Quantitative MRI in the
assessment of healthy
and diseased muscle

Matthew Farrow

Submitted in accordance with the
requirements for the degree of
Doctor of Philosophy

The University of Leeds
Faculty of Medicine
Leeds Institute of Rheumatic and
Musculoskeletal Medicine

September 2020



1

Intellectual Property and Publication Statements:

The candidate confirms that the work submitted is his own, except where work
which has formed part of jointly authored publications has been included. All figures
in this thesis were produced by Matthew Farrow unless stated otherwise. The
contributions of the candidate and the other authors to this work have been
explicitly indicated below. The candidate confirms that appropriate credit has been

given within the thesis where reference has been made to the work of others.

Chapter 1, Chapter 2, and Chapter 9 include work from a jointly authored
publication by “Farrow, M. Biglands, JD. Alfuraih, A. Wakefield, R. Tan, AL. Novel
muscle imaging in inflammatory rheumatic diseases. Frontiers in Medicine. 2020”
(1). Matthew Farrow and Ai Lyn Tan wrote the first draft of the manuscript. Matthew
Farrow and John Biglands contributed figures. All authors revised the work critically

and approved the final version of the manuscript.

Chapter 4 is based on work from a jointly authored publication by “Farrow, M.
Grainger, A. Tan, AL. Buch, MH. Emery, P. Ridgway, JP. Feiweier, T. Tanner, SF.
Biglands, JD. Normal values and test-retest variability of stimulated-echo diffusion
tensor imaging and fat fraction measurements in the muscle. British Journal of
Radiology. 2019” (2). Matthew Farrow and John Biglands recruited participants.
John Biglands developed the post-processing software, and all cases were
processed by Matthew Farrow. John Biglands conducted the MR spectroscopy
analysis. Matthew Farrow and Andrew Grainger drew the regions of interest.
Matthew Farrow completed the statistical analysis and generated the results.
Matthew Farrow wrote the first draft of the manuscript. All authors revised the

manuscript critically and approved the final version of the manuscript.


https://www.birpublications.org/doi/abs/10.1259/bjr.20190143
https://www.birpublications.org/doi/abs/10.1259/bjr.20190143

2

Chapter 5 is based on work from a jointly authored publication by “Farrow, M.
Biglands, JD. Tanner, SF. Clegg, A. Brown, L. Hensor, EMA. O’Connor, P. Emery,
P. Tan, AL. Ageing Clinical and Experimental Research. 2020” (3). Matthew Farrow
was involved in the study protocol development and ethics application. Care 75+
provided a database of healthy controls over the age of 75 who had consented to
take part in research. Matthew Farrow developed the muscle function testing
protocol. Matthew Farrow recruited participants. Matthew Farrow and Abdulrahman
Alfuraih completed the muscle function testing. John Biglands developed the post-
processing software, and Matthew Farrow processed all cases and compiled the
cohort database. Matthew Farrow drew the regions of interest, completed the
statistical analysis, generated the results, and wrote the first draft of the manuscript.
Elizabeth Hensor provided statistical advice. All authors revised the manuscript

critically and approved the final version of the paper.

Chapter 6 is based on work from a jointly authored publication by “Farrow, M.
Biglands, JD. Grainger, A. O’'Connor, P. Hensor, EMA. Ladas, A. Tanner, SF.
Emery, P. Tan, AL. Quantitative MRI in myositis patients: A comparison with
healthy volunteers and radiological visual assessment. Clinical Radiology. 2020”
(4). Matthew Farrow was involved in the study protocol development and ethics
application. Matthew Farrow developed the muscle function testing protocol.
Matthew Farrow and Abdulrahman Alfuraih recruited participants and completed
the muscle function testing. John Biglands developed the post-processing software,
and Matthew Farrow processed all cases and compiled the cohort database.
Matthew Farrow drew the regions of interest, completed the statistical analysis,
generated the results, and wrote the first draft of the manuscript. Elizabeth Hensor
provided statistical advice. Philip O’Connor and Andreas Ladas scored the myositis
images. All authors revised the manuscript critically and approved the final version

of the paper.



3

Chapter 7 is based on work from a jointly authored publication by “Farrow, M.
Biglands, JD. Tanner, SF. Hensor, EMA. Buch, MH. Emery, P. Tan, AL. Muscle
deterioration due to rheumatoid arthritis: Assessment by quantitative MRI and
strength testing. Rheumatology. 2020 (5, 6). Matthew Farrow was involved in the
study protocol development and ethics application. Matthew Farrow developed the
muscle function testing protocol. Matthew Farrow recruited the patients. Matthew
Farrow and Abdulrahman Alfuraih completed the muscle function testing. John
Biglands developed the post-processing software, and Matthew Farrow processed
all cases and compiled the cohort database. Matthew Farrow drew the regions of
interest, completed the statistical analysis, generated the results, and wrote the first
draft of the manuscript. Elizabeth Hensor provided statistical advice. All authors

revised the manuscript critically and approved the final version of the manuscript.

Chapter 8 is based on work from a jointly authored manuscript currently in
preparation by “Farrow, M. Biglands, JD. Hensor, EMA. Tanner, SF. Mackie, SL.
Emery, P. Tan, AL. Muscle differences in patients with giant cell arteritis on
glucocorticoids as assessed by quantitative MRI: a pilot study.” Matthew Farrow
was involved in the study protocol development and ethics application. Matthew
Farrow developed the muscle function testing protocol. Matthew Farrow and
Abdulrahman Alfuraih recruited participants and completed muscle function testing.
John Biglands developed the post-processing software, and Matthew Farrow
processed all cases and compiled the cohort database. Matthew Farrow drew the
regions of interest, completed the statistical analysis, generated the results, and
wrote the first draft of the manuscript. Elizabeth Hensor provided statistical advice.
All authors revised the manuscript critically and approved the final version of the

manuscript.



4

This copy has been supplied on the understanding that it is copyright material and
that no quotation from the thesis may be published without proper

acknowledgement.

The right of Matthew Farrow to be identified as the author of this work has been
asserted by Matthew Farrow in accordance with the Copyright, Designs and
Patents Act 1988.

© 2020 The University of Leeds and Matthew Farrow



5

List of published articles arising from this thesis:

1. Normal values and test-retest variability of stimulated-echo diffusion tensor
imaging and fat fraction measurements in the muscle
Farrow, M. Grainger, AJ. Tan, AL. Buch, MH. Emery, P. Ridgway, JP.

Feiweier, T. Tanner, SF. Biglands, JD.
The British Journal of Radiology, 2019.

(The data from this paper are discussed in Chapter 4 of this thesis)

2. Novel muscle imaging in inflammatory rheumatic diseases
Farrow, M. Biglands, JD. Alfuraih, A. Wakefield, R. Tan, AL.

Frontiers in Medicine, 2020.

(Components of this paper are included in Chapter 1, Chapter 2, and
Chapter 9)

3. The effect of ageing on skeletal muscle as assessed by quantitative MR
imaging: an association with frailty and muscle strength
Farrow, M. Biglands, JD. Tanner, SF. Clegg, A. Brown, L. Hensor, EMA.
O’Connor, P. Emery, P. Tan, AL.
Ageing Clinical and Experimental Research, 2020.

(The data from this paper are discussed in Chapter 5 of this thesis)

4. Quantitative MRI in myositis patients: A comparison with healthy volunteers
and radiological visual assessment
Farrow, M. Biglands, JD. Grainger, A. O’Connor, P. Hensor, EMA. Ladas, A.
Tanner, SF. Emery, P. Tan, AL.
Clinical Radiology, 2020.
(The data from this paper are discussed in Chapter 6 of this thesis)




6

5. Muscle deterioration due to rheumatoid arthritis: Assessment by quantitative
MRI and strength testing
Farrow, M. Biglands, JD. Tanner, SF. Hensor, EMA. Buch, MH. Emery, P.
Tan, AL.
Rheumatology, 2020.

(The data from this paper are discussed in Chapter 7 of this thesis)

6. Commentaries on Viewpoint: The interaction between SARS-CoV-2 and
ACE2 may have consequences for skeletal muscle viral susceptibility and
myopathies
Tan, AL. Farrow, M. Biglands, J.

Journal of applied physiology, 2020.




7

List of articles in preparation for publication arising from this thesis:

1. Muscle differences in patients with giant cell arteritis as assessed by
guantitative MRI: a pilot study (in preparation)
Farrow, M. Biglands, JD. Hensor, EMA. Tanner, SF. Mackie, SL. Emery, P.
Tan, AL.
(The data from this paper are discussed in Chapter 8 of this thesis)




Annual conference oral presentations

1. Quantitative MRI and dynamometer measurements can distinguish myositis
from healthy control muscle
Farrow, M. Biglands, JD. Grainger, A. O’'Connor, P. Hensor, EMA. Ladas, A.
Tanner, SF. Emery, P. Tan, AL.

British Association of Clinical Anatomists. 2018.

Recipient of award - Conrad Lewin Prize

2. The effect of ageing on skeletal muscle as assessed by quantitative MR
imaging: an association with frailty and muscle strength
Farrow, M. Biglands, JD. Tanner, SF. Clegg, A. Brown, L. Hensor, EMA.
O’Connor, P. Emery, P. Tan, AL.
The Anatomical Society. 2019.

3. Muscles in myositis patients with normal MRI appearance have higher
guantitative T2 compared to those in healthy controls
Farrow, M. Biglands, JD. Grainger, A. O’Connor, P. Hensor, EMA. Ladas, A.
Tanner, SF. Emery, P. Tan, AL.

International Society of Magnetic Resonance Imaging in Medicine. 2019.

Recipient of award - Educational award

4. Quantitative MRI of muscles is different in rheumatoid arthritis patients
compared to healthy controls
Farrow, M. Biglands, JD. Tanner, SF. Hensor, EMA. Buch, MH. Emery, P.
Tan, AL.
British Association of Clinical Anatomists. 2019.




9

5. The effect of ageing on skeletal muscle as assessed by quantitative MR
imaging: an association with frailty and muscle strength
Farrow, M. Biglands, JD. Tanner, SF. Clegg, A. Brown, L. Hensor, EMA. P

O’Connor. Emery, P. Tan, AL.

International conference of Frailty and Sarcopenia. 2020.

6. Muscle deterioration due to rheumatoid arthritis: Assessment by quantitative
MRI and strength testing
Farrow, M. Biglands, JD. Tanner, SF. Hensor, EMA. Buch, MH. Emery, P.
Tan, AL.

European Congress of Rheumatology. 2020.

Recipient of award - Conference bursary




10

Annual conference poster presentations

1. Repeatability and Reproducibility of Diffusion Tensor MRI and two-point
Dixon Fat Fraction measurements in the muscle
Farrow, M. Grainger, AJ. Tan, AL. Buch, MH. Emery, P. Ridgway, JP.

Feiweier, T. Tanner, SF. Biglands, JD.

International Society of Magnetic Resonance Imaging in Medicine 2018.

2. Quantitative MRI measurements can distinguish myositis from healthy
control muscle
Farrow, M. Biglands, JD. Grainger, A. O’'Connor, P. Hensor, EMA. Ladas,
A. Tanner, SF. Emery, P. Tan, AL.
British Chapter- International Society of Magnetic Resonance Imaging in
Medicine. 2019.

3. Muscles in myositis patients with normal MRI appearance have higher
guantitative T2 compared to those in healthy controls
Farrow, M. Biglands, JD. Grainger, A. O’'Connor, P. Hensor, EMA. Ladas,
A. Tanner, SF. Emery, P. Tan, AL.

European Congress of Rheumatology. 2019.

Recipient of award - Conference bursary

4. Quantitative MRI measurements can distinguish myositis from healthy
control muscle
Farrow, M. Biglands, JD. Grainger, A. O’'Connor, P. Hensor, EMA. Ladas,
A. Tanner, SF. Emery, P. Tan, AL.
Experimental Biology. 2019.

Recipient of awards - 1) Abstract award 2) Conference bursary




11

. Quantitative MRI of muscles is different in rheumatoid arthritis patients
compared to healthy controls

Farrow, M. Biglands, JD. Tanner, SF. Hensor, EMA. Buch, MH. Emery, P.
Tan, AL.

The anatomical society. 2019.

. Variability of Diffusion Tensor MRI, 2-Point Dixon fat fraction and T2
relaxation in ROIs of thigh muscles in rheumatoid arthritis patients

Bertham, D. Farrow, M. Tan, AL. Tanner, S. Emery, P. Biglands, J.

International Society of Magnetic Resonance Imaging in Medicine. 2020.

. The effect of ageing on skeletal muscle as assessed by quantitative MR
imaging: an association with frailty and muscle strength

Farrow, M. Biglands, JD. Tanner, SF. Clegg, A. Brown, L. Hensor, EMA.
O’Connor, P. Emery, P. Tan, AL.

International Society of Magnetic Resonance Imaging in Medicine. 2020.

Recipient of award - Educational award

. Muscles in myositis patients with normal MRI appearance have higher
quantitative T2 compared to those in healthy controls

Farrow, M. Biglands, JD. Grainger, A. O’'Connor, P. Hensor, EMA. Ladas,
A. Tanner, SF. Emery, P. Tan, AL.

British Society of Rheumatology. 2020.

. Quantitative MRI of muscles is different in rheumatoid arthritis patients
compared to healthy controls

Farrow, M. Biglands, JD. Tanner, SF. Hensor, EMA. Buch, MH. Emery, P.
Tan, AL.

British Society of Rheumatology. 2020.




12

10. Quantitative MRI of muscles is different in rheumatoid arthritis patients
compared to healthy controls

Farrow, M. Biglands, JD. Tanner, SF. Hensor, EMA. Buch, MH. Emery, P.
Tan, AL.
International Society of Magnetic Resonance Imaging in Medicine. 2020.

Recipient of award - Educational award

11. Differences in muscle properties in GCA patients compared to healthy
controls as assessed by quantitative MRI
Farrow, M. Biglands, JD. Tanner, SF. Hensor, EMA. Mackie, SL. Emery, P.
Tan, AL.

European Congress of Rheumatology. 2020.

Recipient of award - Conference bursary




13

Acknowledgements

This PhD would not have been possible without the valuable input of my
supervisors and colleagues, and the support of my family. Firstly, | would like to
thank my supervisors sincerely, Dr Ai Lyn Tan, Dr John Biglands, Professor Paul
Emery, and Professor Maya Buch for their tireless support and guidance, and
providing me with the opportunity to conduct research within the internationally
acclaimed Leeds Institute of Rheumatic and Musculoskeletal Medicine. Their
guidance over the past four years has been unwavering, and it has been a great

privilege to work with such high calibre academics and incredibly kind people.

| am immensely thankful to Dr Steven Tanner and Dr John Ridgway, who provided
MRI physics advice. | am also incredibly thankful to Dr Elizabeth Hensor

(department statistician) who provided expert statistical guidance.

| am indebted to Dr Andrew Grainger and Dr Philip O’Connor, who provided
invaluable expert radiological support during this PhD. This PhD would not have
been possible without the brilliance of the Leeds Biomedical Research Centre
radiographers: Mr Dominic Bertham, Mr Brian Chaka, and Mr Robert Evans.

| have made many sincere friends throughout this PhD. | would like to thank
everybody who has made the last four years enjoyable, of which there are too
many to mention. Therefore, | will limit myself to mentioning only those with whom |
shared an office with: Dr Gabriele De Marco, Dr Sayam Dubash, Dr Hannah

Mathieson, Dr John Arnold, and Miss Annie Dou.

| would like to particularly express my gratitude to fellow researcher and great
friend Dr Abdulrahman Alfuraih who worked alongside me on the MUSCLE project.
It has been a pleasure to collaborate with Dr Alfuraih over the past four years.



14

| would like to thank the University of Leeds, the Leeds Institute of Rheumatic
Medicine (LIRMM), and the Leeds National Institute of Health Research (NIHR)
Biomedical Research Centre (BRC) for awarding me the generous funding to
pursue this PhD. The PhD scholarship has provided me with financial support to
conduct this research and supported numerous opportunities for me to present my

research at national and international conferences.

| would like to thank the University of Bradford, School of Pharmacy and Medical
Sciences, Faculty of Life Sciences, for offering me a permanent post as Lecturer in
Anatomy, Physiology, and Musculoskeletal Sciences during the final year of this
PhD. Thanks to this lectureship, | have gained valuable experience lecturing on the
Clinical Sciences, Foundation in Medicine, and the Master of Pharmacy
programmes. This experience has helped me during the write up of this thesis and

provided significant insight into the workings of an academic career.

Finally, I am deeply grateful to the study participants and patients who generously

volunteered their time without reimbursement to take part in this study.

Med-tber Foarrow



15

Abstract

Skeletal muscle health is intrinsically associated with physical function and quality
of life. A decrease in skeletal muscle health is associated with functional loss and
often occurs with ageing, disease, and the effects of medication. In recent years,
medical imaging has played an increasing role in the clinical management of
patients with rheumatic disease. However, compared to research investigating the
joints (7, 8), research into muscle imaging is significantly less established, even
though muscle symptoms are similarly prevalent and debilitating within the

spectrum of rheumatic diseases.

Magnetic resonance imaging (MRI) can provide information regarding muscle
health. Conventional MRI relies on the visual interpretation of disease activity and
is, therefore, qualitative and susceptible to subjective bias. Quantitative MRI has
the potential to offer a non-invasive measurement of muscle status, which may be

more sensitive and reliable than conventional MRI.

The work presented in this thesis aimed to explore the use of quantitative MRI
measurements in the assessment of skeletal muscle in healthy controls and
rheumatic patients. This research used specific MRl measurements that focus on
some of the known muscle pathologies that occur with muscle disease. These
muscle pathologies include: muscle oedema, myosteatosis, changes to muscle
microstructure, and muscle atrophy. The quantitative MRI measurements used in
this thesis include: T2, fat fraction, diffusion tensor imaging, and muscle volume. In
addition to the quantitative MRl measurements, this research project has also
collected quantitative physiological data on knee extension, knee flexion, and
handgrip strength.
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The first study within this thesis is based on a new MRI protocol that was tested
within a cohort of healthy controls. This first study demonstrated differences in
muscle properties within the hamstrings and quadriceps and demonstrated that
guantitative MRI measurements have excellent test-retest, inter-rater, and intra-
rater reliability. Following this first study, which established the normal values and
the excellent reliability of the quantitative MRl measurements, these measurements
were utilised in healthy controls and patients with myositis, rheumatoid arthritis
(RA), and giant cell arteritis (GCA). The results of this research demonstrate that
guantitative MRI measurements can identify substantial differences within the
muscle between young, middle-aged, and older participants, and can identify
substantial differences between patients with rheumatic conditions and age- and
gender-matched healthy controls. Furthermore, this research found that
guantitative MRI measurements correlate with muscle strength and the English
Longitudinal Study of Ageing frailty index. In addition, this research found that in
myositis patients diagnosed by radiologists as having unaffected muscles, there
were substantial differences in T2 measurements compared to matched healthy
controls. Therefore, T2 measurements may be more sensitive than current
radiologist semi-quantitative scoring using conventional MRI. Furthermore, this
research found that RA and GCA patients who are newly diagnosed may have
muscle pathology during the initial stages of the disease, which is a pathological
process not previously reported in the literature. In addition, this research
demonstrated that RA patients who achieve clinical remission may still have muscle

pathology.

In conclusion, this research has found preliminary data that indicates that muscle
health can decrease due to ageing, myositis, RA, and GCA. This thesis
demonstrates that quantitative MRI has the potential to be an excellent tool to
assess for degenerative changes within the muscle and may correlate with muscle

function and frailty.
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Chapter 1 Introduction to the thesis

This chapter serves as a brief introduction to this thesis and includes an article by
Matthew Farrow, John Biglands, Abdulrahman Alfuraih, Richard Wakefield, and Ali
Lyn Tan. “Novel muscle imaging in inflammatory rheumatic diseases” published in
Frontiers in Medicine, 2020 (1).

1.1 Introduction

A decline in muscle health can significantly affect the quality of life for people and is
associated with increased mortality and morbidity (9). For this thesis, the term
muscle health shall be defined as ‘a state of physical capability influenced by
intrinsic muscle properties and muscle mass. Decreases in muscle health are often
assessed by blood tests (creatine kinase), muscle biopsies, and medical imaging
such as ultrasound, computed tomography, and magnetic resonance imaging
(MRI). Muscle health can also be evaluated by assessing muscle function and
muscle quality. Muscle function can be examined by strength tests, such as with
the use of dynamometers, or by functional tests, such as gait speed tests. The
assessment of muscle quality can encompass several aspects, such as muscle
oedema, myosteatosis (fat infiltration), and muscle atrophy. All of which can be
assessed by MRI. For this thesis, the term ‘muscle health’ shall encompass muscle
function (muscle strength and physical function), muscle quality (pathology within
the muscle), and muscle volume. It is known that muscle health deteriorates due to
ageing (10, 11), disease (12), and medication use, in particular - steroid use (13).
However, the changes that occur within the muscle due to ageing and rheumatic
disease are under-reported within the scientific literature, resulting in a lack of
understanding of the muscle pathology, which can impede the development of
effective treatments to improve muscle health (14). Within rheumatic diseases, the

features of: malaise, myalgia, muscle inflammation, myosteatosis, muscle atrophy,
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and decreased muscle strength are frequently observed (15). However, although
muscle pathology is known to occur in rheumatic disease, the majority of research
has focussed on joint pathology as opposed to muscle pathology, highlighting the

need for further research in the field of muscle pathology within rheumatology.

One of the reasons that the effects of ageing and disease on the muscles are not
well understood is that it is difficult to see early changes occurring in the muscle in
response to ageing, disease, or treatment. It is challenging to identify these early
changes because the noticeable features, such as loss of muscle strength, muscle
atrophy, and myalgia, often become apparent in the later stages of the disease
once a certain threshold of muscle pathology has already occurred. If these
pathological changes could be identified earlier and measured quantitatively, a
better understanding of muscle pathology could be achieved. Therefore,
guantitative MRI measurements may result in an improved comprehension of
muscle pathology due to ageing and disease and may allow for an earlier diagnosis
which could enhance the clinical management, including providing an instrument
for the objective monitoring of disease progression and assist in the development of

future interventions.

Medical imaging modalities are often used to assess joints in rheumatology, and
there is increasing emphasis on the role of the muscle in contributing to the
symptoms of patients with rheumatic conditions. Types of medical imaging that
have been used to assess muscle include: dual-energy X-ray absorptiometry (DXA)
which costs approximately £125 per scan, positron emission tomography (PET)
which costs approximately £1,400 per scan, conventional radiography (X-ray)
which costs approximately £85 per scan, ultrasound which costs approximately
£125 per scan, computed tomography (CT) which costs approximately £295 per
scan, and magnetic resonance imaging (MRI) which costs approximately £200 per
scan. These modalities are discussed in more detail in section 2.3.2.1. The
research in this thesis focusses on MRI. MRI is regarded as the gold standard for

the assessment of soft tissue, including muscle, as the images are often clearer
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with better contrast than with other imaging techniques. MRI is well suited for
assessing muscle as it can enable the visualisation of individual muscles as well as
muscle groups, and is suitable for assessing myosteatosis, muscle oedema
(inflammation), and muscle atrophy. Furthermore, MRI can also provide quantitative
measurements which may be sensitive to some of the known muscle pathologies,
such as inflammation, fat infiltration, muscle atrophy and changes to muscle

microstructure.

Moreover, MRI is a frequently used medical imaging technique and has been
utilised since the 1980s as a useful tool for the diagnosis and monitoring of
musculoskeletal disease progression (16). Therefore, MRI could be suitable in
filling the currently unmet need to distinguish the pathological processes within
diseased muscle due to ageing and rheumatic disease. Within skeletal muscle, MRI
has been shown to provide information relating to morphology and physical
function, with unparalleled tomographic capabilities and the ability to define
different soft tissue structures (17-22). The benefits of MRI include that it is non-
invasive, ionising radiation-free, and provides images with good contrast between
anatomical structures. Limitations of MRI include patient claustrophobia and the

high cost.

In this research, several quantitative MRI techniques have been used. These
include: T2, fat fraction (FF), diffusion tensor imaging (DTI), and muscle volume.
These quantitative MRl measurements could be used in the future to characterise
and monitor muscle disease. They could also assist in the development of
interventions by acting as a modality to assess early or subclinical changes in
response to disease or treatment. Quantitative MRI T2 provides information on the
relaxation time of tissue and provides an indirect assessment of fluid levels within
the muscle. Therefore, MRI T2 is a surrogate measure of muscle oedema and
inflammation. Fat fraction measurements are made using Dixon fat/water MR
imaging and measures the fraction of a voxel which is fat and is, therefore,

sensitive to myosteatosis (23, 24). DTI provides an assessment of muscle tissue
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microstructure by measuring water diffusion. There has been previous research to
suggest that DTl may be sensitive to muscle fibre type populations (25) and muscle
pathology (26). Quantitative muscle volume provides an assessment of the total
volume of the muscles and can assess muscle atrophy. These MRI measurements
(discussed in section 2.4) have been previously used in other regions of the body,
notably the liver for fat fraction (27, 28) and the brain for diffusion tensor imaging

(29-33) and T2 (34). However, their use in the field of muscle disease is sparse.

