and will act as the data 
controller for this study. We are committed to protecting the rights of individuals in line with 
data protection legislation. The University of Warwick will keep identifiable information about 
you for 5 years after the study has finished. 

Can I withdraw the data that has been collected from me? 
 
After your data has been collected for the study, you can still request to withdraw your data 
from the study at any time before the data is to be integrated into analysis for reports. Please 
note that because of the practical reasons above, we would not be able to withdraw your data 
from the stage of analysis onwards.  
If you wish to withdraw the data that has already been collected from you, you can write your 
request to Miss Jierong Luo, whose contact is provided later on in this document. A response 
to your request will be made by us within 24 hours, and please allow one week for the data 
withdraw procedure. We will contact you once your data is totally removed from the study. 
 
Data Sharing 
 
Your data will not be shared outside the University for this study. However, as part of the study, 
we need to acquire your MRI data using the facilities of UHCW, which will be carried out under 
a study trial number that will be given to you, and the data will be transferred securely to the 
University of Warwick as soon as possible. After the stage, no research data will be stored in 
UHCW. 
 
Your rights to access, change or move your information are limited, as we need to manage 
your information in specific ways in order for the research to be reliable and accurate. The 
University of Warwick has in place policies and procedures to keep your data safe.  
 
This data may also be used for future research, including impact activities following review 
and approval by an independent Research Ethics Committee and subject to your consent at 
the outset of this research project.  
 
For further information, please refer to the University of Warwick Research Privacy Notice 
which is available here:  
https://warwick.ac.uk/services/idc/dataprotection/privacynotices/researchprivacynotice  
or by contacting the Information and Data Compliance Team at GDPR@warwick.ac.uk.  
 
  



5 
 

What will happen if I don’t want to carry on being part of the study? 
 
Your participation in this study is entirely voluntary, and you are free to withdraw – stop being 
part of the study at any time without giving a reason, and a decision of the withdrawal would 
not affect you in any way. If you wish to stop your participation in the study, you can contact 
us directly or write your request to: 
 
Jierong Luo 
School of Engineering 
University of Warwick 
Coventry 
CV4 7AL 
Email: J.Luo.1@warwick.ac.uk 
Tel: 024 7657 5487 
 
A response to your request will be made by us within 24 hours, and all research activities on 
you will cease as soon as we receive your request. You will be notified once your request is 
fulfilled. 
 
Please note withdrawing participation is separate to withdrawing data that has already been 
collected during the study. If you wish to withdraw your data that has been collected, please 
refer to a previous section “Can I withdraw the data that has been collected from me?” for 
the procedure and the timeline of withdrawing your data. 
 
What will happen to the results of the study? 
 
As part of a PhD project, the results will be incorporated in the PhD thesis of Miss Jierong Luo, 
to be submitted in 2021. The results of the study will be presented at scientific events (e.g. 
conferences, public engagements), and disseminated in journals of relevant research fields. 
All results will be fully pseudonymised. 
 
Who has reviewed the study? 
 
This study has been reviewed and given a favourable opinion by the University of Warwick’s 
Biomedical & Scientific Research Ethics Committee (BSREC): Insert your HSSREC/BSREC 
reference number here (given to you during the course of the review process).  
 
Who should I contact if I want further information? 
 
If you have any questions about the study or if you would like to have further information, you 
can contact the person below: 
 
Jierong Luo 
School of Engineering 
University of Warwick 
Coventry 
CV4 7AL 
Email: J.Luo.1@warwick.ac.uk 
Tel: 024 7657 5487 
 
Joanna Collingwood 
School of Engineering 
University of Warwick 
Coventry 
CV4 7AL 
Email: J.F.Collingwood@warwick.ac.uk 
Tel: 024 7652 3152 
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Who should I contact if I wish to make a complaint? 
 