Certain medical conditions were chosen for this thesis based on several key
features of the disease. The conditions include sarcopenia, myositis, rheumatoid
arthritis (RA), and giant cell arteritis (GCA). The key features of these diseases can
include: muscle oedema, myosteatosis, muscle atrophy and changes in muscle
microstructure, which are features generally accepted to be sensitive to MR
imaging. These key features have clinical significance as they may impair physical
function and decrease quality of life. Muscle oedema may occur due to
inflammatory processes within each of these diseases. Myosteatosis and muscle
atrophy may occur due to disease processes or due to a reduction in physical
activity. Changes in muscle microstructure could occur due to denervation of
muscle motor units or because of alteration in the shape and structure of muscle
fibres. These key features can occur either in isolation or together and may result in

a decrease in physical function.

In summary, this research project investigated the potential of quantitative MRI
measurements in helping to detect the pathophysiological changes of muscle due
to ageing and rheumatic disease. This topic is relevant as detectable muscle
changes may be amenable to interventions that may improve general health and
increase patient quality of life (35); however, further research is required to provide

evidence to support this hypothesis.
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1.2 Thesis hypothesis

The over-arching hypothesis of this research was that specific quantitative MRI
techniques (T2, fat fraction, diffusion tensor imaging, and muscle volume) could
provide useful information on muscle status. This was investigated by testing

several hypotheses:

1. Diffusion tensor imaging and fat fraction measurements differ between the
hamstrings and the quadriceps, and have excellent test-retest, inter-rater, and

intra-rater reliability.

2. Differences in the muscle caused by the effects of ageing can be detected
using quantitative MRI measurements between young, middle-aged, and

older people.

3. Quantitative MRI measurements can detect differences in muscle properties
in patients with myositis compared to age- and gender-matched healthy

controls.

4. Subclinical changes to the muscle in patients with rheumatoid arthritis can be

demonstrated using quantitative MRI.

5. Quantitative MRI can detect differences in muscle properties of patients with

giant cell arteritis compared to age- and gender-matched healthy controls.
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1.3 Aims of the thesis

The primary aim of this research was to identify if specific quantitative MRI
techniques (T2, fat fraction, diffusion tensor imaging, and muscle volume) can
guantify differences between patients and healthy controls in various participant
groups. This thesis consists of five chapters. Each chapter has two aims. The ten
aims of this thesis are as follows:

o Aim 1: To identify differences in normal values between the muscles of the
thigh in healthy participants.

o Aim 2: To assess the reliability of diffusion parameters and fat fraction
estimates in healthy muscle.

o Aim 3: To investigate whether quantitative MRI can detect differences within
the muscles between three age groups.

o Aim 4: To assess how these measures compare with frailty index, gait speed,
and muscle power in healthy participants.

o Aim 5: To assess whether quantitative MRI can detect differences between
the muscles of patients with myositis and healthy controls.

o Aim 6: To assess how T2 and fat fraction compares to radiologist scoring for
muscle oedema and fat infiltration in patients with myositis.

o Aim 7: To explore whether quantitative MRI can detect differences between
the thigh muscles of patients with rheumatoid arthritis and healthy controls.

o Aim 8: Establish whether these measures are sensitive enough to assess the
muscle phenotype of different disease stages in patients with rheumatoid arthritis.

. Aim 9: To identify whether quantitative MRI can detect differences within the
muscle between newly diagnosed giant cell arteritis patients and healthy controls.

o Aim 10: Identify whether these measures can detect changes in muscle
properties in giant cell arteritis patients on glucocorticoid therapy.
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1.4 Structure of the thesis

Chapter 1 serves as a brief introduction to this thesis. This chapter includes
published work by Farrow et al (1). “Novel muscle imaging in inflammatory

rheumatic diseases. Frontiers in Medicine. 2020.”

Chapter 2 describes the anatomy, muscle pathology, and MRI theory relevant to
the investigation of muscle changes. This chapter includes published work by
Farrow et al (1). “Novel muscle imaging in inflammatory rheumatic diseases.

Frontiers in Medicine. 2020.”

Chapter 3 describes the general methodology used across all four studies,
including recruitment of participants, MR imaging sequences, and muscle strength
assessments. Specific details regarding the study methodology are outlined in their

respective chapters.

Chapter 4 identifies the importance of understanding normal values and assessing
the reliability of measures and describes a research study conducted as part of this
thesis identifying normal values and the reliability of diffusion tensor imaging and
two-point Dixon fat fraction imaging in healthy controls. This chapter includes

published work by Farrow et al (2). British Journal of Radiology. 2019.”

Chapter 5 provides background information on age-related decreases in muscle
health and describes a research study conducted as part of this thesis investigating
the differences in quantitative MRI within the muscles between young, middle-aged,
and older healthy participants, and to assess how these measures compare with
frailty index, gait speed, and muscle power. This chapter includes published work

by Farrow et al (3). Ageing Clinical and Experimental Research, 2020.”
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Chapter 6 provides background information on myositis and describes a research
study conducted as part of this thesis investigating if quantitative MRI can detect
differences in patients with myositis compared to healthy controls and how this
compares to current radiologist semi-quantitative scoring. This chapter includes
published work by Farrow et al (4). “Quantitative MRI in myaositis patients: A
comparison with healthy volunteers and radiological visual assessment. Clinical
Radiology. 2020.”

Chapter 7 provides background information on rheumatoid arthritis and describes a
study investigating if quantitative MRI can detect differences in the thigh muscles of
patients with rheumatoid arthritis compared to healthy controls and establish
whether these measures are sensitive enough to assess the muscle phenotype of
different disease stages. This chapter includes published work by Farrow et al (5).
“Muscle deterioration due to rheumatoid arthritis: Assessment by quantitative MRI

and strength testing. Rheumatology. 2020.”

Chapter 8 provides background information on giant cell arteritis and describes a
study investigating if quantitative MRI can detect differences in patients with giant
cell arteritis compared to healthy controls and identify whether these measures
could detect longitudinal muscle changes in patients on long term glucocorticoid

therapy. The manuscript for this research study is in preparation for publication.

Chapter 9 summarises and discusses the main research findings of this thesis and

highlights potential future directions.
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Chapter 2 Background

This chapter describes the anatomy, muscle pathology, and MRI theory relevant to
this thesis. This chapter includes published work by Matthew Farrow, John
Biglands, Abdulrahman Alfuraih, Richard Wakefield, and Ai Lyn Tan. “Novel muscle
imaging in inflammatory rheumatic diseases” published in Frontiers in Medicine,
2020 (1).

2.1 Introduction

Muscle participates in multiple human functions, from the cardiovascular system to
locomotion. The types of muscle found in humans are broadly categorised as
smooth and striated muscle. Striated muscle is so-called due to the striated
appearance of the myocytes under the microscope. There are two types of striated
muscle: cardiac and skeletal (36). The large thigh skeletal muscles have been
chosen to be the muscles of interest for this research project as they are easily
accessible and are a frequent site for a muscle biopsy to confirm a diagnosis of
muscle pathology. Furthermore, the muscles of the thigh are easily identifiable on

MRI and are vital for daily activities, such as walking.

Skeletal muscles are under voluntary neural control and attach to bones via
tendons. There are approximately 680 skeletal muscles in the human body which
contribute to typically 40% of an individual’s body weight (36, 37). Each skeletal
muscle consists of individual muscle fibres. Each muscle fibre is surrounded by
connective tissue and blood vessels and has a single connection to the nervous

system via a motor neuron (36).
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Skeletal muscle can become compromised from injury, inactivity, ageing, disease,
and medication. Musculoskeletal complications affect more than one out of every
two adults (38) across their lifetime and can present with muscle pathology (39,
40). Pathology affecting skeletal muscles can result in a decreased quality of life
and may increase the risk of injuries due to falls (41). Rheumatic diseases
(diseases treated within the speciality of rheumatology) can frequently present with
myalgia, malaise, and fatigue (42), which could indicate subclinical muscle
involvement. The impact of this decrease in muscle health in response to rheumatic
disease is detrimental to the functional capacity of patients. This potential decrease
in muscle health suggests that there may be a significant unmet need for an

improved understanding of muscle pathology observed in rheumatic diseases.

Historically, when considering rheumatic conditions, the skeletal components,
including bone and joints, have been the primary area of interest, with muscle
involvement in rheumatic disease not being a main focus of research. This lack of
interest in researching muscle has contributed to a lesser understanding of how
muscle is involved in certain diseases, such as rheumatoid arthritis, compared to
the joints. This lack of understanding has limited the development of methods to
assess and improve muscle health in the majority of rheumatic diseases due to not
appreciating the severity of concurrent muscle pathology. In the limited literature
available, myopathic clinical features, including: muscle inflammation, myosteatosis
(fat infiltration), changes in muscle microstructure, muscle loss, myalgia, and loss of
physical function have been reported to occur in several rheumatic diseases (1). In
addition to the decrease in quality of life due to rheumatic disease (43),
hospitalisation and treatment also pose a substantial economic burden, with
musculoskeletal complications being a significant cause of absence from work (44-

46) and accounts for 20% of primary care consultations (47).

Advances in diagnostic imaging in rheumatology, particularly in the area of
inflammatory arthritis, have contributed to significant clinical benefits to patients and

improved our knowledge of rheumatic disease pathogenesis. Despite the
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usefulness of MRI in diagnosing arthritis, and monitoring disease progression in the
joints, and related joint structures, the role of muscle imaging has conventionally
been centred around the diagnosis of inflammatory muscle diseases (48), such as
polymyositis and dermatomyositis. However, with an increasing appreciation of the
impact and prevalence of muscular symptoms in rheumatic diseases (49), and due
to developments in medical imaging, recent attention has been directed towards
the utility of medical imaging for the identification and monitoring of muscle

pathology in rheumatic disease, in particular, quantitative medical imaging.

MRI is ideal in the study of muscle health as it is non-invasive and can be used to
detect differences, diagnose disease, monitor changes, and assist in the
development of interventions to improve muscle health. MRI is frequently used in
the assessment of muscle health; however, conventional MRI is subjective and
may lack the sensitivity to detect subtle differences. The term conventional MRI will
be used throughout this thesis to describe the process by which a radiologist will
visually assess MR images for pathology, possibly using a semi-quantitative
scoring system such as the rheumatoid arthritis magnetic resonance imaging
scoring system (RAMRIS) (50) or the foot osteoarthritis MRI score (FOAMRIS) (51).
Quantitative MRI may be more sensitive and be able to detect more subtle
differences which currently go unseen by conventional MRI. As mentioned, the
guantitative MRI techniques within this thesis include T2, two-point Dixon (fat
fraction), diffusion tensor imaging, and muscle volume. These measurements were
chosen as they may be able to detect known muscle pathologies, such as muscle
oedema, myosteatosis (fat infiltration), changes in microstructure, and muscle
atrophy. If it can be demonstrated that quantitative MRI is capable of detecting
subtle differences within the muscle, then this could be useful in future research
studies in assessing disease progression. This future research could increase
knowledge of the rheumatic diseases and assist in the diagnosis of disease by
calculating receiver operator characteristic (ROC) curves and cut-off values for

diagnosis.
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Within this thesis, the application of quantitative MRI techniques in the thigh is
explored in the context of age-related muscle disease (sarcopenia) and three
inflammatory rheumatic conditions in which the muscle is of interest. The first
inflammatory rheumatic condition is myositis, a primary inflammatory condition of
the muscle; the second is rheumatoid arthritis in which patients often complain of
comorbid muscle-related symptoms, and the third is giant cell arteritis in which
patients frequently present with polymyalgia rheumatica and are at risk of the

complications of prolonged high-dose steroid therapy.

2.2 Skeletal muscle

All physical activities that a person performs involve voluntary contraction of
skeletal muscle. Skeletal muscle consists of long fibres running the length of the
muscle. These muscle fibres are 10 - 40mm in length and 10 - 80um in diameter
and are arranged in a parallel fashion within the tissue (36). Each muscle fibre
contains several hundred to several thousand polymerised proteins known as
myofibrils. These myofibrils are composed of myosin and actin filaments. The
configuration of actin and myosin filaments located between two z discs is known
as a sarcomere (Figure 2-1). Muscles produce motion by the myosin filaments and
actin filaments contracting, a concept known as the sliding filament theory (36). As
the contractile capability of skeletal muscle is reliant on the contraction of the
sarcomeres, comprehension of the muscle microstructure is of the utmost

importance in understanding muscle function (52).
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Figure 2-1: Microstructure of skeletal muscles
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Skeletal muscles have classically been described as having two types of fibre
phenotype, known as type | (slow-twitch) and type Il (fast-twitch) muscle fibres.
Skeletal muscles have varying percentages of type | and type Il muscle fibres,
depending on the function of the muscle, and the genetic disposition of the
individual (53). Type | (slow-twitch) muscle fibres are often found in high quantities
in muscles that maintain posture and can sustain prolonged contractions. Type Il
(fast-twitch) muscle fibres are designed for short, rapid, and powerful contractions.
The type of muscle fibre can be identified by studying the enzyme activity using
myosin adenosine triphosphatase (ATPase). Fibres which stain strongly following
pre-incubation at pH 10.4 are referred to as type II, whilst fibres which show low
ATPase activity at pH 10.4 are referred to as type I. Type Il muscle fibres are
comprised of three subtypes: type IIA, 11X, and IIB. It is known that in addition to
pure fibre types, skeletal muscles can contain hybrid muscle fibres with mixed
myosin heavy chain (MyHC) composition, demonstrating the existence of a
spectrum of fibre types (54). It is known that skeletal muscle fibres can change their
phenotype within this spectrum due to the influence of: hormones, medication,

nutrition, exercise, disease, ageing, and due to motor neuron firing (55-58).

2.2.2 Anatomy of the human thigh

The thigh can be divided into three compartments: anterior, medial, and posterior.
The research within this thesis is focussed predominantly on the anterior and
posterior compartments, and to a lesser extent, the medial compartment of the
thigh (only used for thigh muscle volume measurements) (Table 2-1 and Figure
2-2). The thigh muscles were chosen as they are involved in daily tasks such as
walking, and a decrease in thigh muscle health can result in a decreased quality of
life (59). The anterior and posterior compartments of the thigh were primarily
chosen as they are easily identifiable on MRI, are important for knee flexion and
knee extension, and are frequently used sites of muscle biopsy to confirm the
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diagnosis of muscle pathology (60). The medial aspect of the thigh received less
attention in this research project as it can be difficult to demarcate the individual
medial muscles in patients with muscle pathology without subcutaneous fat

contaminating the regions of interest.

Within the anterior compartment, the quadriceps femoris is the primary extensor
muscle of the knee joint and assists in hip flexion. The quadriceps femoris consists
of four muscles: rectus femoris, vastus medialis, vastus intermedius, and vastus
lateralis. In addition to the quadriceps, the sartorius muscle is also located within
the anterior compartment. The posterior compartment of the thigh is separated from
the anterior compartment by the lateral intermuscular septum. Within the posterior
compartment, the hamstring muscles are the principal flexors of the knee joint and
consist of three muscles: semimembranosus, semitendinosus, and biceps femoris.
The medial thigh muscles are responsible for leg rotation and adduction of the
thigh. The medial compartment is composed of 4 muscles: adductor brevis,

adductor longus, adductor magnus, and gracilis.
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Table 2-1: Origin, insertion, and nerve supply of the muscles that make up the

quadriceps and hamstrings

Muscles of thigh Origin Insertion Nerve supply
Quadriceps
Rectus femoris Anterior inferior
iliac spine
Vastus medialis Intertrochanteric Quadriceps Femoral nerve
line tendon (L2,3,4)

Vastus lateralis

Vastus intermedius

Shaft of femur

Hamstrings

Semimembranosus

Semitendinosus

Ischial tuberosity

Medial condyle
of tibia

Upper shaft of
tibia

Biceps femoris

Short head: linea

aspera of femur

Long head: ischial

tuberosity

Head of fibula

Sciatic nerve
(L5, S1,2)
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Figure 2-2: Muscles of lower limb

Thigh muscle front and back by Henry Gray and Henry Carter (1858) is in the
public domain and has no copyright protection.

Muscles of interest in this thesis are the quadriceps (anterior), hamstrings
(posterior), and to a lesser extent, the muscles of the medial compartment.
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2.3 Muscle pathology

Rheumatic muscle disease can arise due to primary disease, for example, where
muscle tissue is the primary site of pathology, such as polymyositis, or from
secondary causes as a sequela to another disease process, such as disuse
myopathy from immobility. Patients with rheumatic disease can experience: muscle
inflammation, myosteatosis, changes in muscle microstructure, muscle atrophy,
and loss of muscle strength (5, 58). In this thesis, four groups were investigated to
identify the presence of muscle pathology due to: ageing (sarcopenia), myositis,
rheumatoid arthritis, and giant cell arteritis. Each group was compared to matched
healthy controls. Sarcopenia, a condition in which there is an age-related decrease
in muscle health, was selected as it has implications for public health. Sarcopenia
is caused by muscle atrophy, low muscle quality, and decreased physical function
and muscle strength. Myositis was selected as it is defined by inflammation of the
muscle. Rheumatoid arthritis was selected because it is a common rheumatic
disease, and comorbid muscle atrophy and fatigue are associated symptoms (61),
suggesting subclinical disease effects on the muscles that are little explored to
date. Giant cell arteritis was selected because it is a systemic inflammatory disease
often concurrent with polymyalgia rheumatica — a condition that presents with
muscle stiffness, and is treated with glucocorticoids, which can cause
glucocorticoid-induced myopathy. These conditions can result in the loss of
functional capability, which can cause difficulty in routine daily tasks, and
necessitate healthcare, occupational, and social modifications and services (13, 62-
64).
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2.3.1 Diseases researched in this thesis

2.3.1.1 Age-related decrease in muscle health

Ageing is characterised by a decline in muscular capabilities (65, 66). The effect of
ageing on muscles is an important field to research, as many older individuals
function close to their maximum physical capability during normal daily activities
(67, 68). Demographic shifts in the population have resulted in an expansion in the
number of older adults. The population aged above 60 is estimated to increase
from 841 million in 2013 to over 2 billion by 2050 (69). Sarcopenia, first described in
1989, comes from the Greek translation of ocdpg (sarx): “flesh”, and mevia (penia):
“‘penury”. Therefore, sarcopenia translates to ‘extreme poverty of flesh’. Sarcopenia
is described as the progressive loss of muscle mass and reduction in muscle
function. It has been suggested that sarcopenia may occur in up to 13% of
individuals aged between 60 and 70, and 50% of those aged over 80 (70, 71).
These age-related changes decline faster in the lower extremities than the upper
extremities, affecting ambulatory function and increasing the risk of falls and
fractures (72-76). As well as increased mortality and falls, sarcopenia is a major
contributor to frailty and depression (77-79) and imposes a significant economic

burden on healthcare services (80).

The loss of physical function observed in sarcopenia is speculated to be attributed
to a reduction in muscle quality, due to the infiltration of fat (myosteatosis) and
other non-contractile tissue (myofibrosis), changes in muscle fibres, and muscle
atrophy (81-84). However, a direct relationship between muscle quality assessed
by MRI and age-related muscle weakness has not yet been established. Therefore,
further research into the relationship between muscle quality assessed by MRI and
physical function is required. One of the potential mechanisms explaining how fat
tissue decreases muscle function is the increased production of tumour necrosis

factor-alpha (TNF-a). It has been suggested that TNF-a, which also has an
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influential role in rheumatic disease, may act directly on muscle fibres, disrupting
excitation-contraction coupling by altering intracellular calcium stores (85).

Specific changes in muscle fibres due to ageing, are caused by a decrease in the
motor neurons innervating type Il (fast-twitch) muscle fibres, as they are recruited
less frequently than type | (slow-twitch) muscle fibres. With the loss of their motor
unit, type 1l muscle fibres either atrophy or become innervated by a branch that
emerges from a healthy axon nearby, which is innervating a type | muscle fibre.
This reinnervation ultimately results in a higher quantity of type | (slow-twitch)
muscle fibres in older individuals compared to type Il (fast-twitch) muscle fibres (86-
89). This reinnervation results in the grouping of muscle fibre types, which
describes the phenomenon that certain fibre types appear to be distributed in
clusters rather than in the random fashion as seen in young, healthy muscle (90). In
addition to a decrease in the quantity of type Il (fast-twitch) muscle fibres, the size
of the muscle fibres also decrease. This decrease in muscle fibre size is
demonstrated by a 10-40% reduction in type Il muscle fibre size compared to
young controls (91-93). In contrast, type | muscle fibre size is mostly unaffected
(37, 94, 95). This evidence suggests that there may be a selective preservation of
type | (slow-twitch) muscle fibres for their mechanical properties, as these fibres are

required for low force activities, such as walking.

There is ongoing research into the best approach for diagnosing sarcopenia.
Historically, sarcopenia has been diagnosed based on the loss of muscle mass.
The limitation with this approach, however, is that although muscle strength and
muscle mass are correlated, the loss of muscle strength occurs at a faster rate than
that of muscle loss, which suggests that other factors, in conjunction with muscle
mass, are influencing muscle strength. The European Working Group on
Sarcopenia in Older People (EWGSOP) developed the sarcopenia European
consensus on definition and diagnosis guidelines in 2010. These guidelines include
three diagnostic aspects: body composition analysis, muscle strength assessment,

and physical performance (Table 2-2) (71). However, there have been criticisms of
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these guidelines that suggest new diagnostic tools should be used (96-98). In 2019,
the EWGSOP updated their diagnostic guidelines to include ‘low muscle quality’
and the addition of a ‘probable’ sarcopenia diagnosis for individuals with low
muscle strength (99). The EWGSOP defines the term muscle quality as the
microscopic and macroscopic properties of muscle, muscle mass, and muscle
function. However, there is currently no universal consensus on methods to assess
or define muscle quality, demonstrating a significant unmet need to develop new
tools to measure muscle quality accurately. The EWGSOP 2019 criteria highlight
the potential use of MRI to assess muscle quality, including by assessing infiltration
of fat into muscle (Table 2-3). It could be speculated that many older individuals will
meet the diagnosis of probable sarcopenia due to individuals having low muscle
strength.

Although physical activity, especially strength training, can help slow the rate of
development of sarcopenia (100), even active older individuals succumb to
progressive loss of muscle mass and strength (101, 102), which can affect their
ability to perform daily tasks (103, 104). These findings suggest a need to research

different types of interventions to combat age-related changes within the muscle.
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Table 2-2: EWGSOP 2010 diagnosis for sarcopenia

EWGSOP 2010 diagnosis for sarcopenia is based on documentation of criterion
one plus either criterion two or criterion three (71)

Criterion Assessed by
1 Low muscle mass CT
MRI
DXA
BIA

Body potassium per fat-free soft tissue

Anthropometry

2 Low muscle strength Handgrip strength

Knee flexion/knee extension

Peak expiratory flow

3 | Low physical performance Short Physical Performance Battery

Gait speed

Get-up-and-go test

Stair climb power test
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Table 2-3: EWGSOP 2019 diagnosis for sarcopenia.

Probable sarcopenia is identified by criterion one
Definite sarcopenia if criteria one and two present
Severe sarcopenia if all criteria are met (99)

Criteria Assessed by Cut-off Cut-off points
points for for females
males

1 | Low muscle | Grip strength <27kg <16kg

strength Chair stand test

>15 seconds for five raises

2 | Low muscle | Appendicular skeletal muscle mass by
guantity or DXA

<20kg

|<15kg

quality Whole-body skeletal muscle mass

Depending on the

predicted by BIA population

appendicular skeletal muscle mass by <20kg | <15kg

MRI

Mid-thigh cross-sectional area by CT or No cut-off developed

MRI

Lumbar muscle cross-sectional area by No cut-off developed

CT or MRI

Muscle biopsy of thigh No cut-off developed

MRS of thigh No cut-off developed
3 | Low physical | Gait speed <0.8m/s

rforman i
PErOrMAnce 15y iort Physical Performance Battery

<8point score

Timed-up-and-go test

220 seconds

400-metre walk

Non-completion or =26
minutes for completion
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2.3.1.2 Myositis

The idiopathic inflammatory myopathies (IIM) are the most prevalent inflammatory
muscle disease group seen within rheumatology. IIM are a heterogeneous group of
autoimmune inflammatory muscle diseases comprising primarily of dermatomyositis
and polymyositis. ldiopathic inflammatory myopathies, also known as myositis,
present with: muscle weakness, raised muscle enzymes, abnormal
electromyography (EMG), abnormal muscle biopsies, and myositis-related
antibodies (105). MRI has become an integral imaging tool in the diagnosis and
monitoring of disease activity of myositis due to its ability to non-invasively detect
affected muscles and identify the most suitable site for muscle biopsies required to
confirm the diagnosis (Figure 2-3) (106-110). Reassuringly in myositis, MRI
correlates with biopsy results (111) and is more sensitive than muscle enzymes and

EMG in diagnosing myositis (112).

Nevertheless, the interpretation of MR images can be subjective (113), and MRI
findings in isolation may not be specific enough for diagnostic purposes (114).
Quantifying parameters such as fluid, myosteatosis, diffusion of water molecules,
and muscle mass by utilising quantitative MRI techniques such as T2, fat fraction,
diffusion tensor imaging, and muscle volume may provide a more accurate
description of muscle pathology (109, 115, 116). It can also be used to guide
muscle biopsies more precisely, which may increase the likelihood of a positive
biopsy. It could be speculated that quantitative MRI may be of greater importance
in patients with low-grade pathology, which may currently go undetected with

conventional MRI, as it may be more sensitive to subtle changes.
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Figure 2-3: Conventional MRI of the right thigh

(A) T2-weighted STIR and (B) T1-weighted images of a 60 year-old male
with active myositis, compared to (C) T2-STIR and (D) T1l-weighted images
of a 45 year-old healthy female.

Muscle oedema (T2-STIR) and fat infiltration (T1-weighted) is present in
patients with myositis compared to healthy controls.
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2.3.1.3 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory joint disease that presents with
inflammatory arthritis. The predominant site of pathology in RA is in the synovial
joints. The joints are, therefore, the most imaged structure in RA. However, there
are many reasons for patients with RA to have weaker muscles, such as joint pain
and impaired physical function resulting in a greater tendency towards physical
inactivity (117, 118), inflammatory processes of the disease, and medication - in
particular steroids which can cause myopathy. Rheumatoid arthritis patients often
present with lower muscle mass (119) and report experiencing muscle problems or
myopathy (120). Fatigue is a common symptom in many rheumatic conditions,
including rheumatoid arthritis, and imparts a significant burden on patients’ lives
(121). Histologically, RA is also associated with atrophy of type Il (fast-twitch)
muscle fibres, similar to the effects of sarcopenia on the muscle (58, 122). In
addition, the pro-inflammatory state in inflammatory arthritis predisposes patients to
the cachectic body composition, which is another reason for compromised muscles
in rheumatoid arthritis (123, 124).

Despite reduced muscle strength being associated with increased disease activity
in patients with RA, there is little muscle imaging data from studies in patients with
RA. Quantitative MRI offers a different imaging perspective of muscle and can
provide further insight into the pathogenesis of muscle pathology in RA. Indeed,
guantitative MRI could be used to identify if patients with RA are in remission or still
have muscle pathology, such as muscle inflammation or myosteatosis.
Furthermore, quantitative MRI could identify whether current treatment has any
effect on improving muscle health, or if additional interventions, such as exercise,
should be developed for a more comprehensive approach in patients with RA.
Although treatment, including biological therapy and exercise, can help improve
symptoms of fatigue, it is not effective in all patients (125, 126). The fact that
exercise can improve fatigue suggests that modifying the muscles in patients with

RA is a potential route to improving clinical symptoms for patients. Therefore, it
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could be speculated that interventions to improve muscle health in patients with RA
could have clinical benefit, and quantitative MRI may be beneficial in providing

further insight into their application and efficacy.

2.3.1.4 Giant cell arteritis

Giant cell arteritis (GCA), which often presents with concurrent polymyalgia
rheumatica, is a systemic vasculitis and autoimmune inflammatory disease that
affects older people. Patients with GCA are often disabled by muscle weakness
and fatigue from the disease process (127). It would, therefore, be reasonable to
hypothesise that, despite not demonstrating a classical myositic picture with
abnormal blood markers or EMGs (128), the muscles of patients with GCA are
likely to be compromised. Due to the inflammatory nature of GCA, it is possible that
muscle oedema, a surrogate biomarker (a biological characteristic that is
objectively measured and used as an indicator of pathology) of inflammation, could
be present in patients with GCA and identifiable on fluid-sensitive sequences such

as quantitative T2.

Patients with GCA are treated with high doses of glucocorticoids (steroids). British
Society for Rheumatology (BSR) guidelines suggest that glucocorticoid treatment
should start at 40-60 mg/day of prednisolone for GCA (129). However,
glucocorticoids can result in glucocorticoid-induced myopathy. It is important,
therefore, to consider that there may be a combination of the effects of
inflammation from the disease (GCA) and the catabolic effects of therapy

(glucocorticoids) on the muscle of patients with GCA.
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2.3.1.4.1 Glucocorticoid-induced myopathy

Glucocorticoids are potent anti-inflammatory steroid agents and have a variety of
uses in rheumatology, most commonly acting as bridging therapy before
replacement with other longer-term treatments. Whilst numerous diseases are
treated with glucocorticoids, such as myositis and rheumatoid arthritis, GCA is an
example for which high doses of glucocorticoids are prescribed. As a result, many
GCA patients often develop a proximal myopathy, in the absence of typical
inflammatory laboratory markers such as muscle enzyme abnormalities or myositis-
related antibodies. The effects of glucocorticoids on the muscle itself can present
as myopathy or muscle weakness. However, due to the lack of a standardised
definition of glucocorticoid-induced myopathy, reporting of myopathies due to
prednisolone treatment can prove inconsistent (130). Therefore, the management
of glucocorticoid-induced myopathy can be challenging due to the difficulty in
identifying myopathy with the current means of investigation (131). Amongst the
many adverse effects of glucocorticoids, a major consequence is muscle atrophy,
with a particular affinity for the atrophy of type Il (fast-twitch) muscle fibres (132,

133), similar to that seen in sarcopenia and rheumatoid arthritis.

Very little research regarding GCA and glucocorticoids has been published about
muscle in the literature. Most studies have focussed on the diagnosis of GCA and
responses to glucocorticoid therapy (134-136). The fact that type Il muscle fibres
tend to be affected by steroid therapy suggests that techniques such as MRI
diffusion tensor imaging, which are sensitive to changes in muscle microstructure,
could be useful in understanding the pathogenesis of glucocorticoid-induced
myopathy (26). Furthermore, muscle atrophy due to the catabolic effects of
glucocorticoids could be quantitatively measured to monitor muscle changes over
time. The challenge will be interpreting the findings and elucidating if the observed
imaging changes are due to therapy (glucocorticoids) or the inflammatory disease
process (GCA).



58

Steroid-sparing immunosuppressant regiments have been investigated against long
term steroid monotherapy in the treatment of RA, and it has been possible to tell
that steroid-receiving recipients had weaker strength compared to patients who did
not receive steroid therapy (137, 138). However, due to the complexities of current
therapy and the ethical limitations in withholding treatment, such direct comparison
studies in GCA patients may not be feasible. The confounding impact of
glucocorticoid therapy in the muscle health of patients with GCA highlights an
unmet need to identify the exact cause of the myopathy to optimise management —

this an area for further exploration where quantitative MRI may be useful.

2.3.2 Assessment of muscle health

Patients with rheumatic disease can present with muscle weakness, fatigue,
malaise, and myalgia. There are numerous ways of investigating the health of
muscles in addition to medical imaging, such as conducting muscle biopsies, blood
biomarker testing (creatine kinase [CK]), electromyography (EMG), and clinical

examination.

Muscle biopsies are the gold standard in assessing muscle health. Muscle biopsies
involve removing a small sample of muscle tissue, often from the vastus lateralis, to
assess the muscle’s appearance under a microscope (60). This sample of muscle
is examined for signs of pathology. Pathology can be identified utilising histology
(appearance and structure of muscle cells), histochemistry (the activity of chemicals
within muscle fibres), immunohistochemistry (presence of proteins within the
muscle), and electron microscopy (structural abnormalities). Unfortunately, muscle
biopsies assume that the small sample of muscle, between 20mg and 293mg in
size (139), represents that of the whole muscle, which, due to the heterogeneous
nature of muscle pathology, is incorrect. To improve the likelihood of successfully

obtaining a sample of muscle with pathology present, ultrasound- and MRI-guided
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muscle biopsies can be performed. However, a significant limitation of muscle
biopsies is that they are invasive, which impedes on their frequent use to monitor
changes within a research context. In addition, muscle biopsies are uncomfortable
for patients (140) and have several known risks, such as infection and bleeding,
and are, therefore, contraindicated in frail individuals or patients taking

anticoagulant therapy (60).

EMG is an invasive procedure and consists of needles inserted through the skin
into the muscle to monitor the electrical activity of the muscle in response to
stimulation. EMG is frequently used in the diagnosis of neuromuscular disease
(141).

Clinical examination of the muscle consists of trained health professionals
conducting physical tests to measure muscle strength and muscle function such as
a ‘chair sit to stand’ test (142) or the ‘get up and go’ walk test (143). Clinical
examinations of muscle are often semi-quantitative, such as manual muscle tests
(MMT), in which the patient opposes manual resistance supplied from an examiner
(144). A major limitation of clinical examination and MMT is that they can be
subjective and reliant on both participant and examiner effort. Furthermore, a
clinical examination does not directly measure muscle status and quality but

measures physical performance.

To assess physical capability, targeted muscle strength assessments can be
conducted. ‘Maximum strength’ is defined as the maximum force or torque a
muscle can generate at a specified determined velocity (145). ‘Muscle power’ is
defined as a product of torque and speed (146). The three primary forms of
strength testing are isotonic, isometric, and isokinetic. Isotonic contractions can be
divided into concentric and eccentric contractions. Concentric contractions are
when the muscle shortens as it contracts. Eccentric contractions occur when the

muscle lengthens in a controlled manner as tension is produced. An example of an
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eccentric contraction is on the downward phase of a bicep curl. Isometric testing
requires participants to produce maximum torque against an immovable resistance.
Isokinetic testing is often utilised to assess muscle strength. Isokinetic testing
involves the measurement of torque during a movement in which the velocity is

constant. Isokinetic testing can be either concentric or eccentric.

To assess global physical function, isometric handgrip strength is often used.
However, whilst handgrip strength provides an overview of physical health, it does
not provide information on muscle quality, such as the presence or degree of

myosteatosis and muscle inflammation.

2.3.2.1 Muscle imaging in rheumatic disease

Medical imaging, such as computed tomography (CT), positron emission
tomography (PET), ultrasound, and magnetic resonance imaging (MRI), are useful
for the evaluation of muscle pathology and the monitoring of disease progression

as it can provide information about a larger quantity of the muscle.

Computed tomography produces three-dimensional images by utilising ionising
radiation. In muscle, it can identify the distribution of myosteatosis and assess
muscle size (147). However, the high radiation burden to the patient is a
complication, particularly to children and young adults who could require several
CT scans throughout their lifetime. Therefore, the radiation burden involved in CT
scanning precludes this technique from being used too frequently and is particularly
problematic for longitudinal research (148). Whilst CT scans can provide
guantitative measurements of fat and muscle mass (149); it is less suitable to

assess muscle tissue microstructure and muscle oedema compared to MRI.
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PET scans produce images which use radioactive materials to visualise and
demonstrate metabolic processes within the body. PET scans are useful for
detecting changes in physiological activities, including blood flow and metabolism,
and are frequently used in the diagnosis of cancer. However, PET imaging can be
utilised in the study of the musculoskeletal system to provide insight into the
pathology of myopathies (150). A benefit of PET scans, in comparison to many
other imaging modalities, is that they demonstrate biochemical changes compared
to anatomical changes. Limitations of PET scans include the expense and the
radiation burden, which, similar to CT, preclude this technique from being used too

often.

Ultrasound is achieved using the emission and reflection of high-frequency sound
waves within the tissue. Ultrasound is an easily applicable and safe non-invasive
technique to visualise soft tissues. The benefits of ultrasound include high patient
tolerance and that it is easily accessible with few contraindications, while providing
images of soft tissue in real-time within the clinical setting. Important aspects to
consider with ultrasound would be the selection of the ultrasound machine,
settings, and probe selection which can be crucial for optimum visualisation (151,
152). Whilst ultrasound can quantitatively measure fat and muscle; there are
several caveats. This modality can be affected by operator pressure on the probe,
which can lead to significant changes in measured muscle thickness. Furthermore,
muscle dimensions change with contraction/relaxation, so it is critical to ensure that
the patient is cooperating (153). In addition, when assessing for muscle pathology,
it has been reported that ultrasound can be reported as healthy whilst MRI is shown
to detect pathology (154). This suggests that MRI may be more sensitive to muscle

disease compared to ultrasound.
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2.4 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a non-invasive imaging modality which
provides excellent soft-tissue assessment and has superior image contrast for the
assessment of soft tissue compared to most other imaging modalities. Furthermore,
there is a wide range of image contrasts, due to T1 and T2 tissue characteristics, to
enable the visualisation of the anatomy. MR is frequently used to diagnose or
evaluate joint disorders and to visualise soft tissues (muscles, tendons, and
ligaments). Some of the benefits of MRI include the fact that it does not use ionising
radiation and produces three-dimensional structures (155). Limitations of MRI

include the potential of long scan times and limited availability.

MRI is considered the reference imaging method to assess the morphology of
muscles due to its capability to demarcate different tissue (156, 157). MRI also
permits the examination of deeper tissue structures compared to ultrasound.
Furthermore, MRI has a role in the diagnosis and monitoring of muscle disease and
is used for guiding muscle biopsy (158, 159). Aside from conventional MRI, which
provides a qualitative assessment of muscle based on the difference in signal
properties in various tissues and pathologies, there may also be an important role
for quantitative MRI measurements, such as T2, fat fraction, diffusion tensor
imaging, and muscle volume. These quantitative MRI measurements can provide
objective measurements of muscle parameters, including: fluid, myosteatosis,
diffusion of water molecules, and muscle atrophy. These measurements may
potentially aid in the diagnosis and monitoring of muscle disease as they have the
potential to provide quantitative information on the known muscle pathologies which
can occur, including muscle oedema, myosteatosis, changes in muscle

microstructure, and muscle atrophy (160).
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2.4.1 The MRI system

MRI scanners are composed of a magnet, gradient coils, and radiofrequency (RF)
transmitter and receiver coils, which help produce the MR images (Figure 2-4). The
participant lies in the main magnet field (Bo) with the anatomical region of interest in
the isocentre (the most homogenous part of the field) of the magnet. There are
three reference axes (Figure 2-5) which illustrate the directions of the magnetic

fields within an MRI scanner (161).

Main magnet coils

Integral RF
transmitter coil

X,Y,2
F receiver gradient
' coils

Main magnet coils

Figure 2-4. MRI system

Main components of an MRI machine
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Figure 2-5: Reference coordinate axes

References axes which describe the directions of the magnetic fields

2.4.2 MRI signal production

The MRI signal is generated from the magnetic moments of the hydrogen protons
within water molecules. Within the presence of an external magnetic field, these
magnetic moments precess about the magnetic field (Figure 2-6). The frequency of
this precession is described as the Larmor frequency (wo). Initially, these magnetic

moments are in a random orientation.

In the presence of a strong, external magnetic field, a net magnetic field is
generated from these individual magnetic moments. To generate a measurable
MRI signal from the net magnetisation, an RF pulse is used to tip the net
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magnetisation into a plane orthogonal to that of the main external magnetic field
(Bo). Following the removal of the RF pulse, the net magnetisation returns to its
ground state. The net magnetisation is frequently described as having two
components, longitudinal and transverse. Two phenomena are important for the
longitudinal and transverse elements: T1 is used to describe the longitudinal
relaxation time and is a measure for the amount of time required to return to 66.6%
of its maximum value. T2 is the time constant that describes the speed for the
transverse magnetisation to decay to 37% of its value. Different tissues have
different T1 and T2 values, which are the reason for the contrast in signal strength
between tissues and, ultimately, for image contrast in the image. This image
contrast is dictated by the echo time (TE) and the repetition time (TR). The echo
time describes the interval between the centre of the RF pulse and the centre of the
echo when the receiver colil receives the signal. The repetition time describes the

time interval between the two, consecutive, RF pulses (Figure 2-7).
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Bo

Figure 2-6: Precession of the spin magnetic moment in the presence of an external
magnetic field
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TR

Figure 2-7: Echo time and repetition time

The echo time and repetition time are two important phenomena in MRI and allow
for different image contrast between tissues. The echo time (TE) is the interval
between the centre of the RF pulse and the centre of the echo. The repetition time
(TR) is the time interval between two RF pulses.

2.4.3 Quantitative MRl measurements used in this thesis

2.4.3.1 Quantitative T2 MRI

T2, or the transverse relaxation time, is one of the fundamental contrast
mechanisms in MRI. Quantitative T2 measurements are sensitive to fluid related to
physiological or pathological changes at the macromolecular level (162).
Quantitative T2 measurements can provide a map in which the value for the voxel
guantitatively represents the T2-relaxation time of the tissue that is located inside
the voxel. Longer T2 relaxation times are often interpreted as increased fluid due to

oedema or inflammation (160). Typically, T2 measurements are performed using fat
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suppression. However, fat suppression is challenging, and there is always some
remnant olefinic fat in fat-suppressed MR images. Therefore, T2 measurements are

usually contaminated with olefinic fat to some degree (115, 163).

The T2 describes the rate of signal decay due to spin-spin interactions within the
tissue. Typically, T2 is measured using a spin-echo (SE) sequence (Figure 2-8).
Spin echo uses a 180-degree pulse to refocus the dephasing of the net
magnetisation due to magnetic field inhomogeneities before the signal is acquired,
giving T2. The most basic T2 measurement can be made by acquiring several
images of the same anatomy using spin-echo sequences with a range of echo
times. For each voxel on the resulting images, T2 can be estimated by fitting an
exponential decay model to the signal intensity measured across all the echo times.
However, this simple method is too time-consuming to use clinically. Therefore, a
turbo spin-echo (TSE) sequence is used, in which multiple 180-degree pulses (and
multiple echoes) are acquired after a single read-out (Figure 2-9). With TSE, the
entire train of images can be acquired in a single acquisition, therefore bringing the
imaging time down, compared to a simple spin-echo. However, due to the signal
decaying exponentially, the number of suitable echoes in the echo train is
restrained by the T2 decay. Therefore, if images are acquired with a TE that is too
great, then the acquired signal will have a weak signal-to-noise ratio (SNR),
inducing errors in the fit. Therefore, noise must be dealt with in the fitting or

excluded by not acquiring images with very long TE values.

Multi-echo sequences are known to overestimate T2 due to the formation of
stimulated echoes (164, 165) but are used in practice to keep scan times tolerably
short for participants. More elegant analysis methods that take the full extended
phase graphs into account have been used (166, 167); however, these methods

are complex and not readily available in routine clinical imaging.
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Figure 2-8: Spin echo sequence

T2 is often measured using a spin echo sequence. A spin echo sequence includes a

90- degree excitation pulse followed by a 180-degree pulse that refocuses the pulse.
A single echo is measured during each repetition time.
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Figure 2-9: Turbo spin-echo

Turbo spin-echo is an adaptation of the spin-echo sequence used to reduce
scanning time. Multiple echoes are recorded after each 90-degree excitation pulse
by the use of multiple 180-degree inversion pulses.

2.4.3.2 Fat fraction MRI

Higher skeletal muscle fat accumulation is associated with lower muscle strength,
lower physical function, and decreased mobility. Semi-quantitative measurements,
such as the Mercuri fat infiltration scale (159), are often used as an outcome
measure to assess myosteatosis but are inherently limited as they lack sensitivity
and are subjective. More sensitive measurements to assess myosteatosis show
potential in muscle imaging to provide a more objective measure, such as Dixon

imaging (168).
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Dixon imaging is a technique that exploits the differences in the resonant
frequencies between fat and water in order to separate them in the image and
produce fat fraction measurements (168). Fat fraction measurements using Dixon
imaging have been validated in phantom experiments (169-173), have been shown
to be highly reproducible in the liver (174), and have been shown to correlate well
with chemical analysis (175) and the histology grading of liver steatosis (175, 176).
Research into using fat fraction in skeletal muscles is an emerging and exciting

topic.

2.4.3.2.1 Two-point Dixon

Two-point Dixon MRI acquires two images at two different echo times (TE-in-phase
and TE-out-of-phase) using a modified gradient-echo pulse sequence. This
technique exploits the fact that water and fat precess at different rates. At TE = 0,
fat and water are in phase. The difference in their precessional frequencies is 3.5
parts per million (PPM) or 440Hz, in a magnetic field of 3T (Figure 2-10). As such,
over time, the two signals alternate between being in-phase and out-of-phase with

one another (Figure 2-11 and Figure 2-12).

If it is presumed that water is the dominant signal (i.e. there is more water signal
than fat signal), then, by combining the two images, the water signal remains
without the fat signal, whilst the subtraction of the out-of-phase from the in-phase

will result in a fat image without the water (177):
o Sip+Soop = (Sw+Sr)+(Sw—5) =28,

o Sip—Soop = (Sw+5Sr) = (Sw—5;) =25
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Water

Fat

PPM

Figure 2-10: Chemical shift properties of water and fat

Water and fat precess at different rates, with water being the dominant signal. The
difference in precessional frequencies is 3.5PPM in a magnetic field of 3T. This

difference in precession allows for the separation of fat and water, to create fat only
images and water only images.
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Figure 2-11: Two-point Dixon chemical shift MRI.

(a) Before the RF excitation, water and fat magnetisations are along the
longitudinal axis. (b) After the RF excitation, the transverse magnetisations are
in-phase. (c) Due to the slower processing of the fat signal, an echo acquired at
this point would consists of a net signal of W-F. (d) Signal will transition
between being in-phase and out-of-phase every 1.2 milliseconds.



74

Figure 2-12: MR images of two-point Dixon chemical shift.

Two-point Dixon sequence in the same participant showing MRI images of (a) Water. (b)
Fat. (c) In-phase. (d) Out-of-phase due to difference in resonance.
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While two-point Dixon, which is used in this thesis, is available on all clinical
scanners, it is sensitive to: errors caused by Boinhomogeneity, T2* effects, eddy
currents, noise-related bias, and the spectral complexity of fat. However, multiple
studies have failed to show that the errors inherent to two-point Dixon confound fat
measurements in muscle in either ex-vivo or in-vivo analysis (178). Furthermore,
two-point Dixon correlates strongly with confounder-corrected fat quantitation
methods and with spectroscopy (178). Although improved accuracy in fat fraction
measurements can be achieved using confounder corrected fat quantitation
methods, there is no evidence to suggest that the relative differences in fat fraction
with two-point Dixon are not related to genuine differences in muscle fat. More
advanced methods of Dixon imaging, such as three-point Dixon and multiple echo
time models, can be used to account for Bo-field inhomogeneities, T2* decay, and
the fact that there are resonant fat frequencies. However, such techniques are not

available on all clinical scanners.

2.4.3.3 MRI Diffusion imaging

Early pathophysiological changes can begin at the cellular level. Such changes
cannot be detected by conventional MR imaging. Currently, to monitor early
changes within muscle on a cellular level, histological examination is employed,
requiring invasive tissue biopsies. A technique which is non-invasive but sensitive
to subtle muscle changes is desirable. One possible approach is to detect the

movement of molecules.

Two types of molecular movement can be observed in tissues. One is coherent
bulk flow, which occurs in blood or cerebrospinal fluid. The second is the
microscopic random displacement of the molecule in space (diffusion), known as
Brownian motion. In biological tissues, such as muscles, the trajectory of the
diffusion of water molecules is dependent on the structure and properties of the

tissue. Through studying these changes in diffusion, changes can be detected. The
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measurement of diffusion can be achieved using specialised MRI techniques called
diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) which are
sensitive to changes in tissue microstructure and allow for the quantification and
visualisation of the muscle architecture (179). To suppress chemical shift artefacts
in diffusion imaging in order to improve image quality, fat suppression methods
such as SPAIR are utilised.

Diffusion imaging can measure water diffusion in the muscle and permits the
guantification of anisotropy of muscle fibres and muscle architectural parameters
(180-182). Due to this, diffusion imaging has been utilised in the investigation of
skeletal muscle physiology (26, 183-196) as it may be able to measure more subtle
changes in muscle compared to conventional MRI, which could provide information

on disease progression and treatment.

Moreover, muscle pathology and muscle fibre disorganisation and deterioration can
be detected by diffusion measurements such as mean diffusivity (MD) and
fractional anisotropy (FA) [26]. However, the interpretation of what a change in
diffusion means is difficult, and there is ongoing research to analyse diffusion
acquisitions to separate different properties of the muscle microstructure from

diffusion measurements (197-199).