Any complaint about the way you have been dealt with during the study or any possible 
harm you might have suffered will be addressed.  Please address your complaint to the 
person below, who is a senior University of Warwick official entirely independent of this 
study: 
 
Head of Research Governance 
Research & Impact Services 
University House 
University of Warwick 
Coventry 
CV4 8UW 
Email: researchgovernance@warwick.ac.uk  
Tel: 024 76 522746 
 
If you wish to raise a complaint on how we have handled your personal data, you can 
contact our Data Protection Officer, Anjeli Bajaj, Information and Data Director who will 
investigate the matter: DPO@warwick.ac.uk.  
 
If you are not satisfied with our response or believe we are processing your personal data in 
a way that is not lawful you can complain to the Information Commissioner’s Office (ICO). 
 
Thank you for taking the time to read this Participant Information Leaflet 
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MRI Information Sheet 
 
Magnetic Resonance Imaging (MRI) is a medical imaging technique used for 
diagnosing and managing the disease in the hospital. The method can be 
used to produce anatomical images from within the body. The method is 
entirely non-invasive and involves no exposure to hazardous radiation (unlike, 
for example, X-ray imaging).  
 
MRI has no known hazard and comfortable for most people, with only a few 
exceptions. People who have electrically, magnetically or mechanically 
activated implants (such as cardiac pacemakers), or those with metal in their 
body (such as clips on blood vessels in their brain, or other metal fragments) 
should not have an MRI because the devices may move or not function 
properly. However, persons with metal dental fillings may have an MRI. MRI is 
not usually recommended for the pregnant patient, because the long-term 
effects of the strong magnetic field on the developing baby is unknown. Those 
who suffer from claustrophobia (fear of enclosed spaces) will probably find an 
MR study uncomfortable. Before you are enrolled in an MRI study, the 
investigator will perform a thorough screening to be sure that MRI is safe for 
you. 
 
The magnetic resonance (MR) scanner is a powerful tube-shaped magnet 
that uses radio waves to create computerized images of the brain and body. 
Because the magnet is always on, you will be instructed not to bring any 
metal objects into the magnet suite, as these objects may become airborne 
and injure someone. The MR scanner magnet will also erase the magnetic 
strip on credit cards, so you should leave your wallet outside as well. 
 
To perform a safe and successful MR scan, a radiographer will instruct you 
before and during the scanning. Because the MRI study involves imaging 
procedures that are very sensitive to motion, you will be asked to keep as still 
as possible during the examination. You may expect the MRI examination to 
be noisy and will be given earplugs to wear. You will be able to talk or listen to 
the radiographer during the examination. You will be given a button which you 
can squeeze to alert the radiographer if you want the scanning to stop at any 
time.  
 
The images collected in this study will be reviewed by a radiologist. If a 
radiologist is concerned by the appearance of your images, we will inform 
your GP. 
 

NHS 
MRI/CT Department 

University Hospital 
Clifford Bridge Road 
Coventry CV2 2DX 
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CONSENT FORM 

STRICTLY CONFIDENTIAL 
 

Participant Identification Number for this study: 

Title of Project: Validation of a quantitative susceptibility mapping sequence to 
measure brain iron concentrations 
Name of Researcher(s): Jierong Luo, Joanna Collingwood (University of Warwick); Sarah 
Wayte, Andrew Weedall, Michael Doikono (University Hospitals Coventry and Warwickshire, 
UHCW) 
Name of Participant (print): 
Tel:      E-mail: 

      Please initial all boxes  

1. I confirm that I have read and understood the information sheet (Participant 
Information Leaflet) for the above study. I have had the opportunity to consider 
the information, ask questions and have had these answered satisfactorily. 

2. I have read and understood the MRI information sheet, and the nature of the 

examination is clear to me. 

3. I have given an MRI safety screening form and I have been given an opportunity 

to discuss any issues arising from it. I understand that it is obligatory for me to 

complete the MRI safety screening before undergoing any MRI scan.  

4. I confirm that to my knowledge I have had no brain disorders (e.g. Parkinson’s 

disease, multiple-sclerosis, brain haemorrhage, brain infarct, or brain tumour). 

5. I understand that data collected during the study will be looked at by the research 

team from the University of Warwick, and UHCW. I give permission for them to 

have access to my data. 

6. I consent to my general practitioner being contacted in the event that the scan 

reveals any unsuspected abnormality. 

7. I understand that my participation is voluntary and that I am free to withdraw at 

any time without giving any reason. 

8. I am happy for my data to be used in future research. 

9. I agree to take part in the above study. 

            
Name of Participant   Date    Signature 

            
Name of Person   Date    Signature  
taking consent  
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MRI Safety Screening Form 
STRICTLY CONFIDENTIAL 

 
Name: __________________________  GP’s Name: ____________________ 
Address: ________________________  GP’s Address: __________________ 

      ________________________      __________________ 

     ________________________      __________________ 

Date of Birth: ____________________ 

 NO YES 
1. Do you have a heart pacemaker or artificial heart valve or have you had a 
heart operation? 
Please give details: 
 

  

2. Have you had any operations on your head or spine? 
Please give details: 
 

  

3. Have you had any operations which involved the use of metal implants (e.g. 
clips, plates, or pins) or do you have ANY implant(s) anywhere in your body? 
Please give details: 
 

  

4. Have you EVER had any metal fragments in your eyes?   
5. Do you have any metal fragments (e.g. bullets or shrapnel) in your body   
6. Do you have a skin patch (e.g. HRT patch)?   

 
Female participants only NO YES 
7. Is there a possibility that you might be pregnant?   
8. Do you have an IUD (coil) or sterilisation clips?   

 
The following questions will help us manage your MR examination: NO YES 
9. Have you ever had a fit/blackout or suffered from Epilepsy?   

 

Signature of Participant________________________  Date ________________ 

 

To be completed by MR Staff only 

 
Potential contra-indications_______________________________________________ 

accepted for scanning by ___________. 

 

Weight: ________ st _______ lb.  _______ kg                     Trial Number 

 

NHS 



Participant trial number Subject Age Gender Scan file name
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #
#### subject # 20-80 m/f scan #

MRI scan sheet
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Biomedical and Scientific Research Ethics Committee 

Kirby Corner Road 
Coventry 
CV4 8UW 

Thursday, 18 July 2019 
 
Miss Jierong Luo 

Engineering 
University of Warwick 
Coventry  
CV4 7AL 
 
Dear Miss Luo, 
 
Ethical Application Reference: BSREC 74/18-19 

Title: Validation of a Quantitative Susceptibility Mapping Sequence to Measure Brain Iron 

Concentrations 

 
Thank you for submitting your ethics application to the Biomedical and Scientific Research Ethics 
Committee (BSREC) for consideration. We are pleased to advise you that, under the authority 
delegated to us by the University of Warwick Research Governance and Ethics Committee, full 

approval for your project is hereby granted.    

Before conducting your research it is strongly recommended that you complete the on-line Research 
Integrity training:  
www.warwick.ac.uk/ritraining. Support is available from the BSREC Secretary. 
 
In undertaking your study, you are required to comply with the University of Warwick’s Research 
Code of Practice: 
https://warwick.ac.uk/services/ris/research_integrity/code_of_practice_and_policies/research_cod
e_of_practice/ 

You are also required to familiarise yourself with the University of Warwick’s Code of Practice for the 
Investigation of Research Misconduct: 
https://warwick.ac.uk/services/ris/research_integrity/research_misconduct/codeofpractice_researc
hmisconduct/ 

You must ensure that you are compliant with all necessary data protection regulations: 
https://warwick.ac.uk/services/idc 

Please ensure that evidence of all necessary local permissions is provided to BSREC prior to 
commencing your study. 



 
 
 

www.warwick.ac.uk   

Please also be aware that BSREC grants ethical approval for studies. The seeking and obtaining of all 
other necessary approvals is the responsibility of the investigator. 

Any substantial changes to any aspect of the project will require further review by the Committee 
and the PI is required to notify the Committee as early as possible should they wish to make any 
such changes. The BSREC Secretary should be notified of any minor amendments to the study. 

May I take this opportunity to wish you the very best of luck with this study. 
 
Yours sincerely 
 

pp.  
 