2.4.3.3.1 Diffusion-weighted imaging

Diffusion-weighted imaging (DWI), first developed by Stejskal and Tanner, is an
MRI technique which permits the study regarding the microstructural organisation
of tissue (31, 177, 182, 200-203). DWI has historically been used in the brain for
applications such as distinguishing between an infarct and reversible ischaemia

following a stroke (204).
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Diffusion is often measured using spin-echo sequences (Figure 2-13) and utilises
the b-value. The b-value measures the degree of diffusion weighting applied. The
b-value, given by the equation b = y? G2 & (A-6/3) (y = Gamma G = magnitude, & =
duration, A = time interval), reflects the strength, length, and timing of the gradients
used to produce diffusion-weighted images. A greater b-value is achieved by
increasing the gradient, duration, and interval between pulses. Whereas b =0
produces a non-diffusion-weighted image, a higher b-value produces greater
diffusion effects. Sequences with a range of b-values can be used to calculate the
guantity of signal loss due to diffusion. Specifically, if So is the MR baseline signal
and D is the diffusion coefficient, the signal (S) following the application of the

diffusion gradients is given by the equation S = S,e P,

First, a b = 0 image must be obtained, which shows no diffusion attenuation. Then,
the diffusion across a minimum of three orthogonal directions (X, Y, and Z) is
calculated by applying gradients symmetrically on each side of a 180-degree pulse
(Figure 2-13). These gradients de-phase and then re-phase the transverse net
magnetisation. This process imperfectly rephases protons that move due to
diffusion in the interval between these two gradients because they experience a

different field strength during dephasing than they do during rephasing.

After the second diffusion gradient, an image acquisition module is performed. The
image acquisition module is often an echo-planar imaging (EPI) sequence utilising
rapidly oscillating phase and frequency gradients which produce multiple gradient
echoes. During this process, the net magnetic field is reduced after these gradients
have been applied by an amount that depends on the degree of water diffusion
within the tissue (Figure 2-14). The extent of the attenuation is reliant on the b-

value and the diffusion coefficient (in millimetres squared per second).
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Figure 2-13: Spin echo diffusion sequence

Diffusion gradients are turned on before and after the 180-degree pulse which
induces a phase shift in proton procession. After the second diffusion gradient, an
image acquisition (EPI) is turned on. Molecules which diffuse move into different
locations between the first and second lobes, resulting in a loss of signal.
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Figure 2-14: Proton movement due to gradient diffusion

2.4.3.3.2 Diffusion tensor imaging

Diffusion-weighted imaging can be extended by calculating the mean diffusivity in a
minimum of six independent directions. This extension is known as diffusion tensor
imaging (DTI). Diffusion tensor imaging parameters have potential as a quantitative

assessment of muscle due to their sensitivity to the direction and anisotropy of
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water diffusion within the muscle. The direction of the diffusion is characterised by
three eigenvalues: A1, A2, and A3. The principal eigenvalue, A1, describes the
direction with the highest diffusion. In healthy muscle, this corresponds to the local
muscle fibre orientation (205). Eigenvalue A2 is orthogonal to A1 and is the next
greatest component of the diffusion. Eigenvalue A3 is the component of diffusion
orthogonal to A1 and A2. From the three eigenvalues, the mean diffusivity (MD),

and fractional anisotropy (FA) can be calculated (206-208). Mean diffusivity can be
calculated as MD = @ Mean diffusivity represents the overall amount of

diffusion and is measured in units of millimetres squared per second. Tissues which
have free diffusion have a higher mean diffusivity. In contrast, those that have
restricted diffusion have a lower mean diffusivity. Restricted diffusion can be
caused by physical barriers (e.g. fibre walls) that limit diffusion. To quantify the
diffusion anisotropy, the scalar index for fractional anisotropy was introduced (180,

209). Fractional anisotropy can be calculated as follows:

FA = \/é\/ul_MD)Z"'(AZ_MD)2+(/13—MD)2 |

A2+ 252+ 232

Fractional anisotropy represents the shape of the ellipsoid (Figure 2-15), described
by the three eigenvalues. Fractional anisotropy is dimensionless and equals zero in
an isotropic medium. For a cylindrical symmetric anisotropic medium, the fractional
anisotropy value approaches 1. A value of O indicates that all three eigenvalues are
egual and indicates diffusion within a medium that is unhindered equally in all
directions (a perfect sphere). A value of 1 indicates A1 having infinite length while

A2 and A3 have a length of O (a straight line).
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Figure 2-15: Fractional anisotropy

The direction of the diffusion is characterised by three eigenvalues: A1,
A2, and A3. From the three eigenvalues, the mean diffusivity, and
fractional anisotropy can be calculated
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2.4.3.3.3 Stimulated echo acquisition mode diffusion sequence

As muscle is made up of long muscle fibres, muscle diffusion is highly anisotropic
and ordered. As muscle diameters are relatively wide, MR sequences which permit
long diffusion times (the time elapsed between diffusion gradients) are necessary if
the measurements are to be sensitive to restricted diffusion across the fibre. Whilst
diffusion-weighted imaging typically employs a spin-echo (SE), echo-planar
imaging (EPI) pulse sequence (Figure 2-13), stimulated echo acquisition mode
(STEAM) pulse sequences (Figure 2-16) may be beneficial for skeletal muscle
diffusion imaging due to the increased echo times that they allow. This increased

echo time allows for greater diffusion across the length of the muscle fibres.

STEAM is a technique often used in spectroscopy which uses three slice-selective
90-degree pulses which are applied simultaneously with three orthogonal gradients
(x, y, and z) (177). A benefit of STEAM in comparison to the more frequently used
SE pulse sequence is that it can have a high b-value without incurring the TE-
induced signal loss.
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Stimulated echo

90° 90° a0° l

RF

TE/2 ™ TE/2
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Figure 2-16: STEAM MRI

STEAM uses three 90-degree pulses applied with the three orthogonal gradients (X,
y, and z) and produces a stimulated echo.



84

2.4.3.4 Muscle volume assessed by MRI

Muscle volume correlates with physical function in both healthy and pathological
populations (52, 210-213) and is closely related to the physiological cross-sectional
area, which is associated with muscle strength (52). MRI is often regarded as the
gold standard for the evaluation of muscle volume and can be used to validate
other imaging techniques for the assessment of muscle mass (214, 215). The
majority of studies investigating muscle volume, including this research project,
have utilised T1-weighted sequences due to their ability to distinguish margins
between muscles and because of their capacity to contrast bone from muscle (216-
218). It could be speculated that quantitative muscle volume could be used for the
diagnosis of muscle disease and may enable monitoring of changes in muscle
mass in response to interventions or due to disease progression (219-222).
However, a potential complication of assessing muscle volume is segmentation.
Whilst it may be beneficial to assess multiple slices to measure muscle volume,
manual segmentation is a time-consuming process, and therefore most research
studies use only one slice which is inferior to assessing the muscle volume across
its entire length. Unfortunately, due to the time constraints of manual segmentation,
whole muscle volume assessment would likely require an automated segmentation
method. In addition, this automated process could also allow for a smaller slice
thickness. This is an important consideration because it could be speculated that if
the slice thickness is too large, subtle changes may be missed; however, a smaller
slice thickness may result in increased scan times and a greater quantity of

segmentation required, which, if done manually, could be time-consuming.
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2.5 Summary

Maintaining muscle health is important for daily activities. Ageing and disease, such
as rheumatic diseases, can cause a decrease in muscle health which can impact
an individual’s quality of life and increase the risk of falls. Therefore, research into
assessing muscle pathology due to ageing and rheumatic disease may have a
significant benefit to the lives of individuals. There are numerous ways to assess
muscle health, such as muscle function testing and MRI. MRI has vastly improved
our knowledge of joint pathology. However, the role of MRI in assessing the muscle

in rheumatic diseases has been under-researched.

MRI is regarded as the gold-standard in imaging muscle and is frequently used for
identifying muscle oedema, myosteatosis, and muscle atrophy, which are common
features observed in patients with muscle pathology. Conventional MRI and
physical function assessments are utilised clinically but can be subjective and may
not be sensitive enough to detect subtle changes within the muscle, such as at the
early stages of the disease. Thus, muscle pathology may already be established
before it is detectable by conventional MRI or present with noticeable changes in
physical function. Researching the use of quantitative MRI and muscle strength in
the muscle may be able to provide information on the pathogenesis of muscle
involvement due to ageing and rheumatic disease. Quantitative MRI can provide a
numerical value to many of the pathological features observed within the muscle,
including: muscle oedema, myosteatosis, changes to muscle microstructure, and
muscle atrophy. Within the clinical setting, quantitative MRI and strength testing
could hence be used as biomarkers for the assessment and monitoring of a range
of musculoskeletal diseases (223-228). It may also have an important role in

assessing the efficacy of potential interventions to preserve muscle function.
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Chapter 3 General methodology

Chapter 3 describes the general methodology used across all four studies,
including recruitment of participants, MR imaging sequences, muscle strength
assessments, and analysis of data. Specific details regarding study methodology

are outlined in their respective chapters.

3.1 Introduction

The data analysed in this thesis was acquired under the Magnetic resonance
imaging and UltraSound CLinical Evaluation of muscle pathology (MUSCLE)
research project from the Leeds Institute of Rheumatic and Musculoskeletal
Medicine (LIRMM), the Leeds National Institute of Health Research (NIHR)
Biomedical Research Centre (BRC), and the University of Leeds. Researchers on
the MUSCLE project included Matthew Farrow and Abdulrahman Alfuraih. Both
researchers recruited and consented the patients and conducted muscle function
assessments. The MUSCLE project was a multi-imaging (MRI and ultrasound)
research project to assess a range of medical imaging techniques for the
assessment of muscle pathology due to ageing, myositis, rheumatoid arthritis, and
giant cell arteritis. This thesis focusses on the MRI and muscle strength

components of the MUSCLE project.
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3.2 Ethical approval

The study complied with the declaration of Helsinki and was conducted in line with
the principles of ‘Good clinical practice.’ This study was approved by the local
research ethics committee (14-LO-1785 and 17/EM/0079).

3.3 Study group selection

Previous studies of quantitative MRI in muscle disease have mostly focussed on a
single disease group, with most examining a single myopathic clinical feature of a
disease. This study investigated the wide applicability of quantitative MRI by
including various disease groups and assessing multiple clinical features of muscle
pathology. These groups included healthy controls and patients with myositis,
rheumatoid arthritis, and giant cell arteritis. Baseline demographic and clinical data

were collected for all participants.

3.3.1 Therationale for patient groups

In order to have an understanding of how muscle pathology can present on
guantitative MRI, this research recruited myaositis patients as it is a primary
inflammatory muscle disease and is, therefore, an excellent model to study muscle
pathology. Furthermore, the current diagnosis of myositis involves the use of MRI
to identify muscle oedema, myosteatosis, and muscle atrophy; and therefore, MR,
which can quantify these observed muscle pathologies, could be easily integrated

into the clinical management of the disease.
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Patients with rheumatoid arthritis (RA) often present with joint swelling, pain, and
stiffness, and frequently experience fatigue and muscle weakness, which could
represent underlying muscle involvement. However, muscle involvement in patients
with RA has received little research interest. Therefore, patients with RA were
recruited for this study to identify whether there is subclinical muscle involvement in
RA patients.

Giant cell arteritis (GCA) patients frequently present with polymyalgia rheumatica
which is associated with myalgia. In addition, patients with GCA are treated with
high doses of glucocorticoids which are known to cause glucocorticoid-induced
myopathy. However, despite the recognition of muscle involvement in GCA, little
research exists regarding muscle pathology of patients with GCA. In response to
this lack of understanding, GCA patients were recruited for this study to identify if
muscle involvement is present in GCA patients at the start of their treatment and if

the disease is affected by glucocorticoids longitudinally.

3.3.2 Healthy controls

The addition of healthy controls is vital as reported values of MRI measurements
can vary between studies due to differences in participant cohort, field strength,
scanner model, and sequence parameters. Therefore, it is difficult to compare
results in patients to those of healthy controls in the literature. Thus, for quality
control, matched healthy controls were essential for this research. In this research
project, one large cohort of healthy controls provided age- and gender-matching for
patient groups. Healthy controls were used multiple times across all chapters,
except for Chapter 4, which had its own healthy controls. The inclusion of healthy
controls in this research project allowed for the direct comparison of patient data
with age- and gender-matched healthy controls. Furthermore, this research

investigated if quantitative MRl measurements are sensitive enough to detect the
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known changes that occur within the muscle due to normal ageing (sarcopenia), in

otherwise healthy individuals.

3.4 Recruitment

All participants were 18 years of age and above and provided informed written
consent. Participants were instructed to avoid physical activity for twenty-four hours
prior to the study. Patients were identified when they attended clinics or wards at
Leeds Teaching Hospitals. Healthy controls were recruited with poster
advertisements at Leeds Teaching Hospitals, poster advertisements at the
University of Leeds, social media posts, group emails to staff based at LTHT, and
from personal recommendations from participants within the study. In addition,
healthy family members of recruited patients were invited to take part as healthy
controls. Furthermore, through a collaboration with the Bradford Institute for Health
Research, healthy participants over the age of 75 were recruited from the Care 75+
database, which consists of older individuals who had consented to be approached

to take part in research.

All participants received a verbal explanation of the study and a participant
information sheet which included information about the rationale and design of the
study. All participants were screened for MRI safety. All data collected was
anonymised and assigned a unique participant identifier. The research visit took

approximately two hours. The participant pathway can be seen in Figure 3-1.
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and
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Figure 3-1: Participant pathway

3.4.1 Inclusion criteria

Healthy participants in this thesis were asymptomatic with no history of muscle
disease. Eligibility criteria for each disease group are explained in their respective

chapters.

3.4.2 Exclusion criteria

Exclusion criteria included: contraindications to MRI, including claustrophobia,
possession of cardiac pacemaker, surgical clips within the head, metal fragments in
eye or head, and pregnancy. Healthy controls were ineligible to take part in this
research study if they had a previous history of muscle disorder or arthritis. Patients
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were ineligible to take part in this study if they had a previous history of spinal
disease, neuropathy, or overlap connective tissue disease syndrome.

3.5 MRI methodology

3.5.1 MRI protocol

All MRI data were acquired using a MAGNETOM Verio 3T MR scanner (Siemens
Healthcare, Erlangen, Germany). Imaging parameters are presented in Table 3-1.
Participants were laid supine in the bore of the magnet and placed centrally within
the magnet bore. Two small four-channel flex coils were wrapped around the
dominant thigh and placed with the distal end of both coils positioned 4cm from the
superior edge of the patella. To ensure that the imaging volume was positioned
consistently in all participants, the inferior edge of the volumetric interpolated
breath-hold examination (VIBE) Dixon volume was located at the insertion point of

the distal rectus femoris muscle into the tendon (Figure 3-2).

Diffusion tensor images were acquired using a stimulated echo acquisition mode
(STEAM) prototype sequence, with an echo-planar imaging (EPI) readout (229)
and SPAIR (spectral attenuated inversion recovery) fat suppression. The STEAM
sequence was employed as it allows for a longer mixing time (Tm), which may be
beneficial if diffusion measurements are sensitive to restricted diffusion within
muscle fibres due to their size and composition. The mixing time, the time between
the second and third 90° RF pulses, was 981ms. The diffusion time, the time
between the start of two diffusion encoding gradients was 1,000ms. The acquisition
time was 6 minutes and 12 seconds. The diffusion and T2 acquisition slices were
aligned with the central four slices of the VIBE Dixon volume (slices 19 - 22 of 40).
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Figure 3-2: Sagittal MRI localiser

Localiser image of the thigh used in the planning of the VIBE Dixon
imaging volume (shown by the yellow box). This volume was located such

that its inferior edge was positioned at the insertion of the rectus femoris

muscle into its associated tendon.



Table 3-1: MRI parameters
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T1 weighted T2 Fat quantification | Diffusion
Imaging Turbo spin- Multi-Echo, 2-point VIBE STEAM-
sequence echo (TSE) multi-slice Dixon EPI

(MESE)

TR: Repetition 697 1,500 11 6,300
Time
TE: Echo 9.1 9.6:9.4:153.6 | 2.45and 3.675 42.4
Time(s) [ms] (16 echoes)
Field of View 300*300 300*300 300*300 300*300
[mm]
Slice thickness 5 5 5 5
[mm]
Fat suppression | STIR SPAIR N/A SPAIR
Acquisition 256*256 256*256 256*256 128*128
Matrix
Number of 60 4 40 4
slices
Number of 1 1 1 8
averages
Receiver 222 510 510 1502
bandwidth
[Hz/pixel]
Flip Angle 90 15 15 -
[degree]
Generalized - - - 2
auto calibrating (24
partial parallel reference

lines)
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acquisition

(GRAPPA)

Partial Fourier - - - 6/8

B values - - - 0, 500
[s/mm?]

Directions - - - 6
Mixing time - - - 981
(Tm)[ms]

Diffusion time - - - 1,000
(A) [ms]

Acquisition 2:19 2:05 1:47 6:12
Time [min: s]

3.5.2 Manual contouring of MR images

Regions of interest (ROI) were contoured using OsiriX imaging software (version
4.0; open-source DICOM viewer). ROIs depicting the individual hamstring muscles
(semitendinosus, semimembranosus, and biceps femoris) and quadriceps muscles
(rectus femoris, vastus lateralis, vastus medialis, and vastus intermedius) were
drawn on the middle slice (slice 20) of the in-phase VIBE Dixon volume for each
participant, avoiding fascial tissue and subcutaneous fat (Figure 3-3). Slice 20 was
chosen to provide consistency across all participants at a similar level of anatomy
to decrease variation. Hamstrings and quadriceps were used primarily in this
research project, as in pathological muscle, the individual muscles of the medial
group can be challenging to demarcate without including fascial tissue and
subcutaneous fat (Figure 3-4). In addition, the hamstrings and quadriceps are the
most frequently researched muscles of the thigh, and the quadriceps are the most

frequently biopsied muscle. The mean signal intensity was taken for each ROI and
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used in the subsequent analysis. ROIs were copied to the corresponding T2, fat
fraction, and diffusion parameter maps, accounting for differences in image
resolution. For muscle groups (quadriceps and hamstrings), the mean of all voxels

from all regions of interest belonging to the muscle group was calculated.

Figure 3-3: Regions of interest

In-phase two-point Dixon MR image of the regions of interest used in this thesis.
Quadriceps: RF- rectus femoris. VL- vastus lateralis. VM- vastus medialis. VI- vastus
intermedius. Hamstrings: BF- biceps femoris. ST- semitendinosus. SM-
semimembranosus.
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Figure 3-4: Conventional MRI of the right thigh

(A) T2-STIR and (B) T1-weighted images of a myositis patient, compared to (C)
T2-STIR and (D) T1-weighted images of a healthy control.

Muscle oedema (T2-STIR) and fat infiltration (T1-weighted) is present in patients
with myositis compared to healthy controls. In myositis patients, the medial
muscles of the thigh are more difficult to contour regions of interest compared
to quadriceps and hamstring muscles without contaminating the region of
interest with subcutaneous fat.
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3.5.3 Quantitative MRl measurements used in this thesis

3531 T2 MRI

For T2 measurements, axial images were obtained using a T2-weighted, multi-
echo, spin-echo (MESE) sequence with SPAIR fat suppression, and an echo train
length of 16, with echo times (TE) of 9.6, 19.2, 28.8, 38.4, 48.0, 57.6, 67.2, 76.8,
86.4, 96.0, 105.6, 115.2, 124.8, 134.4, 144.0, and 153.6 ms. To calculate T2, signal
intensity measurements were obtained from each of these echo times for each
muscle. The mean signal intensity for each case was then plotted against the echo
times and fitted using a mono-exponential decay equation: (S=Soexp(-TE/T2)
(Figure 3-5) (164).

>
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Figure 3-5: T2 mono-exponential decay curve

Measurements were obtained from multiple echo times using a mono-exponential

decay equation.
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3.5.3.2 Fat fraction

For fat quantitation, a 40-slice, two-point VIBE Dixon sequence (Figure 3-6) was
used. A two-point VIBE Dixon sequence was selected because of its wide

availability and well documented recent use in the muscle (115, 178, 230-232).

Fat and water images were generated from the acquired in-phase and out-of-phase
images using the scanner vendor’s post-processing software. Bo variations due to
changes in magnetic susceptibility at tissue interfaces were corrected for using the
Jellus phase-correction method (233). The use of a 15° excitation flip-angle
generated images with a good signal to noise ratio level but increased T1-
weighting. Errors due to the difference in T1 between fat and water were corrected
for by employing methods described by Liu et al (234). The proton densities of fat
and water (M) and (Mw) were derived from the measured signals (Srand Sw) as

_ Sf(l—e_TR/Tlf cos a)

_ Sy(1-e"TR/T1w cos ) and M
! (1—e_TR/T1f sina')

follows: M,, = (L—e T’/ Tiwsina) . Assumed T1 values for

water (T1lw = 1,420ms) and fat (T1f = 371ms) were used as reported by Gold et al

(235). Fat fraction values were calculated as follows: fat fraction =
My
Mf+MW

X 100%.
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Figure 3-6: Quantitative MRI fat fraction measurement in the quadriceps and hamstrings

(A) 45-year-old healthy female with a fat fraction of 1.9% (quadriceps) and 2.7% (hamstrings)
respectively. (B) 83-year-old healthy male presenting with myosteatosis associated with
healthy ageing with a fat fraction of 9.6% (quadriceps) and 13.4% (hamstrings) respectively.
(C) 60-year-old male with active myositis presenting with myosteatosis with a fat fraction of
19.6% (quadriceps) and 28.5% (hamstrings) respectively.
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3.5.3.3 Diffusion tensor imaging

Mean diffusivity and fractional anisotropy maps were generated using the scanner
vendor’s software (Siemens AG, Healthcare Sector, Erlangen, Germany). The
regions of interest were then used to obtain mean values of mean diffusivity and

fractional anisotropy (Figure 3-7).

Diffusion data acquired from skeletal muscle is prone to loss of signal artefacts that
corrupt measured signal intensities. These signal voids are thought to arise from
unintended spontaneous mechanical activity within the musculature (236). To limit
the impact of these artefacts on calculated diffusion parameters, the MR images
were manually reviewed. If voids were present in more than one individual muscle,
that participant would be excluded. No participants had to be excluded in this

thesis.

Figure 3-7: Mean diffusivity and fractional anisotropy maps

(a) Mean diffusivity. (b) Fractional anisotropy
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3.5.3.4 Muscle volume

Differences in the length of thigh muscles between patients will introduce variation
in the muscle volume estimates. This research project attempted to control for
these differences by positioning relative to an anatomical reference marker, with

the distal end of both coils positioned 4cm from the superior edge of the patella.

Muscle volume estimates were obtained using a semi-automated algorithm that
used fat fraction maps generated from the VIBE Dixon volume data. To exclude
bone from the image, a seed point was manually placed within the bone on the
central slice of the VIBE Dixon volume (Figure 3-8). A 3D connected components
algorithm (bwconncomp, MATLAB) was then used to grow a region within the
extent of the bone. The in-phase Dixon image was used for this because of the
excellent contrast between the bright bone marrow and the dark, surrounding
cortical bone. The threshold of <50% fat fraction was chosen as it has been
previously used in muscle volume measurements in the lumbar multifidus (237,
238) and erector spinae muscles (239, 240), and no previously used threshold
values have been used in the muscles of the thigh. To exclude muscle from the
contralateral leg, a bounding box was automatically defined around the imaged leg
using a threshold derived from a histogram of the image signal intensities. Finally, a
mask defining the muscle was obtained with a fat fraction threshold of 50% (Figure
3-9). Muscle masks were only defined between slices 5 to 35 of the 40-slice volume
to avoid errors due to signal drop-off at the outer extremities of the receiver coil.
The volume was defined as the number of voxels in the muscle mask multiplied by

the voxel size, multiplied by the slice width.
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Figure 3-8: Seed point for bone

A seed point was placed in the bone on MatLab in order to generate muscle volume
data.
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Figure 3-9: Muscle volume image

Automatic definition of muscle, fat, and bone on MatLab used in the assessment
of muscle volume.
Green = Muscle, Red = bone, Blue = fat
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3.6 Muscle strength assessments

3.6.1 Isokinetic knee extension and flexion strength measurements

Isokinetic knee extension and knee flexion assessment of the same thigh that had
an MRI scan was performed following the MRI examination using an isokinetic
biodex system four muscle testing and rehabilitation isokinetic dynamometer (IPRS
Mediquipe Limited, UK) in a room with a controlled temperature of 20°C. Prior to
positioning the participant on the machine, the equipment was calibrated as per
manufacturer guidelines. After a standardised warm-up, participants were
positioned on the machine according to the manufacturer’s instructions. The
gravitational correction was performed at 180°. Isokinetic knee extension-flexion
(concentric-concentric) at 60°/sec was used to collect data. Participants performed
three maximum effort repetitions for three sets, separated by a 30-second rest
interval. Participants would apply pressure to extend and flex their knee against a
pad positioned on the leg superior to the talus (Figure 3-10). The speed of the
attachment would not change regardless of the amount of force applied.