Dr David Ellard 
Chair, Biomedical and Scientific Research Ethics Committee 
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GafREC Proposal  

 

 
1. Background  

 
Iron is essential to normal brain function, and the storage of iron in tissue is known to be 
associated with normal ageing (Hallgren, B., et al. 1958). Furthermore, the disruption of 
iron metabolism in the central nervous system is found to be related to multiple 
neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, and 
multiple sclerosis (MS) (Collingwood, J. F., et al. 2014). Therefore, it is important to 
understand the role of iron in the normal ageing brain, in order to compare with the 
pathological changes of iron in the brains. 
 
Magnetic resonance imaging (MRI) has proved an iron-sensitive technique to study brain 
iron in living subjects, because the tissue iron can substantially affect the magnetic 
properties of the tissue and thereby produce contrast in MRI. Different methods have 
been developed to quantify the iron concentration by using MRI (Haacke, E. M., et al. 
2005, Ghassaban, K., et al. 2019). Emerging in recent years, quantitative susceptibility 
mapping (QSM) is becoming the most promising, clinically accessible technique to 
quantitatively measure tissue iron (Deistung, A., et al. 2013; Schweser, F., et al. 2016). 
 
The concentration of iron in the brain has previously been quantified successfully at 
University Hospitals Coventry and Warwickshire (UHCW) using the transverse relaxation 
method reported in the literature (Haacke, E. M., et al. 2005). This method of iron 
quantification takes around twenty minutes and can cover only part of the brain. As QSM 
has become available in clinical settings, it has the potential to quantify brain iron 
concentration in the whole brain with an acquisition time below ten minutes, but 
validation is required on the local MR scanner. 

 
2. Significance of research 

 
To establish and validate an iron-sensitive pulse sequence QSM on the 3.0 T MR 
scanner at University Hospital, Coventry, which can cover the entire brain in under ten 
minutes. If successful, the QSM technique will form an essential part of larger clinical 
projects. For example, a trial into MS pathological alternations and the role of iron in 
disease development, lead by Dr Tarunya Arun. 

 
 
3. Aims and objectives  
 

The study aims to set up and validate an MRI pulse sequence that is applicable to QSM 
on the GE healthcare 3.0 T MR scanner at University Hospital, Coventry (UH), and to 
develop a protocol of MRI acquisition and post-processing that allows the robust 
quantification of brain iron concentration in-vivo using QSM. In addition, this project also 
looks at the regional iron distribution and its function with ageing in the living healthy 
brains by the QSM analysis. The protocols for MRI scans, and the QSM processing and 

Title of Project  Validation of a Quantitative Susceptibility Mapping Sequence to Measure Brain 
Iron Concentrations 

Name of Researcher Jierong Luo  

Contact details  Email:  J.Luo.1@warwick.ac.uk                                    Telephone: +44 (0) 7414474558 

Department Department of Engineering, University of Warwick 
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analysis will be established as a non-invasive, quantitative technique of iron 
measurement for future studies of neurodegenerations. 
 

4. Methodology  
 

a. Study design 
a1. Scan protocol setting up and validation on phantoms 
A QSM-applicable sequence will be set up for MRI acquisition on the 3.0 T MR 
scanner, using parameters that are comparable to recently reported brain iron 
studies (Schweser, F., et al. 2016). Images of the phantom will then be 
reconstructed, processed and analysed at the University of Warwick. At this stage, 
optimised parameters will be applied on MR phantoms to achieve the best clinically 
feasible image quality, which will be assessed until MRI data is suitable for QSM. 
We aim to control the total scan time of the QSM sequence to be under 10 minutes. 
 
The susceptibility will be measured on a series of MR phantoms with a range of 
physiologically-relevant iron level for human brains. Then, the iron concentrations 
will be correlated with the measured susceptibilities. Repeated measurements will 
be conducted to assess the reproducibility and uncertainty. 
 
a2. MRI validation of QSM in participants  
 
MRI of up to twenty healthy participants will be performed, followed by QSM analysis 
and measurement, to validate the reported correlation between iron and the tissue 
susceptibilities quantified by QSM.  
 