Standardised verbal stimuli were provided throughout the evaluation.
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Figure 3-10: Participant positioning on isokinetic biodex.
Participant consented for picture to be taken for the Leeds BRC and used for research and

advertisement purposes.
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3.6.2 Handgrip strength measurements

Handgrip strength of the participant’s dominant hand was measured using a Jamar
plus isometric dynamometer, which was manufacturer calibrated. The handle was
positioned in a comfortable position for the participant. Participants had their grip
strength measured in their dominant hand for three sets, and the mean value was
recorded. The participant would squeeze the handle as hard as they could (Figure
3-11). This measurement was chosen as handgrip strength is a frequently used tool
to measure global muscle function and is simple to use. A score of 20% of body
weight has been suggested as a threshold for grip strength for the performance of

everyday tasks (241).

Figure 3-11: JAMAR handheld dynamometer

Image available under creative commons licence.
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3.7 Statistical analyses:

Offline image analysis was performed using MATLAB software (R2018b,
Mathworks, Nattick, MA, USA). Statistical analyses were performed using SPSS
(IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp). The
sample sizes for each research study met guidelines of between 12 and 30
participants per group for pilot studies (242, 243). In the research studies within this
thesis, multiple inferential statistical tests were performed to elucidate the potential
value of the quantitative MRI measurements. Different chapters have used different
statistical tests, depending on the research question and the data. The statistical
tests used in this thesis include: Bland-Altman plots, intraclass correlation
coefficients, t-tests, ANOVAs, ROC curves, effect size measurements, and
correlations. P-values have been presented in all chapters to identify potential
significant differences between groups which would need to be confirmed in future
powered research. In addition, descriptive data has been presented and discussed
throughout this thesis. The inferential analysis for each research study is described

in more detail within their respective chapters.

3.8 Summary

This research recruited rheumatic patients and healthy controls. Healthy controls
were age- and gender-matched with rheumatic patients. Rheumatic patients were
recruited as research into inflammatory rheumatic diseases has focussed on the
joints, and comparatively, little research exists for the muscles, despite rheumatic
diseases presenting with potential muscle involvement. In addition to acting as
matched controls, healthy participants were recruited to study the effects of ageing
on the muscle. All participants underwent MRI scans to obtain quantitative
measurements (T2, fat fraction, diffusion tensor imaging, and muscle volume) and

muscle function tests (knee extension, knee flexion, and handgrip strength).
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Chapter 4 Normal values and reliability of stimulated-echo diffusion tensor

imaging and fat fraction measurements in the muscle

This chapter describes a research study by Matthew Farrow, Andrew Grainger, Ai
Lyn Tan, Maya Buch, Paul Emery, John Ridgway, Thorsten Feiweier, Steven
Tanner, and John Biglands published in the British Journal of Radiology, 2019 (2).

4.1 Introduction

In the clinical management of patients with muscle pathology, quantitative MRI
could be utilised to assess muscle health. The integration of quantitative MRI
measurements clinically could improve the management of patients because
accurate measurements with high precision may be beneficial in providing high-
guality care by providing a more accurate assessment of muscle health. The
research described in this chapter aimed to identify normal values and investigate
the reliability of quantitative MRI parameters by assessing two measurements: fat
fraction and diffusion tensor imaging (mean diffusivity and fractional anisotropy).
Fat fraction (FF) was chosen because myosteatosis is regarded as a measure of
muscle quality, and two-point Dixon is a widely available technique for measuring
fat fraction. Diffusion tensor imaging (DTI) measurements, which is a relatively new
technique in muscle, was chosen within this thesis as it might be able to identify
changes at the microstructural level. It has been shown to be sensitive to muscle
changes due to diabetes mellitus (244), muscle injury (245, 246), and exercise
(247-249). Furthermore, no previous study has assessed the reliability of diffusion
tensor imaging in muscle using a stimulated echo acquisition mode (STEAM)

diffusion sequence.
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The majority of previous studies investigating DTI in muscle have used spin-echo
(SE) diffusion sequences. There are advantages in using a STEAM approach
compared to SE within the muscle. The STEAM preparation stores transverse
magnetisation along the longitudinal axis before recovering it after a long mixing
time (TM). During the long mixing time, signal decay is governed by T1. A long
mixing time allows for a long diffusion time, which may be necessary to ensure
sensitivity to restricted diffusion in the muscle as the diameter of muscle fibres is
relatively large (=50 um) (198). Fat is suppressed during the mixing time due to the
short T1 of fat, including the olefinic fat peak, whose resonant frequency is close to
that of water and is usually not suppressed by chemical-shift-selective fat
suppression techniques (250). This is because, in a STEAM sequence, the signal is
in the longitudinal direction during the diffusion time. As fat has a shorter T1 than
that of water, the use of STEAM with a long diffusion time suppresses fat signal in
the final image. This additional fat suppression is particularly crucial in diffusion
imaging in muscle, where the fat signal can potentially confound quantitative

measurements (163, 251).

4.1.1 Normal values

In order to appreciate changes in muscle due to disease processes, it is crucial to
understand what constitutes typical values in people without disease. Furthermore,
it is essential to identify whether different muscle groups have different values,
potentially due to different lipid levels or microstructural differences between
muscles (25, 252, 253), so that these can be accounted for when studying changes
due to disease. These differences are essential to consider, because if different
muscles have different quantitative MRI values; they should be separated into
muscle groups (hamstrings and quadriceps) and not combined (thigh) when
investigating disease processes so that the differences between normal muscles do

not confound observed differences due to disease.
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4.1.2 Reliability

A variety of factors can lead to variations in quantitative imaging measurements,
including patient positioning, segmenting of regions of interest, variations in Bo and
B1 fields, changes in scanning parameters, and post-processing filters. Such errors
may confound studies into the effect of disease on the muscle; therefore, it is vital
to assess measurement reliability. There have been previous studies into the
reliability of quantitative MRI measurements in the muscle, but the existing
literature is based on small study sizes for both fat fraction (254-256) and diffusion
measurements (254, 257, 258). Furthermore, all previous diffusion reliability studies
have utilised a spin-echo sequence, and the reliability of STEAM diffusion

sequences is yet to be measured.

4.1.3 Hypothesis

The hypothesis of this study was that diffusion tensor imaging and fat fraction have
different values between the hamstrings (semitendinosus, semimembranosus, and
biceps femoris) and the quadriceps (rectus femoris, vastus lateralis, vastus
medialis, and vastus intermedius) and that they have excellent test-retest, inter-
observer, and intra-observer reliability.

4.1.4 Objectives

To assess differences in normal values between the muscles of the hamstrings and
guadriceps in the thigh and to measure the reliability of fat fraction, mean diffusivity,

and fractional anisotropy in healthy muscle.
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4.2 Methods

4.2.1 Participants

This prospective study was conducted at the Leeds Teaching Hospitals Trust
between January 2015 and January 2017. Thirty healthy volunteers gave written,
informed consent to take part in the study. Out of the 30 participants, 19 agreed to
return for a second scan on the same day to assess test-retest reliability, with a

randomly selected proportion also undergoing MR spectroscopy (MRS).

4.2.2 MRI protocol

MRI data were acquired using a MAGNETOM Verio 3T MRI scanner, as described
in section 3.5.1. Fat quantitation was performed using a 40-slice, volume
interpolated breath-hold examination (VIBE), two-point Dixon sequence. Two-point
VIBE Dixon was selected because of its wide availability and well documented
recent use in the muscle (115, 178, 230-232, 259-261). Diffusion tensor images
were acquired using a STEAM prototype sequence, with an echo-planar imaging
(EPI) readout (229) and SPAIR fat suppression. All participants had one scan (scan
one), and 19 participants returned for a second scan (scan two). The participants
who completed both scans left the scanner room for thirty-minutes between scans
for a rest. Participants did not undertake any activity in the 24 hours prior to the
research visit or during the 30-minute interval to avoid exercise-induced
physiological muscle changes. The four slices of the diffusion acquisition were

aligned with the central four slices of the VIBE Dixon volume (slices 19-22 of 40).
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4.2.3 Spectroscopy analysis

To validate the Dixon fat fraction measurements, a 10x10x10mm? single-voxel MR
spectra were acquired on a subset of the recruited population (n=12). The voxel
was positioned in the vastus lateralis avoiding regions of the vasculature or fascial
fat. The acquisition employed a STEAM sequence with TR: 4,000 ms, TE: 20ms,
30ms, 40ms, 50ms 70ms, 1024 data points, bandwidth: 1500Hz and 24 averages.

To obtain fat fraction measurements from the spectroscopy data, the acquired free-
induction-decays were zero-filled (times 2) and line-broadened using a Gaussian
filter. After Fourier transformation, the resulting spectra were baseline- and phase-
corrected. The areas under the fat and water spectral peaks were measured by
integrating between the 0.5 to 3.5ppm range for lipid and 3.6 to 5.8ppm range for
water. To correct for differences in MRI T2 relaxation times between water and fat,
water T2 values were determined using the area under the water peak from spectra
acquired with echo times of 20, 30, 40, 50, and 70ms and a mono-exponential fit
was used to derive T2. Analogous T2 measurements for fat were unreliable
because the fat peaks were too small. Therefore, an assumed T2 for lipids of
59.1ms was used (262). Finally, the fat fraction was determined from the area
under the peak values from the fat and water signals in the echo time = 20ms
spectrum, corrected for T2 effects. Spectroscopy based fat fraction measurements
were compared against the imaging fat fraction measurements taken from the

vastus lateralis.
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42.4 MRI measurements

Fat and water images were generated from the in-phase and out-of-phase images
using the scanner vendor’s software. Differences in T1 between fat and water were
corrected for using assumed values for water (T1w=1,420ms) and fat (T1f=371ms)

(235) as described by Liu et al. (234). The fat fraction was then calculated from the

adjusted fat (Sf) and water (Sw) signals as follows: fat fraction = Sfij;w x 100%.

Diffusion images were converted to mean diffusivity (MD), fractional anisotropy
(FA), and diffusion eigenvalue (A1, A2, A3) maps using the scanner vendor’s

software.

4.25 Regions of interest

Regions of interest were contoured by two researchers (Andrew Grainger with 20
years of experience; Matthew Farrow with one year of experience), including
repeated measurements, using OsiriX imaging software (v. 4.0; open-source
DICOM viewer, www.osirix-viewer.com). Regions depicting the individual hamstring
muscles (semitendinosus, semimembranosus, biceps femoris) and quadriceps
muscles (rectus femoris, vastus lateralis, vastus medialis, and vastus intermedius)
were drawn on the middle slice (slice 20) of the in-phase VIBE Dixon volume for
each participant, avoiding fascial tissue and subcutaneous fat (Figure 4-1). The
medial compartment of the thigh was not included as individual muscles in this

compartment can be challenging to discriminate.
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Figure 4-1: Regions of interest in VIBE Dixon and STEAM diffusion maps

Example images from a single healthy volunteer showing VIBE Dixon (a)
fat and (b) water images and STEAM diffusion maps (c) MD and (d) FA.
Regions of interest (shown in yellow) were drawn corresponding to the
individual muscles of the hamstrings and quadriceps.
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4.2.6 Reliability

To assess test-retest reliability, scan one and scan two MRI data sets were
contoured by the same researcher. To assess inter-rater reliability, two researchers
contoured the scan one MRI data sets separately, blinded to each other’s regions
of interest. To assess intra-rater reliability, the same researcher contoured the scan
one MRI data sets, with a 6-month interval between contours. All regions of interest
were copied to the corresponding diffusion parameter maps, accounting for
differences in image resolution, and the mean value within each region of interest

was taken.

4.2.7 Statistical analysis

Statistical analyses were performed using SPSS. Intraclass correlation coefficients
(ICC) and Bland—Altman plots were generated in MedCalc (MedCalc Software,
Ostend, Belgium; http://www.medcalc.org; 2017). Analysis of variance (ANOVA)
was used to evaluate potential significant differences between individual muscles.
A Greenhouse—Geisser correction was used in cases where sphericity was
violated, and the Bonferroni correction was used in post-hoc analyses. The
agreement was measured using Bland—Altman plots. Reliability was assessed
using the intraclass correlation coefficient (ICC) using a two-way mixed model with
absolute agreement. ICC values above 0.60 were classed as ‘good’ and values
above 0.75 were classed as ‘excellent’ for reliability between the two
measurements (263). All data are presented as: mean (95% confidence interval; p-

value) unless stated otherwise.
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4.3 Results

4.3.1 Participants

Thirty healthy volunteers were recruited, (mean age 36.5 years, range 20-60 years,
17/30 males). Imaging data from one healthy volunteer was excluded due to
misalignment between the fat and diffusion images at acquisition, resulting in a
movement artefact. The remaining 29 healthy volunteers had a mean age of 37
years, range 20—60 years, 17/29 males. Nineteen participants (11/19 males)
returned for a second scan to assess test-retest reliability. The semimembranosus
muscle was not visible on the relevant slice in three participants, so this muscle did

not contribute to the hamstring measurement in those participants.

4.3.2 Spectroscopy

The Bland—Altman plot (Figure 4-2) showed that imaging underestimated fat
fraction relative to spectroscopy with a mean absolute bias of —-0.91% (95% Cl= -
4.4 10 2.6).
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Figure 4-2: MRS and Dixon comparison

Bland-Altman agreement plot showing the comparison of fat fraction values
measured by spectroscopic and Dixon imaging techniques. N=12



118

4.3.3 Differences between muscles

Mean values for fat fraction and diffusion parameters for each muscle are shown in
Table 4-1. Boxplots for the hamstrings and quadriceps are shown in Figure 4-3. Fat
fraction in the hamstrings was approximately twice that in the quadriceps with a
mean difference in fat fraction between the two muscle groups of 1.81% (95% ClI=
1.63, 2.00; p< 0.001). Mean diffusivity was lower in the hamstrings than in the
quadriceps with a mean difference of 0.26x10*mm?s™' (95% CI= 0.13, 0.39; p<
0.001). Fractional anisotropy was higher in the hamstrings than the quadriceps with
a mean difference of 0.063 (95% CI= 0.05, 0.07; p< 0.001). The diffusion
eigenvalues showed that A1 was higher with a mean difference of 0.076x10
3mm?2s~ (95% CI= 0.059, 0.092; p< 0.001), and A2, and A3 were lower in the
hamstrings relative to the quadriceps with a mean difference of 0.083x10°3mm?2s™"
(95% Cl= 0.064, 1.03; p< 0.001) and 0.068x103mm?s™" (95% CI= 0.051, 0.085; p<
0.001), respectively.

Boxplots for the individual muscles measured are shown in Figure 4-4. There were
substantive differences in fat fraction, fractional anisotropy, and mean diffusivity
between muscles (ANOVA: p< 0.001). Pairwise post-hoc analysis showed that all
substantive differences were explained by the differences between the hamstrings
and quadriceps groups. That is, any of the individual muscles that make up the
hamstrings had a substantively different fat fraction to any of the muscles that make
up the quadriceps. However, they were not substantively different from any other

muscles within the hamstrings, and vice-versa.
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Table 4-1: Normal values of fat fraction and diffusion

Mean * standard deviation for individual muscles and muscle groups for fat fraction,

mean diffusivity (MD), eigenvalue (A) and fractional anisotropy (FA) measurements.

Muscle FF (%) MD A1 A2 A3 FA
(x10- (x10- (x10- (x10- (range O-
Smm2s?t) [3mm?s?t) |3mm?s?t) |3mm3?s?t) | 1)
Semimembranosus | 4.02+1.67 | 1.30+0.06 § 1.91+0.10 | 1.09+0.07 § 0.90+0.07 § 0.39+£0.04
Semitendinosus 4.34+2.26 | 1.25+0.05 | 1.92+0.06 | 1.02+0.08 § 0.82+0.08 | 0.44+0.05
Biceps femoris 4.17+1.63 | 1.29+0.04 | 1.87+0.06 | 1.08+0.06 J§ 0.91+0.06 § 0.38+0.04
Hamstrings 4.21+1.85 | 1.28+0.05 | 1.90+0.05 | 1.06+0.06 § 0.87+0.06 § 0.41+0.04
(Mean of three
muscles above)
Vastus medialis 2.07£0.53 ] 1.35+0.06 § 1.87+0.07 | 1.22+0.07 § 0.96+0.05 § 0.34+0.03
Vastus intermedius | 2.43+0.47 | 1.33+0.06 | 1.86+0.06 | 1.17+0.09 § 0.96+0.07 | 0.35+£0.04
Vastus lateralis 2.53+0.61 | 1.30+0.06 | 1.80+0.07 | 1.12+0.09 § 0.97+0.07 | 0.33+0.04
Rectus femoris 1.80+0.66 | 1.26+0.05 § 1.77+0.07 | 1.09+0.06 | 0.90+0.07 § 0.35+0.04
Quadriceps 2.21+0.48 | 1.31+0.05 § 1.83+0.07 | 1.15+0.08 § 0.95+0.06 § 0.34+0.03

(Mean of four

muscles above)
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Figure 4-3: Differences in fat fraction and diffusion measurements between hamstrings and quadriceps

(a) Fat fraction [%], (b) Mean diffusivity [x1073mm?s~1], (c) Fractional anisotropy, (d) A1 [x103mm?s~], (e) A2 [x10-3mm?3s~1],
(f) A3 [x103mm?2s™].
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Figure 4-4: Distribution of values for individual muscles

Boxplots showing distribution of values for each individual muscle for (a) Fat fraction [%], (b) Mean diffusivity [x10‘3mm23'1], (c)

Fractional anisotropy, for the RF, rectus femoris; SM, semimembranosus, ST, semitendinosus; BF, biceps femoris; VM, vastus

medialis; VI, vastus intermedius and VL, vastus lateralis. d) Axial image of muscles of thigh.
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4.3.4 Reliability

Figure 4-5 depicts the test-retest Bland—Altman agreement plots with excellent
reliability between scans with the same region of interest drawer: Fat fraction ICCs
of 0.99 (range= 0.98, 1), mean bias= 0.07% (95% CI=-0.24, 0.38), p< 0.05. Mean
diffusivity ICCs of 0.94 (range= 0.84, 0.97), mean bias= 0.02x103mm?s~" (95% Cl=
-0.023, 0.026), p< 0.05. Fractional anisotropy ICCs of 0.89 (range= 0.74, 0.96),
mean bias= 0.02 (95% CI=-0.020, 0.025) p< 0.05.

Figure 4-6 depicts the inter-rater Bland—Altman agreement plots with excellent
reliability between two different region of interest drawers: Fat fraction ICCs of 0.97
(range= 0.93, 0.99), mean bias=-0.09% (95% CI=-0.60, 0.42), p< 0.05. Mean
diffusivity ICCs of 0.99 (range= 0.97, 1), mean bias= -0.013x103mm?s™" (95% Cl=
-0.017, 0.009), p< 0.05. Fractional anisotropy ICCs of 0.99 (range= 0.98, 1), mean
bias= -0.001 (95% CI=-0.010, 0.007), p< 0.05.

Figure 4-7 depicts the intra-rater Bland—Altman agreement plots with excellent
reliability between the same researcher who drew the regions of interest twice with
a 6-month interval between drawing: Fat fraction ICCs of 0.99 (range= 0.96, 1),
mean bias= 0.10% (95% Cl=-0.17, 0.36), p< 0.05. Mean diffusivity ICCs of 0.93
(range= 0.85, 0.97), mean bias= -0.003x103mm?s~" (95% CI= -0.035, 0.029), p<
0.05. Fractional anisotropy with ICCs of 0.99 (range= 0.97, 0.99), mean bias=
-0.001 (95% CI=-0.012, 0.009), p< 0.05.
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Table 4-2: Reliability of ICC values for hamstrings, quadriceps, and combined

measures

ICC (ranges) for hamstrings, quadriceps and thigh. Thigh consists of

hamstrings and quadriceps combined. Mean bias describes the mean

difference (and range) between 95% confidence intervals.

Test-retest FF MD FA Y A2 A3
Hamstrings 0.99 0.92 0.84 0.72 0.93 0.85
ICC (0.96, (0.8, (0.63, (0.39, (0.83, (0.64,
(range) 1) 0.97) 0.94) 0.89) 0.97) 0.94)
Quadriceps 0.98 0.88 0.73 0.73 0.94 0.85
ICC (0.94, (0.70, (0.40, (0.40, (0.84, (0.64,
(range) 0.99) 0.95) 0.89) 0.89) 0.98) 0.94)
Thigh (both) 0.99 0.94 0.89 0.85 0.96 0.88
ICC (0.98, (0.84, (0.74, (0.64, (0.89, (0.71,
(range) 1) 0.97) 0.96) 0.94) 0.98) 0.95)
Mean bias 0.07 0.02 0.02 0.007 0.00 -0.02
(Mean difference (-0.24, ](-0.023, | (-0.02, (-0.03, ](-0.003, [ (-0.04,
and range between | 0.38) 0.026) 0.025) 0.04) 0.03) 0.04)
95% ClI for thigh)

Inter-rater

Hamstrings 0.96 0.96 0.98 0.90 0.99 1 (0.98,
ICC (0.91, (0.90, (0.96, 1) | (0.76, 0.97, 1) 1Y)
(range) 0.99) 0.98) 0.96)

Quadriceps 0.99 1 0.99 1 1 0.98
ICC (0.98, (0.99, 1) ] (0.98, 1) § (0.99, (0.99, 1) | (0.96,
(range) 1) 1) 0.99)
Thigh (both) 0.97 0.99 0.99 0.98 1 0.99
ICC (0.93, (0.97,1) ] (0.98, 1) § (0.95, (0.99, 1) | (0.98,
(range) 0.99) 0.99) 1)
Mean bias -0.09 -0.013 -0.001 -0.005 |-0.001 jo0.00
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(Mean difference (-0.60, ] (-0.010, §(-0.010, j(-0.03, | (-0.01, (-0.01,
and range between | 0.42) 0.007) 0.007) 0.02) 0.01) 0.01)
95% ClI for thigh)

Intra-rater

Hamstrings 0.99 0.94 0.99 0.90 0.98 0.98
ICC (0.94, (0.84, (0.98, 1) | (0.76, (0.95, (0.95,
(range) 1) 0.98) 0.96) 0.99) 0.99)
Quadriceps 0.99 0.88 0.96 0.90 0.96 0.98
ICC (0.98, (0.72, (0.90, (0.76, (0.90, (0.95,
(range) 1) 0.96) 0.98) 0.96) 0.98) 0.99)
Thigh (both) 0.99 0.93 0.99 0.64 0.98 0.99
ICC (0.96, (0.85, (0.97, (0.29, (0.96, (0.98,
(range) 1) 0.97) 0.99) 0.84) 0.99) 1)
Mean bias 0.10 -0.003 -0.001 0.01 -0.001 |-0.001
(Mean difference (-0.17, |(-0.035, }(-0.012, } (-0.16, | (-0.02, (-0.01,
and range between | 0.36) 0.029) 0.009) 0.18) 0.02) 0.01)

95% CI for thigh)
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Figure 4-5: Test retest reliability of thigh

Thigh (hamstrings and quadriceps) test—retest reliability
Bland—-Altman agreement plots for a) fat fraction, b) mean

diffusivity, and c) fractional anisotropy. N=19.
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Figure 4-6: Inter-rater reliability of thigh

Thigh (hamstrings and quadriceps) inter-rater reliability Bland—
Altman agreement plots for a) fat fraction, b) mean diffusivity, and c)

fractional anisotropy. N=19.
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Figure 4-7: Intra-rater reliability of thigh

Thigh (hamstrings and quadriceps) intra-rater reliability Bland—
Altman agreement plots for a) fat fraction, b) mean diffusivity,

and c) fractional anisotropy. N=19.
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4.4 Discussion

This chapter aimed to identify the differences in normal values between muscles in
the thigh and to assess the reliability of fat fraction and diffusion measurements in
healthy muscle. This study successfully met its aims and demonstrated that the
hamstrings and quadriceps present with substantively different fat fraction and
diffusion measurements, and that there is high reliability for test-retest, intra-rater,

and inter-rater contouring of regions of interest.

4.4.1 Spectroscopy

Imaging slightly underestimated fat fraction with a mean bias of 0.9% absolute fat
fraction, which was likely to be due to noise bias and the use of only a single
spectral peak when quantifying the fat (168, 260, 264). There was good agreement
between measured fat fraction values obtained using imaging and spectroscopy,
which has been observed previously (178, 262). This outcome suggests that the fat

fraction measurements used within this study are valid.

4.4.2 Differences between muscle groups

The study shows substantive differences in fat fraction and diffusion tensor imaging
measurements between the hamstrings and quadriceps muscles. Mean values
agreed well with previous studies using similar techniques to measure fat fraction

(178, 259) and diffusion tensor imaging values (265).
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The data in this study showed that, in healthy volunteers, the fat fraction was higher
in the hamstrings relative to the quadriceps, which is consistent with previous
research (266). This higher fat fraction could be because the hamstrings have a
greater number of Type | (slow-twitch) muscle fibres (252), which have a higher
lipid content than Type Il (fast-twitch) muscle fibres (267). This study has also
shown substantive differences in measured diffusion parameters between the
hamstrings and quadriceps. The differences in diffusion parameters observed here
are consistent with previous studies (254). The higher mean diffusivity in the
guadriceps could be due to greater relative hydration (extracellular water) in these
muscles (268), whilst differences in fractional anisotropy could be due to
differences in the uniformity of fibre tracks (269). Alternatively, anatomical studies
report a higher density of Type | fibres in the hamstrings than the quadriceps (252).
Therefore, the reduced A2 and A3, and increased fractional anisotropy values that
this study observed in the hamstrings could reflect the denser microstructure in
type | fibres (25).

The presence of fat is known to decrease mean diffusivity measurements.
However, this is unlikely to be the reason that this study observed reduced mean
diffusivity in the hamstrings as the fat fraction required to induce inaccuracies in
diffusion measurements are estimated to be around 24% (251) whilst the muscle
fat fraction in this study were below this (<10%). Furthermore, the use of STEAM
sequences with a long mixing time provides additional suppression of the olefinic

fat peak.

Clinically, the fact that both fat fraction and diffusion measurements differ between
the hamstrings and quadriceps is important. Firstly, it highlights the fact that these
measures are sensitive to subtle differences between muscles that are not
detectable visually from conventional MR images. These differences may be of
interest in studying healthy and diseased muscles. Secondly, researchers using
these measures to investigate muscle disease should take these differences into
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account in their measurements so that normal differences between muscles do not

bias their findings.

4.4.3 Reliability

This study showed excellent reliability for fat fraction and diffusion measurements
which compared favourably with previous work (256). For fat fraction, the test-retest
reliability within this study was 0.99. However, Figure 4-5 (a) appears to show lower
test-retest differences at low-fat fraction values and larger differences at higher fat
fraction values in healthy controls. This finding demonstrates a potential systematic
error where larger fat fraction measurements have lower test-retest reliability
compared to lower fat fraction measurements. Whilst in this study, in healthy
controls, the test-retest difference in fat fraction was below 0.4%, the decrease in
reliability as fat fraction increases may be problematic in patients with muscle
disease who could present with increased fat infiltration. This result could be due to
the two-point Dixon sequences used in this thesis, which was demonstrated in
Figure 4-2 to be less accurate with larger fat fraction values. Future research
should investigate whether patients with increased fat infiltration have lower
reliability of fat fraction measures using two-point Dixon and whether more
advanced techniques to assess fat fraction have the same systematic error. The
test-retest reliability scores for diffusion tensor imaging values within this study
were excellent with ICC values of 0.94 & 0.89 for mean diffusivity and fractional
anisotropy, respectively. In smaller studies using spin-echo diffusion tensor
imaging, Ponrartana et al. reported ICCs of 0.88 for mean diffusivity and 0.75 for
fractional anisotropy in the lower leg (270), and Froeling et al. reported ICCs of 0.89
for mean diffusivity and 0.60 for fractional anisotropy in the forearm (258). The
superior reliability scores within this study may be due to the shorter interval
between visits (30 minutes) compared to 1-2 weeks in previous studies (256, 258).
Short-term factors such as exercise are known to affect fat fraction (230) and
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diffusion tensor imaging (247, 248), so the increased reliability in these studies
better reflect what would be expected in longitudinal studies. However, the choice
of a short between scan interval minimises changes due to physiological variations
between tests providing a measure of the reliability of the system alone.
Researchers undertaking longitudinal studies should expect inferior reliability in the
measurements than those presented here due to physiological variation.

Mean biases and confidence intervals for test-retest reliability in this study were
small; fat fraction: 0.07% (95% Cl= -0.24, 0.38), mean diffusivity: 0.02x103mm?s™"
(95% Cl=-0.023, 0.026), and fractional anisotropy: 0.02 (95% ClI= -0.020, 0.025).
In addition, inter-rater and intra-rater reliability were also excellent. Demonstrating
that the selection of regions of interest by different raters does not influence the

results, enhancing the usability of quantitative MRI measurements.

These results suggest that measured differences greater than a fat fraction of
0.4%, mean diffusivity of 0.03x103mm?s~", and fractional anisotropy of 0.03 should
be detectable above reliability errors. These results are an essential early step in
the validation of these measurements in muscle disease as potential biomarkers for

assessing muscle disease.

4.4.4 Limitations

This study was subject to a number of limitations. This research did not assess the
reliability of MRI T2 and muscle volume used within this thesis, due to those two
measurements being included in the thesis following the completion of this study.
Future research would need to confirm whether T2 and muscle volume also have
excellent reliability. As this study only used healthy controls, it has a limited range

of values. The range of values could be increased by repeating studies in
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pathological cases. Furthermore, future work should also assess test-retest
reliability with a longer duration between the first and second scan, to simulate
longitudinal studies. Further research should identify if reliability is compromised in
smaller muscles which are harder to identify accurately, such as muscles of the
hand, which would be of interest in the study of rheumatic diseases as the joints of
the hands are often scanned clinically.

4.5 Conclusion

This study has demonstrated substantive differences between the hamstrings and
guadriceps with quantitative MRI measures in the healthy thigh. These results
suggest that hamstrings and quadriceps should be considered separately in future
studies; however, it is not necessary to separate further into the individual muscles
that make up the hamstrings (semitendinosus, semimembranosus, and biceps
femoris) and quadriceps (rectus femoris, vastus lateralis, vastus medialis, and
vastus intermedius). In addition, this study has shown excellent reliability in MR-
based fat fraction and STEAM-based diffusion measurements, suggesting that
guantitative MRI measurements have high enough reliability to be of use clinically.
However, the results in this study suggest that the reliability of fat fraction may
decrease as fat infiltration increases. However, the differences are still small, so it
does not significantly detract from the potential advantages of using two-point

Dixon MRI to assess fat fraction.
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Key messages

There are substantive differences in fat fraction and diffusion measurements
between the hamstrings and quadriceps in the healthy muscle.

Test-retest reliability is excellent for two-point Dixon based fat fraction and
STEAM-EPI diffusion measurements in healthy muscle, suggesting
measurements could be used clinically.

Inter-rater and intra-rater reliability were excellent for the region of interest
placement for two-point Dixon based fat fraction and STEAM-EPI diffusion
measurements in the healthy muscle, suggesting the selection of the region

of interest is not operator dependent.
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Chapter 5 The effects of ageing on skeletal muscle as assessed by quantitative
MR imaging: An association with frailty and muscle strength

This chapter describes a research study by Matthew Farrow, John Biglands,
Steven Tanner, Andrew Clegg, Lesley Brown, Elizabeth Hensor, Philip O’Connor,
Paul Emery, and Ai Lyn Tan published in Aging Clinical and Experimental
Research, 2020 (3).

5.1 Introduction

The proportion of older people in the population is increasing, from 461 million
individuals above the age of 65 in 2004 to an approximate 2 billion individuals by
the year 2050 (271). This increase in age can have a substantial impact on the
health of individuals, including decreases in muscle health. This is important to
consider as decreased muscle health is a well-known factor of impaired functional
status and increased falls (272-278) and can have a significant impact on quality of
life. This decrease in muscle health in the older population is often referred to as
sarcopenia, as discussed in section 2.3.1.1. The primary area of research in
sarcopenia has been the loss of muscle function due to a decrease in muscle
mass. It is known that the loss of muscle mass starts between the ages of 30 and
40, and accelerates with age (37, 71, 99, 279-284). This rate of muscle mass
atrophy can be up to 2% per year (91, 285, 286). The majority of this muscle
atrophy is from the lower limb (37), demonstrating the importance of investigating

muscle health within the thigh.

Sarcopenia has rapidly become a common term in geriatrics and academic
research. The term sarcopenia is used to describe the progressive decrease in

muscle mass, muscle quality, physical function, and muscle strength with
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advancing age. Muscle quality, as discussed in section 2.3.1.1, refers to muscle
function and, within this thesis, is defined as the microscopic and macroscopic
properties of muscle, such as inflammation, myosteatosis, muscle microstructure
milieu, and muscle quantity. These variables in muscle quality are independent of
each other; however, can occur in unison due to disease or disuse. Muscle
guantity, as discussed in section 2.4.3.4, is defined as a measure of the total
muscle mass. There are several classification criteria for sarcopenia, with different
cut off values and required measurements. Within the literature, the prevalence of
sarcopenia in 60-70-year-olds is approximately 13% (287, 288) and increases to
50% for the population aged above 80 (287). However, these figures are
dependent on what classification is being used. Historically, the most commonly
used classification is the 2010 European Working Group on Sarcopenia in Older
People (EWGSOP) (71). The EWGSORP criterion for sarcopenia includes: 1) Low
muscle mass; 2) Low physical function (such as gait speed); 3) Low muscle
strength (such as grip strength) (Table 2-2). A diagnosis depended on low muscle
mass, in addition to either low muscle strength or physical performance. However,
the EWGSOP updated its classification of sarcopenia in 2019 (99). This new
criterion by the EWGSOP includes: 1) Low muscle strength; 2) Low muscle quantity
or quality; 3) Low physical performance (Table 2-3). With the new EWGSOP
guidelines, individuals are classified as having probable sarcopenia if they have low
muscle strength, definite sarcopenia if they have low muscle strength and low

muscle quality or quantity, and severe sarcopenia if all three are met.

Despite it being known that decreased muscle mass is a factor in age-related loss
of physical function, muscle mass by itself is a weak predictor of physical
performance (272, 275, 285, 289-291). In addition to muscle atrophy, there is also
a decrease in muscle quality which has historically not been considered to the
same extent as muscle mass (292); however, this appears to be changing with the
new 2019 EWGSOP diagnostic criterion.
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Possible explanations for decreases in muscle quality due to ageing include: 1)
Infiltration of fat into muscle, known as myosteatosis (272); 2) Infiltration of collagen
and other non-contractile tissue into the muscle (293); 3) Muscle inflammation; 4)
Progressive atrophy and loss of individual muscle fibres (81, 294), including a
decrease in the proportion of type Il (fast-twitch) muscle fibres (295-301), which is
associated with a decrease in physical performance (302). In support of this,
imaging studies have found increased amounts of interstitial fat, fluid, and other
non-muscle contractile tissue in older individuals compared to young individuals
(303, 304).

Therefore, the reduction in muscle mass accounts for an even more significant loss
of contractile material than is accounted for using muscle mass alone, with fat
infiltration and increased fluid within the muscle, possibly mediated through
macrophage released inflammatory cytokines (305, 306). In addition, ageing is
associated with increased levels of circulating inflammatory components, including
an elevated concentration of cytokines (307). These proinflammatory cytokines
promote muscle wasting by increasing myofibrillar protein degradation (308) and
decreasing protein synthesis (309). It is known that increased fat within the muscle
(myosteatosis), which is known to occur with ageing, participates in metabolic
regulation, releasing protein factors termed adipokines. Several adipokines are
linked to the inflammatory response, resulting in those with high quantities of fat
having a higher quantity of cytokines that can cause catabolic consequences on
muscle, including muscle oedema. Therefore, fat fraction and T2 within the muscle

may be suitable measures for monitoring this infiltration of fat and fluid.

In addition to a reduction in the total number of muscle fibres due to ageing, older
individuals often live a more sedentary lifestyle which results in muscle atrophy due
to disuse. This disuse atrophy presents with a decrease in muscle fibre size but not
a decrease in the total number of muscle fibres (310). Therefore, diffusion
measurements may be suitable for identifying these changes in muscle fibres.
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This decline in muscle quality is essential to consider as muscle mass and physical
function do not decline in a parallel manner (282, 311). A longitudinal study of
1,880 older participants showed that muscle power declined with age at 4% a year
whilst muscle mass declined at 1% (285). Furthermore, there is also a substantial
difference in decline between power (work done per unit of time) and strength
(maximal force) (71). In a study of 100 older participants, muscle power was found
to decline with age at 4% per year whilst muscle strength was found to decline at
2% per year (311). This prior research suggests that peak strength, while affected
by age, does not deteriorate as quickly as muscle power which is required to
complete tasks such as walking. Therefore, the measurement of muscle power is of
more importance in the study of sarcopenia than the more frequently used

measurement of muscle strength.

Opposing views have suggested that ‘dynapenia’ (loss of muscle strength) and
‘sarcopenia’ (loss of muscle mass) should not be used interchangeably, and
instead propose that sarcopenia and dynapenia should be used to describe the
age-related loss of muscle mass and muscle strength separately (310). However,
as sarcopenia includes loss of muscle mass, decrease in muscle quality, loss of
muscle strength, and impaired physical function (292), for this thesis, the term
‘sarcopenia’ will be used to encompass all aspects of a decrease in muscle health
as a result of ageing.

Frailty is gaining increasing prominence as a critical healthcare policy issue, and
there is growing recognition that healthcare systems need to adapt to meet the
needs of older people living with the condition of frailty (312). Frailty is defined as
the consequence of age-related decline across physiological systems and
encompasses physical, psychological, and social aspects. Frailty results in an
increased vulnerability to adverse health conditions, such as falls, hospitalisation,
and mortality (313). The conditions of sarcopenia and frailty can overlap, with frail
people exhibiting decreased muscle mass and muscle strength (314). Up to 50% of

individuals older than 85 years are estimated to be frail, and these people have a
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significantly increased risk of disability and a lower quality of life (315, 316).
Reducing the prevalence or the severity of frailty is likely to have considerable
benefits for individuals and society (317). Current models of frailty are primarily
based on the phenotype or deficit model of frailty. Whilst these models are robust
and useful to identify and grade frailty, they do not consider muscle health as a
separate entity. In the search for interventions to reduce frailty, the identification of
sub-clinical muscular features using quantitative MRI has the potential to improve
clinical interventions based on well-defined quantitative measures that are
associated with frailty (99, 318, 319). This could include predicting those at risk of
developing frailty and monitoring interventions, such as exercise, to identify the

Optimum management.

Quantitative MRl measurements show exciting potential in detecting microscopic
and macroscopic muscle changes. Quantitative MRI measurements show
promising results for assessing skeletal muscles as it provides a more objective
measure compared to the visual assessment based on changes of signal intensity
with conventional MRI. The quantitative measurements used in this thesis are
discussed in section 2.4.3. Diffusion measurements have previously been shown to
be sensitive to changes due to age (320), and fat fraction and muscle volume
measurements are known to be sensitive to myosteatosis and muscle atrophy,
which occurs with ageing. However, there is a lack of literature investigating
whether T2 measurements have a role in assessing the effects of ageing on the
muscle. Previously, quantitative MRI measurements have not been compared with
formal independent measurements of frailty or with muscle power, gait speed, or
handgrip strength measurements, resulting in a lack of understanding between

guantitative MRI in the muscle with muscle strength, physical function, and frailty.

In order for quantitative MRl measurements to be used clinically as a diagnostic
tool to aid in the monitoring of properties associated with frailty and sarcopenia, it
must be investigated whether these measurements can accurately identify
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differences within the muscle and elucidate whether these pathological features are
associated with frailty, gait speed, and muscle function.

5.1.1 Hypothesis

The effects of ageing on the muscles can be detected using quantitative MRI (T2,
two-point Dixon fat fraction, diffusion tensor imaging, and muscle volume) between

young, middle-aged, and older people.

5.1.2 Objectives

The aim of this study was to investigate whether quantitative MRI techniques (T2,
two-point Dixon fat fraction, diffusion tensor imaging, and muscle volume) are
sufficiently sensitive to detect differences in muscle properties between young,
middle-aged, and older participants and to show how quantitative MRI parameters

relate to muscle function and frailty.

5.2 Methods

5.2.1 Study design

This study was conducted using a cross-sectional design and delivered at the
Leeds Teaching Hospitals NHS Trust (LTHT). It was approved by the local research
ethics committee, and all participants provided written informed consent.
Recruitment began in May 2017 and ended in December 2018. 1:1 matching for
gender was used. Participants were recruited into three age groups: ‘young’ (18-30
years), ‘middle-aged’ (31-68 years), and ‘older’ (=69 years). The age classifications

for the young and older participant groups were chosen based on the European
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MyoAge study (321). Healthy controls were obtained from the pool of healthy
controls recruited for the MUSCLE study. The older participants included
participants from a longitudinal research cohort [the Community Ageing Research
75+ (CARE-75+) study] (Trial registration number ISRCTN16588124) (322) who
also provided the English Longitudinal Study of Ageing (ELSA) frailty index (FI)
scores for each of the individuals. The ELSA frailty index scores (0 - 10 = very fit,
11 — 14 = well, 15 — 24 = vulnerable, 25+ = frail) (323) were utilised for the older
participants for a sub-study analysis to investigate if there was a correlation
between MRI and muscle function measurements with frailty index in older
individuals. All participants had an ELSA frailty index score of <14 (‘very fit’ or ‘well’)
to ensure they were healthy enough to take part in the research study.
Osteoarthritis was not an exclusion criterion for the older participants within this

study due to its high prevalence in the older population.

As only participants in the older group were scored with the English Longitudinal
Study of Ageing (ELSA) frailty index (324), a separate sub-study was conducted to
investigate how MRI and muscle function parameters are associated with the ELSA

frailty index.

5.2.2 MRI and physical function measurements

MRI measurements collected include T2, fat fraction, diffusion tensor imaging, and
muscle volume. Muscle function measurements collected include knee extension
and knee flexion power and handgrip strength. Gait speed was measured with a

4m walk test (99). This methodology has been described in section 3.6.
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5.2.3 Statistical analyses

Statistical analyses were performed using SPSS. One-Way ANOVA with Bonferroni
post-hoc analysis was used to test for potential significant differences in
guantitative MRI, handgrip strength, and muscle power measurements between all

groups.

Spearman’s rank correlation was used to measure correlation. This study utilised rs
values 20.4 as indicative of a correlation. Correlations between participants with
gait speed and frailty were only calculated in older participants who had undergone

a gait speed test and the ELSA frailty index assessment.

5.3 Results

18 young (18 - 30 years, mean age 26 + 8), 18 middle-aged (31 - 68 years, mean
age 49 = 19), and 18 older (= 69 years, mean age 79 £ 5, mean ELSA frailty index
score 10 + 5) participants took part in this study. Each group consisted of nine
males and nine females. Participants were obtained from the pool of healthy
controls recruited for the MUSCLE study. There were substantive differences in
guantitative MRI and muscle strength measurements between all age groups.
Descriptive data for quantitative MRl and muscle power/volume measurements are
shown in Table 5-1 and Table 5-2.
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Table 5-1:Quantitative MRI measurements with ANOVA to determine significance between young, middle-aged, and older
participants

T2 Fat fraction Mean diffusivity Fractional anisotropy
(ms) (%) (x103mm?s?t) (0-1)
Mean | 95% | p- Mean [95% |p- Mean [95% [p- | Mean | 95% p-
(SD) jCI value (SD) Cl value (SD) Cl value | (SD) Cl value
Hamstrings
Young 39.3 |[38.5, 3.4 (1.6) |27, 1.26 1.23, 0.42 0.40,
(n=18) 1.8) 403 4.3 (0.1) 1.29 (0.04) lo.44
Middle-aged [ 40.8 [ 40.1, 5.6(2.2) 4.4, 1.34 1.28, 0.40 0.39,
(n=18) (1.4) 416 |<0.001 6.7 <0.001 ] (0.1) 1.39 | <0.001 1 (0.1) 041 |02
Older 42.9 41.4, 9.5(3.6) | 7.6, 1.40 1.34, 0.39 0.35,
(n=18) 2.9 |44.4 11.3 (0.1) 1.45 (0.04) o0.41
Quadriceps
Young 40.6 40, 41 2.2 (0.8) |1.9, 1.30 1.26, 0.35 0.30,
(n=18) (1.4) 2.6 (0.1) 1.33 (0.05) |0.40
Middle-aged [ 42.8 [ 41.9, 3.2 (2.3) [2.4, 1.35 1.29, 0.34 0.30,
(n=18) 2.1) J43.9 |<0.001 4.8 <0.001 ] (0.1) 1.33 | <0-001 005y Joa4o |07
Older 45.0 43.8, 6.4 (1.9) 5.2, 1.41 1.29, 0.33 13,04
(n=18) (2.4) ]46.2 7.1 (0.1) 1.41 (0.06)
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Table 5-2: Muscle volume, knee extension, knee flexion, and handgrip strength measurements with ANOVA to determine
significance between young, middle-aged, and older participants

Muscle volume (cm3) Flexion power (w) Extension power (w) Handgrip strength (kg)
Mean 95% p-value | Mean 95% [ p-value Mean 95% | p-value Mean [ 95% p-value
(SD) Cl (SD) Cl (SD) Cl (SD) Cl

Young 1563 1357.6, 45 34, 84 63, 36.8 31.5,

(n=18) (412) 1768.3 (22.0) 55 (43.2) 106 (10.7) 42.2

Middle- | 1365 1195.6, 33 26, 51 39, 315 28.9,

aged (362) | 1534.8 |0.002 (11.1) | 37 <0001 | (20.4) | 60 |<0.001 } (5.1) 34.2 ] <0.001

(n=18)

Older 1151 988.7, 18 12, 28 18, 23.1 18.1,

(n=18) (327) 1314.4 (9.9) 22 (18.3) 37 (9.7) 28.1
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531 T2

Quantitative MRI T2 relaxation times increased with age (Table 5-1). Within the
hamstrings, differences between young and old, young and middle-aged, and
middle-aged and older participants were 3.6ms (95% CI= 1.8, 5.2; p< 0.001), 1.5ms
(95% Cl= 0.4, 2.7; p= 0.01), and 2.1ms (95% CI= 0.3, 3.7; p= 0.02) respectively.
Within the quadriceps these differences were 4.4ms (95% Cl= 2.8, 5.9; p< 0.001),
2.2ms (95% Cl=1, 3.4; p= 0.001), and 2.2ms (95% CI= 0.6, 3.7; p= 0.005)
respectively (Figure 5-1).

5.3.2 Fat fraction

Quantitative MR fat fraction values substantively increased within each age group
increment (Table 5-1). Within the hamstrings, differences between young and old,
young and middle-aged, and middle-aged and older participants were 6.1% (95%
Cl=4.0, 8.2; p< 0.001), 2.2% (95% CI= 0.8, 3; p= 0.003), and 3.9% (95% Cl= 2, 6;
p< 0.001) respectively. Within the quadriceps the differences were 4.2% (95% Cl=
3, 5; p< 0.001), 1.0% (95% CI= 0.2, 3; p= 0.02), and 3.2% (95% CI= 1, 4; p< 0.001)
respectively (Figure 5-1).

5.3.3 Diffusion tensor imaging

5.3.3.1 Mean diffusivity

Mean diffusivity substantively increased with age (Table 5-1). Within the hamstrings

differences between young and old, young and middle-aged, and middle-aged and
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older participants for mean diffusivity were 0.14x103mm?s* (95% Cl= 0.06, 0.21;
p< 0.001), 0.08x103mm?s* (95% Cl= 0.01, 0.1; p= 0.01), and 0.06x10-3mm?s*
(95% CI=0.11, 0.13; p= 0.1) respectively. Within the quadriceps the differences
were 0.11x103mm?s? (95% Cl= 0.03, 0.16; p= 0.002), 0.05x103mm?s* (95% ClI=
0.01, 0.1; p= 0.1), and 0.06x103mm?s! (95% Cl= 0.03, 0.11; p= 0.2) respectively
(Figure 5-1), demonstrating higher mean diffusivity in older individuals.

5.3.3.2 Fractional anisotropy

There were no substantial differences in fractional anisotropy between age groups
(Table 5-1). Within the hamstrings, differences between young and old, young and
middle-aged, and middle-aged and older participants for fractional anisotropy were
0.03 (95% CI=0.01, 0.06; p= 0.3), 0.02 (95% CI= 0.01, 0.06; p= 0.3), and 0.01
(95% CI=0.01, 0.02; p= 0.9) respectively. Within the quadriceps these differences
were 0.02 (95% Cl= 0.01, 0.03; p= 0.9), 0.01 (95% CI= 0.01, 0.02; p=0.5), and
0.01 (95% CI=0.01, 0.03; p= 0.9) respectively (Figure 5-1).