The resulting images will be used to study the brain iron concentration of scanned 
participants using the QSM reconstruction, and the generated quantitative 
susceptibility maps will be measured, then the results will be compared with those 
from previously reported studies. The quantitative relation of brain iron concentration 
and the measurement of tissue susceptibility will be validated by correlating the 
susceptibility measurements to the regional brain iron concentration that is 
estimated by its function of participants' age, as described in the literature (Hallgren, 
B., et al. 1958). 
 
b. Study population 
We aim to recruit and enrol up to 20 healthy adult participants for the study, with age 
up to 80 years old, and approximately uniformly distributed within the age range 
between 20 and 80 years. 
 
c. Eligibility 

• Staff or students at the University of Warwick 
• Aged between 20 and 80 years 
• Do not have a known neurological disorder (including Parkinson’s 

disease, multiple-sclerosis, a brain haemorrhage, a brain infarct, or a 
brain tumour) 

• Not pregnant 
• Answer ‘no’ to questions 1 to 7 of the MRI safety screening form (attached 

and in BSREC approved documentation, reference: BSREC 74/18-19) 
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d. Outcome Measures 
From the phantom measurements, physiologically relevant iron concentrations will be 
correlated with measured susceptibilities, and the reproducibility and uncertainty of 
the QSM technique will be established. 
 
From the scanning of the healthy volunteers, the establishment of a MR sequence 
with adequate resolution and signal to noise, which can scan the whole brain in 
under ten minutes. In addition, a quantitative relationship between susceptibility 
measurements and regional brain iron concentration which follow the relationship 
with the participants’ age describe by Hallgren et al. 
  

5. Consent  
 
The participant information leaflet, MRI information sheet and MRI safety screening form 
(reference: BSREC 74/18-19) will be given to potential participants by Miss Jierong Luo, to 
understand the nature of the study and their participation. Potential participants will have the 
opportunity to ask questions and discuss the study, and will be given at least three days to 
consider if they wish to take part. Informed consent will be obtained by Miss Jierong Luo, via 
the consent form, before a participant can take part in the study. The protocol for obtaining 
inform consent is detailed in Section 7 of the BSREC application for this study (reference: 
BSREC 74/18-19). 
 
6. Duration 
 
We aim to start the project in July 2019 and the anticipated completion date is June 2021. 
We would hope to start scanning the first participants towards the end of August 2019, and 
would aim to have completed the participant scanning by January 2020. 
 
7. Analysis/Statistics  
 
All data analysis will be carried out at the University of Warwick. Full details are provided in 
the BSREC application form, Section 5.4b (reference: BSREC 74/18-19). 
 
8. Publication/Dissemination 
 
This project will be incorporated in the PhD thesis of Miss Jierong Luo, to be submitted in 
2021. The results of the study will be presented at scientific events (e.g. conferences, public 
engagement), and disseminated in journals of relevant research fields, such as MRI, 
neuroimaging, radiology, and brain iron research.  

 
 
 



 
 

 
 
 
 

 
 

 
 
 
 
 

 
 
 
30 October 2019  
 
Miss Jierong Luo  
Engineering  
University of Warwick  
Coventry  
CV4 7AL  
 
 
Dear Jierong, 
 
Project Title: Validation of a Quantitative Susceptibility Mapping Sequence to Measure 
Brain Iron Concentrations  

 
R&D Ref: GF0360  
 
Thank you for sending in the required documents and completing the GafREC form for the 
above study. Having reviewed the details of your proposed project, research limited to the 
use of or access to NHS premises and facilities is excluded from NHS Research Ethics 
Committee (REC) review therefore; I can confirm that we are happy for you to carry out this 
project within UHCW NHS Trust.  
 
Please be aware that should you wish to change the project in anyway, you must notify our 
office using the above reference. 
 
I have logged your study on behalf of the Trust, which means you can proceed. I wish you 
every success with your project.  
 
 
Yours Sincerely,  

  
 
 
 

Jasmeet Bhambra  
R&D Clinical Trials Officer.   