5.3.4 Muscle volume

Muscle volume decreased with age (Table 5-2). There were differences in muscle
volume between young and old, young and middle-aged, and middle-aged and
older participants of 412cm?3 (95% Cl= 106, 690; p= 0.006), 198cm? (95% Cl= 0,
500; p=0.1), and 214 cm?® (95% Cl= 62, 493; p= 0.1) respectively.
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5.3.5 Muscle power and grip strength

Muscle power and grip strength decreased substantively between each age group
increment (Table 5-2). There was a substantive difference in knee flexion power
between young and old, young and middle-aged, and middle-aged and older
participants of 27W (95% Cl= 15, 39; p< 0.001), 12W (95% CI= 1, 25; p= 0.03), and
15W (95% Cl= 2.2, 27.4; p= 0.01) respectively.

Within the quadriceps there was a substantive difference in knee extension power
between young and old, young and middle-aged, and middle-aged and older
participants of 56W (95% Cl= 33, 79; p< 0.001), 33W (95% CI= 11, 58; p= 0.005),
and 23W (95% CI= 1, 45; p= 0.07) respectively, demonstrating lower muscle power

in older individuals.

There was a substantive difference in handgrip strength of 13.7kg (95% CI= 6.6,
20.8; p< 0.001) between the young and older participants, a difference of 5.3kg
(95% Cl=1, 11; p= 0.07) between young and middle-aged participants, and a
difference of 8.4kg (95% CI= 3.1, 13.9; p= 0.003) between the middle-aged and
older participants, demonstrating lower muscle strength in the older groups.
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Figure 5-1: Quantitative MRI measurements of young, middle-aged and older participant groups.

A- T2, B- fat fraction, C- mean diffusivity, D- fractional anisotropy.
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5.3.6 MRI and muscle function correlations in all participants

When all participants were combined into one group of 54 participants (Figure 5-2
and Figure 5-3), quantitative MRI T2 correlated with knee flexion (rs= -0.7; p<
0.001), knee extension (rs= -0.7; p< 0.001), and handgrip strength (rs= -0.6; p<
0.001). Fat fraction correlated with knee flexion (rs= -0.6; p< 0.001), knee extension
(rs=-0.7; p< 0.001), and handgrip strength (rs= -0.6; p< 0.001). Mean diffusivity
correlated with knee flexion (rs= -0.4; p= 0.04), but did not correlate with knee
extension (rs= -0.3; p= 0.05) or handgrip strength (rs= -0.1; p= 0.9). Fractional
anisotropy did not appear to correlate with any of the muscle function tests: knee
flexion power (rs= 0.1; p= 0.9), knee extension power (rs= -0.1; p= 0.1), and
handgrip strength (rs= 0.01; p= 0.9). Handgrip strength was also found to correlate
with knee flexion power (rs= 0.7; p< 0.001) and knee extension power (rs= 0.7; p<
0.001).

5.3.7 MRI, muscle function, frailty index, and gait speed correlations in older

participants

Quantitative MRI T2, fat fraction, and muscle volume, and quantitative muscle
strength for knee flexion and knee extension substantively correlated with frailty
index and gait speed in older participants (Figure 5-4). In the hamstrings, T2
correlated with frailty index (rs= 0.8; p< 0.001), gait speed (rs= -0.4, p= 0.05), and
knee flexion (rs= -0.7, p= 0.01). In the quadriceps T2 correlated with frailty index
(rs= 0.7, p< 0.001), gait speed (rs= -0.5; p= 0.007), and knee extension (rs= -0.6; p<
0.001). In the hamstrings, fat fraction correlated with frailty index (rs= 0.7, p<
0.001), gait speed (rs= -0.4; p= 0.02), and knee flexion (rs= -0.6; p= 0.001). In the
guadriceps fat fraction correlated with frailty index (rs= 0.7; p< 0.001), gait speed
(rs= -0.6, p= 0.001), and knee extension (rs= -0.7; p< 0.001). In the hamstrings
mean diffusivity correlated with knee flexion (rs= -0.4, p= 0.004), but did not appear
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to correlate with frailty index (rs= 0.3; p= 0.2), or gait speed (rs= -0.3, p= 0.1). In the
quadriceps mean diffusivity correlated with frailty index (rs= 0.4, p= 0.1), and knee
extension (rs= -0.4; p= 0.007), but did not correlate with gait speed (rs= -0.3, p=
0.2). Muscle volume (Figure 5-5) correlated with frailty index (rs= -0.6; p< 0.001),
gait speed (rs= 0.6; p= 0.01), knee flexion (rs= 0.6; p< 0.001), and knee extension
(rs= 0.6; p< 0.001). Knee flexion (Figure 5-5) correlated with frailty index (rs= -0.7,
p= 0.002), gait speed (rs= -0.4, p= 0.05), and grip strength (rs= 0.7; p< 0.001). Knee
extension (Figure 5-5) correlated with frailty index (rs= -0.7; p= 0.001), gait speed
(rs= 0.5; p=0.01), and grip strength (rs= 0.7; p< 0.001). Handgrip strength
correlated with frailty index (FI) and gait speed (FI rs= -0.7, p= 0.001, gait speed rs=
0.5, p= 0.06).
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Figure 5-2: Quantitative MRI of the quadriceps and correlation versus power extension for all participants

A- T2, B- fat fraction, C- mean diffusivity, D- fractional anisotropy. (Young, middle-aged, and older participants combined as

one).



T2 (ms)

Mean diffusivity (x10-3mm2s-1) 0O

Rs =-0.7
so -
.
a8
-
45 .
= -
oot e"
.. .~ . -
e » -s
40 S ug 2 . . .
-, * d
-
28 . - " .. -
o 20 40 60 80 100 120
Power flexion (W)
Rs =-0.4
1.70
-
1.60 - *
1.50 . S
- -
140 ~ S
- . % o
- " -
1.30 - . o :. - -
- -
ok ... . -3 ® -
1.20 S
-
-
1.10
o 20 40 60 80 100 120

151

Fat fraction (%)

Fractional anisotropy

15

10

.60

.50

40

.30

.20

. .
.’ : 3 -
e o
- o -
P - . s @
- ° ®
20 40 60
Power flexion (W)
-
- - - e
- - o ... ng
-
‘::o - T
..... P P
-
-
20 40 60

Power flaxion (W)

Figure 5-3: Quantitative MRI of the hamstrings and correlation versus power flexion for all participants

A- T2, B- fat fraction, C- mean diffusivity, D- fractional anisotropy. (Young, middle-aged, and older participants combined as one).

Rs =-0.6
100 120
Rs =0.1
100 120



Hamstrings

48

46

T2 (ms)

42

40 =

18 ~
Hamstrings

16

14

12

Fat fraction (%)

N @
.
.

10
Frailty index

12

12

Rs=0.8

14
Rs =0.7

14

152

T2 (ms)

=)

Fat fraction (%)

N @

48

46

44

42

18

16

14

12

10

Quadriceps

Quadriceps

12

12

Rs =0.7

1
Rs =0.7

14
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A- T2 hamstrings, B- T2 quadriceps, C- fat fraction hamstrings, D- fat fraction quadriceps.
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5.4 Discussion

This chapter aimed to investigate whether quantitative MRI measures can detect
differences within the muscle between three age groups and assess how these

measures compare with frailty index, gait speed, and muscle power.

This study has shown substantive differences in T2, fat fraction, mean diffusivity,
and muscle volume associated with ageing. However, this study did not show
substantial differences in fractional anisotropy. The results from this study suggest
that not only is quantitative MRI an independent measure of muscle function, but
also shows potential as a quantitative adjunct assessment of frailty. The study
demonstrates the potential of these quantitative measures to assess muscle status
during ageing to detect sarcopenia, frailty, and to monitor muscle health. A strength
of this study is that the measurements are useful not only for sarcopenia but also
for frailty. Furthermore, this research matched for gender between the different age
groups, which has not been done in previous research studies. In addition, for the
first time, this study has gone further than previous studies by showing that these
measurements also correlate with an independent measure of frailty (ELSA frailty
index) and with quantitative muscle strength measurements (knee flexion, knee
extension, and handgrip strength) and physical function (gait speed). In addition to
being components of frailty, many of these measures are critical components in the
diagnosis of sarcopenia (99). This study has also shown that grip strength
substantively correlates with lower limb function and frailty index and therefore

could be used as a convenient tool to measure an overall muscle function status.

Quantitative T2 measurements, as described in section 2.4.3, increased
substantively with age, supporting previous work (325-328). Ageing is known to be
associated with increased systemic inflammatory markers, such as CRP, IL-1RA,
and IL-1 (329, 330). As previously mentioned in section 2.4.3, there is evidence to

suggest that quantitative T2 MRI can identify muscle inflammation (26). However,
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the increase in T2 relaxation time measurements in this study may also be due to
the contribution of fat inadequately suppressed by the SPAIR fat suppression in the
MRI acquisition (163, 167). This is important to consider due to the known fat

infiltration in muscle due to ageing.

The fat fraction was found to be substantively higher in older participants in this
study, which agrees with other studies investigating ageing in the muscle (255),
suggesting its capability to identify myosteatosis using two-point Dixon MRI
sequences. Myosteatosis results in a decrease in contractile properties of type Il
(fast-twitch) muscle fibres which have lower resilience to the increases in lipid
content. This increase in lipid content results in dysregulated homeostasis (331,
332), decreased muscle quality, decreased muscle mass, and impaired physical

function.

Mean diffusivity was substantively higher with age, and there were minor
differences in fractional anisotropy, with lower measurements of fractional
anisotropy in older participants. The findings found in this study are consistent with
what is observed following muscle injury and exercise-induced trauma (26, 333-
335). These diffusion differences could be due to interstitial oedema, or changes to
the microstructure of tissue. The observed trend of higher mean diffusivity in older
participants in this study supports a previous study (319). This previous study
interpreted diffusion changes as an age-related increase in the amount of
intramuscular fluid (319), which is consistent with Azzabou’s interpretation of

increased T2 relaxation time values (327).

Muscle volume substantively correlated with muscle power, and there were
substantive differences in muscle volume between the age groups. This correlation
is also seen in previous studies where muscle loss, which is well known to occur
due to: decreased physical activity (336), declining androgen concentrations (337),

nutritional deficiencies (338), and chronic inflammation (329, 330, 339), can reduce
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function (99). As muscle mass is a primary component in the diagnosis of
sarcopenia, the more accurate muscle volume measurements available with

guantitative MRI may be useful in the diagnosis of sarcopenia.

This study also compared quantitative MRI of the thigh with forearm strength,
measured by the handgrip test, which is frequently measured as a proxy for global
muscle strength (340). Handgrip strength was reduced in older participants and
correlated with lower limb function and frailty. This research project is the first study
to demonstrate an association of handgrip strength with quantitative MRI. Whilst it
is not correct to equate forearm strength with muscle parameters of the thigh, as
handgrip strength is a frequently used assessment of frailty and sarcopenia [72,
80], and due to its simplicity and its frequent use, it was therefore deemed to be a

useful addition to this study.

This study successfully met its aims and demonstrated that quantitative MRI can
detect substantive differences between young, middle-aged, and older participants

and that these measures correlate with frailty index, gait speed, and muscle power.

5.4.1 Limitations

This study is subject to some limitations. This study only recruited older participants
who were assessed as fit’ and ‘well’ according to the ELSA frailty index. Therefore,
while this study has shown a strong association between quantitative MRI
measures and frailty index, this study did not investigate this association in patients
who have been classified as being vulnerable or frail. Further research should
investigate whether this trajectory continues in vulnerable and older people with
frailty. Furthermore, this study did not consider the fact that the ELSA frailty index

score considers 44 deficits in total, including functional, sensory, and cognitive
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function, which are all crucial aspects of frailty. However, despite this, the
measurements of the muscle utilising quantitative MRI within this study still

correlate with the frailty index scores, demonstrating its strength in identifying frailty.

5.5 Conclusion

Ageing is associated with longer T2, higher fat fraction and mean diffusivity, and
lower muscle volume, grip strength, and muscle power. Quantitative MRI
parameters correlated with grip strength, muscle power, and the ELSA frailty index,
which is a research standard frailty index. This study demonstrates that quantitative
MRI measurements have the potential to be useful markers of age and muscle

health and could be useful in the management of sarcopenia and frailty.

5.6 Key messages

e There are substantive differences in T2, fat fraction, mean diffusivity, and
muscle volume between age groups.

e Quantitative MRI correlates with the ELSA frailty index, gait speed, grip
strength, and muscle function.

e Quantitative MRI shows promise in identifying the changes within the muscle

due to ageing.
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Chapter 6 Quantitative MRI in myositis patients: A comparison with healthy

volunteers and radiological visual assessment

This chapter describes a research study by Matthew Farrow, John Biglands,
Andrew Grainger, Philip O’Connor, Elizabeth Hensor, Andreas Ladas, Steven

Tanner, Paul Emery, and Ai Lyn Tan published in Clinical Radiology, 2020 (4).

6.1 Introduction

Idiopathic inflammatory myopathies (1IM), representing forms of myositis, are a
heterogeneous group of diseases affecting approximately 5,000 — 6,000 people in
the UK. IIM predominantly manifests in skeletal muscle, with features of
inflammation, myosteatosis, muscle atrophy, and alterations in muscle
microstructure. Dermatomyositis (DM) and polymyositis (PM) are two common
types of myositis. They are characterised by muscle pain and weakness, with
overlapping features and often present with the same autoantibodies (341). The
symptoms of myositis often result in severe impairment in quality of life (342, 343),
and are associated with increased mortality (344).

The Bohan and Peter criterion is the most widely used criterion and remains one of
the preferred criteria in clinical studies and trials worldwide. Others have been
proposed, such as the criteria by Dalakas (345), Dalakas and Hohlfield (346) and,
more recently, the 2017 EULAR/ACR criteria (347). The diagnosis and monitoring
of myositis is reliant on clinical examination, invasive muscle biopsies, blood tests,
and conventional MRI (127).
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Proximal muscle weakness is one of the most common clinical manifestations of
myositis and is a significant contributor for the loss of physical function and the
decrease in quality of life in patients. This weakness often develops insidiously over
several months, with a decline estimated at 3.5-5.4% per year (348-351). As such,
muscle strength is frequently measured as part of a physical examination, with
manual muscle testing widely used in clinical studies as a primary endpoint (352,
353). Manual muscle testing (MMT) is reported as a summary score of a total
number of 26 proximal, distal, and axial muscle groups from the upper and lower
extremities (352, 354). Grades between 0-3 indicate severe weakness; grades 4-6
indicates moderate weakness, grades 7-9 indicate mild weakness and grade 10
indicates no detectable weakness (355, 356). However, whilst MMT is widely used,
it is limited as it is subjective and has low sensitivity (354, 357-360).

Muscle biopsies are frequently used in the diagnosis of myositis, with the vastus
lateralis usually being selected for biopsy. Unfortunately, muscle biopsy results can
be diagnostically inconclusive in up to 45% of cases, due to sampling error caused
by the variable distribution muscle pathology (361).

Medical imaging is frequently used to aid in the diagnosis and monitoring of
myositis (108), with MRI visual scoring playing a pivotal role in the assessment of
muscle oedema, myosteatosis, and muscle atrophy (362). An important role of
imaging is the identification of sites of muscle inflammation which can then be
targeted for muscle biopsy (363). Currently, this is usually done by subjective visual
assessment of the muscle, a technique which may be insensitive to systemic
muscle changes. As an alternative to conventional MRI, there is a range of
guantitative MRI techniques that may be able to detect subtle muscle changes due
to disease and may have a role in the future clinical management of myositis,

including the monitoring of response to treatment (26, 115, 364).



160

Quantitative T2 measurements are sensitive to fluid changes within the body, which
can relate to physiological or pathological changes at the macromolecular level
(162). T2 measurements may have a role in the long term follow up of muscle
oedema and inflammation (160). MR-based fat fraction (FF) measurements in the
muscle are useful for identifying fat infiltration (255, 365). Recently, interest has
grown regarding diffusion tensor imaging (DTI) techniques in the muscle, which are
sensitive to changes in muscle microstructure (26, 366). These measurements are
discussed in greater detail in section 2.4.3. There are few published studies that
have investigated quantitative MRl measurements in myositis, and this is the first
study to compare these MRI techniques with semi-quantitative radiologist scoring

and quantitative muscle strength.

This study aimed to compare quantitative T2, fat fraction, diffusion tensor imaging,
and muscle volume measurements in the muscle between patients with myositis
and a directly matched healthy population, and to compare the quantitative MRI

measurements with semi-quantitative radiologist scores and muscle strength.

6.1.1 Imaging of skeletal muscle in myositis

6.1.1.1 Ultrasonography

Ultrasound can be used in the management of myaositis, including for guiding
muscle biopsies; however, its sensitivity ranges from 2-82% for detecting myositis
(367). A benefit of ultrasound-guided muscle biopsies includes the fact that they
can be done simultaneously. Ultrasound can demonstrate muscle atrophy, fat
replacement, and oedema, which manifests as increased echogenicity; however,
MRI is more accurate to grade the loss in muscle bulk and fat infiltration (160, 368).

Therefore, MRI is used more frequently in the diagnosis of myositis.
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6.1.1.2 Magnetic resonance imaging

Oedema, fat replacement and muscle atrophy are frequently seen features in
patients with myositis. Therefore, MRI is frequently used in the management of

myositis due to its excellent ability to detect these features (369).

Muscle oedema, which represents inflammation (370), is found in approximately
80% of active myositis patients (369, 371). Oedema can be visually observed on
both T2 and short tau inversion recovery (STIR) sequences as a bright signal
located within the affected muscles providing a qualitative measurement. MRI can
also be used to guide muscle biopsies by targeting an area of inflammation. Using
MRI to guide biopsies is beneficial as blind muscle biopsies may be false-negative
in up to 45% of cases (361). Whereas, muscle biopsies guided by MRI show a
significantly higher number of inflammatory cells in comparison to non-guided MRI
biopsies, demonstrating an increase in the yield of a histological diagnosis after
MRI-guided biopsy (368). It could be speculated that quantitative T2 may have a
valuable role in clinical practice for myositis diagnosis and management, including
the guidance of muscle biopsies in muscles which do not demonstrate inflammation
visually. Unfortunately, very few studies have investigated the utility of quantitative

T2 in myositis.

Myosteatosis and muscle atrophy are notable features of myositis. Surprisingly, few
studies have utilised quantitative fat fraction imaging in myositis patients. The few
that have been published have demonstrated that quantitative fat fraction can be
used to assess damage in myositis patients and that there are substantive
differences between patients and healthy controls (369, 372, 373), demonstrating
the potential for MR fat fraction imaging to act as a biomarker in observing disease.
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Few studies have investigated the possible diagnostic value of diffusion tensor
imaging in myositis (26, 366). These studies have returned mixed results. One
study showed that mean diffusivity values decrease in patients with myositis
compared to healthy controls (374). In contrast, two studies identified a higher
mean diffusivity within the affected muscles of myositis patients compared to non-
affected myositis patient muscles and healthy controls (26, 366). These differences
in results could have been due to the different methods to create the regions of
interest. As some studies have drawn the regions of interest around the entire
muscle, whilst others utilised small circular regions of interest in a location chosen
for its clinical significance (affected or unaffected). It could be believed that the
presence of oedema and fat infiltration is the reason behind the conflicting data. In
these studies, the muscles of the patients with myositis that visually appeared
normal on T1 and T2 weighted images showed no difference in mean diffusivity
compared to healthy controls, whilst the muscles of the patients with inflammation
showed increases of 15% in mean diffusivity values compared to healthy controls.
This increase in mean diffusivity may have been due to infiltration of fluid, resulting
in greater unrestricted movement of molecules, suggesting that muscle oedema is

associated with increased diffusion values.

In contrast, it was also found that in patients with myositis, fat infiltrated muscles
showed lower mean diffusivity values (26), suggesting restricted diffusion. These
results agree with studies showing that the typical pathological changes in myositis
patients can result in progressive muscle damage and infiltration of fat and fibrous
tissue, which can restrict diffusion, suggesting that greater fat infiltration is
associated with lower diffusion values (122, 375). Unfortunately, no previous study
has investigated both large ROIs taking into account the entire muscle, and small
ROIls based on clinical features. Evidently, further research is still required to
elucidate diffusion tensor imaging in myositis, in particular the effect of
myosteatosis and oedema on mean diffusivity.
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6.1.2 Hypothesis

Quantitative MRI can detect differences in muscle properties in patients with myositis

compared to age- and gender-matched healthy controls.

6.1.3 Objectives

To assess whether quantitative MRI can detect differences between the muscles of
patients with myositis and healthy controls and to assess how this compares to

radiologist scoring.

6.2 Methods

6.2.1 Study design

This observational, case-control study was approved by the local research ethics
committee. Recruitment started in May 2017 and finished in July 2018. 1:1
matching was used (matching the patient with a healthy control of the same gender
within a 5-year age range). Healthy controls were obtained from the pool of healthy
controls recruited for the MUSCLE study. The inclusion criteria for patients was
based on the Bohan and Peter criteria for myositis (376). Patients also fulfilled the
2017 EULAR/ACR criteria for dermatomyositis or polymyositis, which was
published after the commencement of the study (347). Myositis patients were
included in the study if they were clinically suspected of being active at the time of
recruitment by a clinician, based on muscle weakness and elevated creatinine
kinase (CK) (above 200 IU/L in females and 320 IU/L in males), or had clinically

diagnosed muscle weakness, antibody positive, on treatment for myaositis, or had a
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patient global visual analogue score (VAS) of more than 20mm/100mm. Clinical
information was collected, including creatine kinase, antibody status, and
medication. Healthy controls were included if they were asymptomatic with no

history of muscle disease.

6.2.2 MRI and muscle strength measurements

MRI measurements collected include T2, fat fraction, diffusion tensor imaging, and
muscle volume. Muscle function measurements collected include knee extension,
knee flexion, and handgrip strength. This methodology has been described in

section 3.6.

As ROlIs depicting the whole muscle cross-section were used in this study, both fat
infiltration and oedema may be present within the same region of interest. As
previously discussed, these two pathologies may have opposite influences on
mean diffusivity measurements so that if both oedema and fat are present in the
same region of interest, the effects can oppose each other and reduce the
sensitivity of the diffusion measurements to disease (26). Therefore, in a subgroup
analysis, nine patients were identified: 3 with fat infiltrated regions, 3 with
oedematous regions and 3 with unaffected regions. One identical circular ROl was
placed within either a fat infiltrated, oedematous or unaffected muscle region,
respectively (Figure 6-1). Mean diffusivity measurements in these three separate

regions were then compared.
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Figure 6-1: Small region of interest in quadriceps (vastus lateralis) in case
of severe oedema on T2-weighted STIR sequence.
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6.2.3 Radiologist semi-quantitative scoring

To compare with semi-quantitative radiologist scoring, the muscles of the
hamstrings and quadriceps were scored on a 4-point visual scale as either
unaffected (0), mild (1): up to 1/3 of muscle involved, moderate (2): 1/3 - 2/3 of
muscle involved, or severe (3): greater than 2/3 of muscle involved. Two
radiologists scored the individual muscles of the hamstrings and quadriceps using
T2-weighted STIR images (TA-3:18, 6,550ms, TE-87ms) to identify muscle oedema
and T1-weighted images (TA- 1:21, TR- 658ms, TE-8.8ms) to identify fat infiltration
(Figure 6-2). If there was disagreement between scores, these were resolved on

consensus following joint review.

Hamstrings and quadriceps scores were derived from the mean value of the
individual muscle scores and rounded to the nearest integer. The radiologists were
blinded to other clinical, laboratory, quantitative MRI, and muscle function results.
Radiologists scored all patients on STIR and T1 weighted images to assess muscle
oedema and fat infiltration. Eight patients were scored as having unaffected muscle
by two radiologists on STIR and T1-weighted MRI sequences. These eight patients
were compared in a separate matched sub-study with age-and-gender matched
healthy controls (n=8) to investigate whether quantitative T2 and two-point Dixon
could identify differences that currently go undetected by conventional radiologist

scoring.
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Figure 6-2: MRl images as reported by radiologists and region of interest

Images of myositis patient with affected muscle (left thigh) a) Dixon fat
fraction b) T2-STIR.

Images of myositis patient with scored unaffected muscle (but elevated
guantitative T2) (right thigh) c) Dixon fat fraction d) T2-STIR.