Research & Development Department 
University Hospitals Coventry & Warwickshire NHS Trust 

4th Floor Rotunda, ADA40014 
University Hospital 

Clifford Bridge Road 
Coventry 
CV2 2DX 

 
Commercial enquiries: 02476 964995 

Governance/Non-commercial enquiries: 02476 966195 
Research Funding & Grant enquires: 02476 964958 

Email: R&DSponsorship@uhcw.nhs.uk 
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Miss Jierong Luo  
Engineering  
University of Warwick  
Coventry  
CV4 7AL  
 
 
Dear Jierong, 
 
Project Title: Validation of a Quantitative Susceptibility Mapping Sequence to Measure 
Brain Iron Concentrations  

 
R&D Ref: GF0360  
 
Thank you for sending in the required documents and completing the GafREC form for the 
above study. Having reviewed the details of your proposed project, research involving 
previously collected, non-identifiable information including research undertaken by staff 
within a care team using previously collected information during the course of care of their 
own patients or clients, are excluded from NHS Research Ethics Committee (REC) review 
therefore; I can confirm that we are happy for you to carry out this project within UHCW 
NHS Trust.  
 
Please be aware that should you wish to change the project in anyway, you must notify our 
office using the above reference. 
 
I have logged your study on behalf of the Trust, which means you can proceed. I wish you 
every success with your project.  
 
 
Yours Sincerely,  

  
 
 
 

Jasmeet Bhambra  
R&D Clinical Trials Officer.   

Research & Development Department 
University Hospitals Coventry & Warwickshire NHS Trust 

4th Floor Rotunda, ADA40014 
University Hospital 

Clifford Bridge Road 
Coventry 
CV2 2DX 

 
Commercial enquiries: 02476 964995 

Governance/Non-commercial enquiries: 02476 966195 
Research Funding & Grant enquires: 02476 964958 

Email: R&DSponsorship@uhcw.nhs.uk 
 



 

 
 

 
 
Volunteer Information – COVID 19 Adjustments 
 
 
We are constantly monitoring what is happening with the coronavirus pandemic and 
all planned imaging is subject to developments.   
 
For the safety of everyone, please do not attend your MR appointment or come to 
the hospital if: 
 

• you think you might have coronavirus or are showing any COVID related 
symptoms 

• or you've been in close contact with someone with coronavirus 
 

In these instances, please Call 111 to speak to someone about coronavirus and 
please inform Jierong Lou. 
 
Please let us know if you have any health conditions (including diabetes, COPD, 
asthma or a BMI over 35) which put you at higher risk of contracting COVID-19 as 
we will be unable to include you in the trial at the moment. 
 
On attending your Radiology MRI appointment 
 
We want to reassure you that our hospitals are safe environments and we are 
working hard to protect the patients in our care, our visitors, our volunteers and our 
staff.  We are making changes to our hospitals and the way that we work to minimise 
the risk of spreading any infection. Please note that:  
 
Our hospital sites may look a little different than before.  These changes include 
notices asking you to follow social distancing measures whilst on site, washing your 
hands regularly and using the available hand sanitisers.  The way we ask patients, 
volunteers, visitors and staff to move around the site has also changed including 
one-way systems and possible changes to entrances and exits and we ask that you 
follow this clearly marked advice. We also ask that when you are in any hospital 
building you wear a mask and if you are not able to bring one, these can be 
provided. 



 

  

 
 

 
 
 
• To help us adhere to social distancing measures, please do not come into the 

department more than 10 minutes before your scheduled appointment 
 

• We would also encourage you to leave the site as soon as you can following your 
appointment 

 
• If you travel to the site by car and arrive early, we ask that you wait in your car 

until the appropriate time to make your way into the outpatient area 
 
• Where possible, please come to the appointment alone. If you need to be 

accompanied, we ask that this is kept to one person and should be someone 
from your household or social bubble.  

 

You can find more information and latest updates on our website, www.uhcw.nhs.uk. 
Thank you for your continued support that will help us better protect staff, volunteers, 
visitors and patients from infection. 