Images of healthy control (right thigh) e) Dixon fat fraction. f) T2-STIR.
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6.2.4 Statistical analyses

Statistical analyses were performed using SPSS. Paired samples t-tests were used
to test for potential significant differences in MRI measurements between patients
and healthy controls. Spearman’s rank correlation was used to measure
correlation; rs values =20.4 were considered indicative of potential correlation, and p-
values have been reported to identify potential significance. Receiver operator
characteristic (ROC) curves were generated to assess diagnostic performance.
Cohen’s delta (d) has been provided for key comparisons, with effect sizes
interpreted as small (d=0.2), medium (d=0.5), or large (d=0.8). A d of 1 indicates
the two groups differ by one standard deviation. The standard deviation is a

measure of the dispersion of data. The formula for Cohen’s delta is d =

mean of group 1-mean of group 2

— . The Pooled standard deviation is an average of
Pooled standard deviation

standard deviations of two or more groups: Pooled standard deviation =

\/Standard deviation for group 1+standard deviation for group 2
> .

6.3 Results

Sixteen myositis patients were recruited (10/16 female, ten polymyositis, Six
dermatomyositis, mean age 50 + 26, mean height 165cm £ 10cm, mean weight
77.1kg = 8kg, mean BMI 25 + 4), median CK of 1,0001U/L (range 70 — 12,802). The
mean disease duration for the myositis patients was five years (range one month —
22 years). 5/16 (31%) of the myositis patients were positive for the anti-Jo-1
antibody. The following myositis associated antibodies were recorded as anti-PM-
Scl 75 (2/16, 13%), anti-PM-Scl 100 (2/16, 13%), and anti-PL 12 (1/16, 6%). Other
connective tissue disease-associated antibodies included anti-Ro (5/16, 31%), anti-
La (1/16, 6%), anti-Sm/RNP (3/16, 19%), anti-chromatin (3/16, 19%), and anti-
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centromere (1/16, 6%). Four patients tested negative for antibodies. At the time of
the study, the patients were on the following therapies: prednisolone - 9/16 (56%),
hydroxychloroquine - 4/16 (25%), methotrexate - 3/16 (19%), rituximab - 2/16
(13%), intravenous immunoglobulins — 2/16 (13%), cyclophosphamide — 2/16
(13%), mycophenolate mofetil — 2/16 (13%), and azathioprine - 1/16 (6%). Most of
the patients were receiving therapy for the entire duration of their disease in
accordance with the British Society of Rheumatology management guidelines
(129). One patient was newly diagnosed and yet to receive any therapy at the time
of the MRI. Sixteen age- and gender-matched healthy controls were recruited
(mean height 167cm = 9cm, mean weight 74kg = 11kg, mean BMI 26 + 2).

Within the hamstrings, the mean peak torque in the myositis patients was lower
than healthy controls by -24.4Nm (95% ClI= -42.4Nm, 6.4Nm; p= 0.01). Within the
guadriceps, the mean peak torque in the patients was lower by -48.2Nm (95% Cl= -
79.9Nm, -22.2Nm; p< 0.001). Descriptive data for quantitative MRI and muscle
strength is reported in Table 6-1 and Table 6-2. The receiver operator characteristic
(ROC) curves and area under the curve (AUC) values for the quantitative measures

are shown in Figure 6-3.



Table 6-1: Quantitative MRI and strength measurements for healthy controls

and myositis patients

Mean (SD)
Hamstrings Quadriceps
T2 (ms) Myositis 47.8 (7.7) 53.8 (12.1)
Healthy 39.9 (1.5) 42.1(2.1)
Fat fraction (%) Myositis 10.7 (9.4) 11.1 (13.1)
Healthy 41 (1.2) 2.7 (1.1)
Muscle volume (cm?3) | Myositis 1,152 (594)
Healthy 1,468 (331.4)
Mean diffusivity (x10- | Myositis 1.29 (0.1) 1.31 (0.1)
3mm2s) Healthy 1.32 (0.1) 1.34 (0.1)
Fractional anisotropy | Myositis 0.41 (0.004) 0.36 (0.03)
Healthy 0.39 (0.1) 0.34 (0.1)
Peak torque flexion Myositis 32.8 (23) N/A
(Nm) Healthy 57.2 (26) N/A
Peak torque Myositis N/A 53.4 (46)
extension (Nm) Healthy N/A 101.6 (45)
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Figure 6-3: Receiver operator characteristic curve in patients with myositis

Quantitative MRI performance in discriminating myositis and healthy muscle. a) AUC hamstrings AUC: T2 =0.941, MD =
0.535, FF = 0.773; FA = 0.543 Quadriceps: T2 = 0.84, MD = 0.547, FF = 0.789; FA = 0.652. b) Receiver operator
characteristic curve for muscle volume and muscle strength performance in discriminating myositis and healthy
muscle. AUC: Knee extension=0.785; Knee flexion = 0.824; Muscle volume = 0.746; Handgrip strength = 0.910.
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Table 6-2: Differences between individual muscles of hamstrings and quadriceps.

Mean (SD)

Semitendinosus

Semimembranosus

Biceps femoris

Vastus lateralis

Vastus medialis

Vastus intermedius

Rectus femoris

T2 Myositis [ 49.2 (7.9) 47.6 (11.2) 45.4 (9.0) 53.9 (13.5) 58. 1 (13.7) 46.2 (12.5) 52.4 (26.2)
(ms) Healthy [ 38.8 (2.6) 41.8 (3.2) 40.0 (2.0) 40.0 (2.0) 45.8 (3.8) 41.3 (2.0) 47.0 (6.4)
Fat fraction | Myositis | 13.3 (16.8) 11.9 (11.8) 9.1 (7.1) 12.4 (14.9) 9.3 (11.9) 11.5 (12.2) 10.4 (15.5)
(%) Healthy [4.1(1.6) 4.2 (1.9) 4.0 (1.1) 2.8 (1.1) 2.3 (1.1) 2.8 (1.3) 1.8 (1.0)
Mean Myositis [ 1.31 (1.5) 1.28 (0.1) 1.31 (0.6) 1.29 (0.1) 1.35 (0.1) 1.32 (0.06) 1.27 (0.1)
diffusivity I'Healthy [1.31 (1.3) 1.34 (0.1) 1.31 (0.1) 1.29 (0.1) 1.35 (0.1) 1.37 (0.1) 1.25 (0.1)
(x10-

3mm2s)

Fractional | Myositis | 0.46 (0.04) 0.36 (0.04) 0.38 (0.04) 0.34 (0.03) 0.35 (0.05) 0.36 (0.03) 0.37 (0.06)
anisotropy I Healthy | 0.43 (0.06) 0.35 (0.05) 0.37 (0.05) 0.34 (0.05) 0.32 (0.05) 0.34 (0.05) 0.36 (0.05)
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6.31 T2

Within the hamstrings, there was a difference of 7.9ms (95% Cl= 3.9ms, 11.9ms;
p< 0.001) between the myositis patients and healthy controls, representing a large
effect size (Cohen’s d= 0.80). Within the quadriceps, there was a difference of
11.7ms (95% CI= 5.4ms, 17.9ms; d= 0.88; p< 0.001) (Figure 6-5).

T2 was inversely correlated with muscle strength measurements in myositis and

healthy controls in both the quadriceps and the hamstrings (Figure 6-6).

6.3.2 Fat fraction

Fat fraction (FF) was higher in myositis patients compared to healthy controls with a
difference in the hamstrings of 6.6% (95% Cl= 1.9%, 11.4%; d= 0.68; p= 0.006)
and in quadriceps of 8.4% (95% Cl= 1.6%, 15.1%; d= 0.64; p= 0.01), representing

medium-to-large effect sizes (Figure 6-5).

Fat fraction correlated with muscle strength in the quadriceps with a correlation
coefficient of rs= -0.5 (p= 0.001) but did not correlate in the hamstrings rs= 0.3 (p=
0.08).
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6.3.3 Diffusion tensor imaging

6.3.3.1 Mean diffusivity

There was no substantive difference in mean diffusivity (MD) between the myositis
patients and healthy controls in the hamstrings (Figure 6-5), with a difference of
0.03x10°*mm?s! (95% CI= -0.05, 0.06; d= 0.17; p= 0.5) or the quadriceps, with a
difference of 0.03x10-3*mm?s* (95% Cl=-0.09, 0.06; d= 0.14; p= 0.6).

In the small sub-analysis that investigated the contradictory effects of fat and
oedema on DTl measurements, diffusion was found to be higher in the oedematous

regions and lower in the fat infiltrated regions (Figure 6-4).

Significant difference p= 0.001

Significant difference p= 0.001
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Figure 6-4: Mean diffusivity in patients with myositis with fat infiltrated, unaffected, and
oedematous muscle.

a) Mean diffusivity in hamstrings in severe cases b) Mean diffusivity in quadriceps in

Severe cases.
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6.3.3.2 Fractional anisotropy

There were no substantive differences between myositis and healthy controls in
fractional anisotropy (FA) in the hamstrings with a difference of 0.02 (95% ClI= -
0.01, 0.06; d= 0.2; p=0.2) or quadriceps, with a difference of 0.02 (95% CIl=-0.01,
0.06; d= 0.1; p= 0.6).

6.3.4 Muscle volume

Patients had smaller muscle volumes than age- and gender-matched healthy
controls (Figure 6-7) with a difference of -316cm? (95% CI= -648 cm? and -62 cm?;
p= 0.01). Muscle volume correlated with knee flexion torque (rs= 0.5) and knee
extension torque (rs= 0.6) in patients and healthy controls combined (both p<
0.001).

6.3.5 Comparison with radiologist scoring

Quantitative T2 substantively correlated with the radiologists’ oedema scores with
rs= 0.7 in the hamstrings (p< 0.001) and rs= 0.6 in the quadriceps (p< 0.001), with
an upward trend in T2 as radiologist scored visible oedema increased (Figure 6-8).
In a separate comparison between the muscles in the myositis patients who had
been classified as unaffected by the radiologists’ (n= 8), T2 values for patients were
still substantively higher than those for the age- and gender-matched healthy
controls. In this subgroup analysis, the mean T2 in the hamstrings in patients was

42.2ms while healthy controls had a mean T2 of 38.7ms, a difference of 3.5ms
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(95% Cl= 1.4, 5.5; p= 0.004). In the quadriceps, the mean T2 in unaffected muscles
of the myositis patients (n= 8) was 43.9ms, and healthy controls had a T2 of
40.1ms, a difference of 3.8ms (95% Cl= 1.9, 5.6; p= 0.001) (Figure 6-9).

Within both the hamstrings and quadriceps, quantitative fat fraction substantively
correlated with radiologists’ scores for fat infiltration at rs= 0.8 in the hamstrings (p<
0.001) and rs= 0.9 in the quadriceps (p< 0.001), with an upward trend in fat fraction
as radiologist scored visible fat infiltration increased (Figure 6-10). Fat fraction
values for myositis patients classified as unaffected by the radiologists were not
substantively different from those for healthy controls. In this subgroup analysis, the
mean fat fraction in the hamstrings in patients was 3.4%, while matched healthy
controls had a mean fat fraction of 2.9%, a difference of 0.5% (95% CIl= -1.6, 0.9;
p= 0.5). In the quadriceps, the mean fat fraction in patients was 2.5% and 2.0% in
healthy controls, a difference of 0.5% (95% CI=-0.9, 0.1; p=0.1).
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Figure 6-5: Quantitative MRI measurements in 16 patients with myositis compared to 16 healthy controls.

a) Quantitative T2 b) Quantitative fat fraction ¢) Quantitative mean diffusivity d) Quantitative fractional anisotropy.
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Figure 6-8: T2 values grouped by radiologists’ oedema score compared with values in 16 matched healthy controls and 16
patients with myositis.

(0- no oedema, 1- mild oedema, 2- moderate oedema, 3- severe oedema a) hamstrings b) quadriceps. *Quadriceps had no
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6.4 Discussion

This chapter aimed to assess whether quantitative MRI can detect differences
between the muscles of patients with myositis and age-and-gender matched
healthy controls, and to assess how T2 and fat fraction compares to radiologist

scoring for muscle oedema and fat infiltration.

In this study, the utility of quantitative MRI as an indicator of active disease and
muscle damage in dermatomyositis and polymyositis patients compared with
healthy controls was investigated. As expected, there were substantive differences
in T2, fat fraction, and muscle volume between patients with myositis and matched
healthy controls. However, this study advanced knowledge by demonstrating that
differences in quantitative T2 remained substantial even when myositis patients
who had been classified as ‘unaffected’ by radiologists’ on STIR and T1-weighted
sequences were compared with matched healthy controls. Following the results
from this study, it could be speculated that these measures may be a useful non-
invasive measure in the diagnosis and monitoring of myaositis. The receiver
operator characteristic analysis corroborates this hypothesis which demonstrates

that T2 and fat fraction measurements could be useful in the diagnosis of myositis.

T2 was substantively higher in patients with myositis compared to healthy controls,
which is consistent with previous studies (115, 377). This increase in T2 measured
by quantitative MRI may be due to the combined effects of increased fat [10,43],
inadequately suppressed by the SPAIR fat suppression, and increased fluid due to
inflammation (364). Although most papers, using fat corrected T2 measurements,
show increased T2 in myositis (115, 378). Schlaeger et al. found that T2 can
decrease in neuromuscular disease patients (379). However, their study sample

was heterogeneous, including a range of muscular diseases along with myositis.

In this study, the patient T2 values correlated with radiologists’ visual scoring of

muscle pathology, showing, for the first time, that changes in T2 agree with the
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radiological assessment of active disease. However, in Figure 6-8, it needs to be
considered that only two patients had a score of 2. Therefore, the lack of a
systematic effect is explained by the small number of eligible participants. The fact
that the eight myositis patients, classified as unaffected by radiologists on STIR
sequences, showed substantively raised T2 compared to healthy controls suggests
that there is a certain threshold of muscle pathology that is required before myositis
can be visually detected on conventional MRI STIR sequences. These results
suggest that quantitative T2 measurements could be used in conjunction with the
visual assessment of muscle to improve diagnostic sensitivity. In particular, it
suggests that relying on subjective assessment using STIR sequences may fail to
identify low-grade inflammation in the muscle and subtle changes in disease
activity. It also suggests that muscles classified as unaffected, but with elevated T2,
may be a useful target for muscle biopsy. Indeed, the use of quantitative measures
may increase the number of sites available for biopsy and identify sites which are

technically less challenging and safer for biopsy.

This study demonstrated, for the first time, that T2 correlates with muscle strength.
However, the relationship in this study appears to be bimodal, giving the plots a
characteristic ‘L-shape.” This bimodal relationship suggests that after a certain
threshold of T2, muscle strength deteriorates at a substantive rate. Further work is
required to characterise this relationship better. In healthy individuals, T2 had a
linear correlation with muscle strength, and lower T2 values were associated with
increased strength, suggesting that T2 is associated with physical function in both

healthy individuals and patients with myositis.

Patients’ fat fraction values were higher in both the hamstrings and the quadriceps
compared to healthy controls, which is consistent with the known fat infiltration that
occurs due to myositis. This study showed for the first time that fat fraction
correlated with muscle strength within the quadriceps and the hamstrings in
myositis patients. The results of this study are in agreement with a study that found

an inverse relationship between muscle strength and fat infiltration in Duchenne
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muscular dystrophy patients (380). The results from this study support the
hypothesis that when fat infiltration increases due to myositis, muscle strength

decreases, and this can be identified by quantitative MRI fat fraction.

There was a substantive difference in muscle volume between myositis patients
and healthy controls, and it was found that, in both patients and healthy controls,
muscle volume correlated with muscle strength. These results confirm that muscle
volume and muscle strength are related, and that muscle loss is apparent in
myositis. The results from this study agree with previous studies that suggest that
muscle volume is an important measure in terms of muscle function and that
interventions such as exercise to increase muscle mass might be beneficial for

function and to improve quality of life in myositis patients (381).

Diffusion tensor imaging measurements showed no meaningful differences in mean
diffusivity, fractional anisotropy, or eigenvalues between myositis patients and
healthy controls. This finding disagrees with previously published work (382). Given
that T2 relaxation times were longer in patients, one might expect to see raised
mean diffusivity due to increased fluid. However, increased fat infiltration, which
was observed in this study, is known to occur in myositis, has been demonstrated

to restrict diffusion (26).

Ai et al. used small regions of interest over diseased areas (382) as opposed to the
regions of interest in this study depicting the entire muscle (Figure 6-2). The
differences in the results observed in this study could be due to the competing
influences of fat and water across the whole muscle in the large regions of interest
used in this thesis. In contrast, the measurements by Ai et al. would be dominated
by reduced mean diffusivity due to fat in the small regions of interest focussed on

the fat infiltrated area of muscle.
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The results from the sub-study in this chapter investigating diffusion
measurements, which utilised small regions of interest, support this theory (26).
This sub-study found an increase in mean diffusivity in oedematous regions and a
decrease in mean diffusivity in fat infiltrated regions. This finding suggests that
diffusion measurements may be useful in the management of myositis but should
be used with small regions of interest due to the competing influence of fat and

oedema on the measurements.

This study successfully met its aims and demonstrated that quantitative MRI can
detect substantive differences between patients with myositis and matched healthy
controls. In addition, this study demonstrated that T2 and fat fraction correlate with
radiologist scoring for muscle oedema and fat infiltration. Furthermore, it was
demonstrated that quantitative T2 measurements were more sensitive at identifying
oedema than conventional radiology using STIR MRI sequences assessed by
radiologists. However, fat fraction did not appear to be more sensitive at identifying
fat infiltration compared to radiologists using T1 weighted MRI sequences to assess

myosteatosis in the muscle on visual inspection.

6.4.1 Limitations

Within this study, patients were on medication that may affect muscle; however,
data on the duration of exposure to such treatments were not collected. Therefore,
it could be speculated that any changes observed may be due to the effect of
medication. This study did not consider BMI or disease duration, which could
influence muscle quality. Future research should consider matching for the duration
of disease, treatment, and BMI. It was not essential for a patient to have a positive
muscle biopsy for myaositis to take part in this study. Future research could include
only patients with a biopsy confirmed myositis diagnosis to ensure a homogenous

cohort.
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6.5 Conclusions

In conclusion, this study demonstrated differences in quantitative muscle strength
and MRI T2, fat fraction, and muscle volume between patients with myositis and
age- and gender-matched healthy controls. The results of this study suggest that
these measurements, in particular muscle strength, T2, fat fraction, and muscle
volume could be used as an objective method to monitor muscles. Furthermore,
this study demonstrated for the first time that T2, fat fraction and muscle volume
correlated with muscle function in patients with myositis, potentially identifying a
relationship between inflammation, myosteatosis, muscle atrophy, and function in

patients with myositis.

The results from the sub-study show that mean diffusivity can identify the changes
within the muscle that occur due to myositis, however, due to the opposite
influences of oedema and fat infiltration, regions of interest must be selected based

on their clinical features.

This study has also shown that quantitative T2 measurements are sensitive to
differences that may not be detected by radiologists on T2 weighted STIR
sequences, potentially offering an improvement in the ability of MRI to detect
changes in disease activity compared to reliance on subjective assessment using
STIR MRI sequences. The use of quantitative techniques may also identify
additional sites of muscle inflammation as a target for a diagnostic biopsy. This
work will inform future efforts to validate quantitative MRl measurements as a

diagnostic and management tool in myositis.
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Key messages

There are substantive differences in T2, fat fraction, and muscle volume
between patients with myositis and age- and gender-matched healthy
controls.

Quantitative MRI correlates with muscle function in patients with myositis.
Quantitative T2 MRI can identify differences in radiologist scored unaffected
muscle in patients with myositis compared to age- and gender-matched
healthy controls.

Mean diffusivity increases due to oedema and decreases due to fat

infiltration.
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Chapter 7 Muscle deterioration due to rheumatoid arthritis: Assessment by
guantitative MRI and strength testing

This chapter describes a research study by Matthew Farrow, John Biglands,
Steven Tanner, Elizabeth Hensor, Maya Buch, Paul Emery, and Ai Lyn Tan
published in Rheumatology, 2020 (5).

7.1 Introduction

Rheumatoid arthritis (RA) is a chronic, progressive, autoimmune, inflammatory
disease with a prevalence of 0.8% in the UK (383). It is characterised by a
symmetrical polyarticular arthritis and can result in significant disability. RA is a
multisystem disease associated with a reduction in life expectancy. The usual
presenting symptoms of RA are joint pain, stiffness, and swelling. For the patient’s
quality of life, it is vital to recognise the disease early and treat it effectively from the
beginning. Management of RA aims to achieve clinical disease remission, which is

associated with improved physical function and reduced radiographic progression.

As well as joint damage, RA is also associated with altered body composition (384).
This altered body composition could be due to: an inactive lifestyle as a result of
the disease causing pain or fear of making the disease worse, drug-induced
myopathies such as steroid treatment (385, 386), or the activation of the nuclear
factor kappa-beta pathway (NF-kB), which triggers metabolic alterations leading to
the degradation of muscle tissue (387). Furthermore, the production of tumour
necrosis factor-alpha (TNF-a) and other inflammatory cytokines, which are critical
to the pathogenesis of RA, are reported to have catabolic effects on skeletal
muscle (388). These combined factors can result in rheumatoid cachexia (389,
390).
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Rheumatoid cachexia is characterised by increased inflammatory biomarkers in the
muscle, muscle atrophy, changes in muscle fibre microstructure, and decreased
muscle strength, with the preservation, or increase, of adipose tissue (123). The
prevalence of rheumatoid cachexia is not known as there is no consensus on its
definition and assessment. However, approximately 40% of patients with active RA
suffer from rheumatoid cachexia (124), making it one of the most common
complications of RA. Rheumatoid cachexia is associated with increased disease
severity and fatigue, reduced quality of life, and can accelerate age-related
sarcopenia (391-393). Therefore, muscle health is an important aspect of RA that
should be considered. However, it is currently unknown at what stage muscle
involvement begins in patients with RA, and if the muscle damage that is caused by

the disease is reversed when patients achieve disease remission.

Historically, the gold standard for imaging in RA was conventional radiography (X-
ray). However, conventional radiography is not able to assess disease activity
(394). Ultrasound has shown great promise in assessing joints for disease activity
and pathology, including the detection of synovitis, and is frequently integrated into
the clinical management of patients with RA (395, 396). MRI has also been
demonstrated to be suitable for identifying pathology in the joints of patients with
RA, particularly of the wrist and hand, and is a sensitive measure of synovitis (397,
398). A recent review by Castensen et al. published in 2020 summarises that MRI
can detect RA at early stages and predict the course of the disease; however,

further research is required (399).

Despite the many causes of muscle involvement in inflammatory arthritis, there are
few muscle imaging studies in RA. Medical imaging techniques such as quantitative
MRI, discussed in section 2.4.3, can non-invasively measure the imaging
biomarkers associated with muscle pathology, which is observed in patients with
rheumatoid cachexia. Therefore, quantitative MRI may be able to provide further
information regarding muscle health in patients with rheumatoid arthritis and aid in

the management of the disease, including assisting in the development of
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preventative and therapeutic strategies, such as exercise, medication, and

supplements.

The purpose of this study was to estimate, using quantitative MRI, the extent to
which muscle state may differ from matched healthy controls in different stages of

RA progression.

7.1.1 Hypothesis

Quantitative MRI can detect differences in the muscles of patients with rheumatoid

arthritis compared to age- and gender-matched healthy controls.

7.1.2 Objectives

The aim of this study was to obtain and compare preliminary data comparing
guantitative MRI measurements between patients with rheumatoid arthritis who
were newly diagnosed, those with persistently active disease, and those in clinical

remission with age- and gender-matched healthy controls.

7.2 Methods

7.2.1 Study design

This study was a cross-sectional pilot study conducted at the Leeds Teaching
Hospitals Trust. Recruitment started in May 2017 and finished in December 2018.

Fifty-two participants were recruited into four separate groups of 13 participants
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each: (1) New rheumatoid arthritis patients who were treatment naive; (2)
Rheumatoid arthritis patients who had persistent active disease for at least one
year; (3) Rheumatoid arthritis patients in sustained remission for at least one year,
(4) Healthy controls (HC). The four groups (3 RA and 1 HC) were age- and gender-
matched. Healthy controls were obtained from the pool of healthy controls recruited
for the MUSCLE study.

The RA patients within this study were recruited from clinics at Chapel Allerton
Hospital. New RA patients partook in the study on the same day as their initial
diagnosis. Clinical parameters collected included: Body mass index (BMI), Disease
Activity Score (DAS28), early morning stiffness, medication, disease duration,
patient global assessment of disease activity visual analogue scale (VAS), and
inflammatory biomarkers (CRP and ESR).

All RA patients within this study had an established diagnosis of RA based on the
2010 ACR/EULAR classification criteria (400). Patients were classified as (1) ‘New
rheumatoid arthritis’ if they were newly diagnosed with rheumatoid arthritis and had
not previously taken disease-modifying antirheumatic drugs (DMARDS) or steroids.
Patients were classified as (2) ‘Active rheumatoid arthritis’ if they had a clinical
diagnosis of active rheumatoid arthritis for more than one year, had a DAS28
higher than 3.2 at the time of recruitment, and had at least two of the following
markers of active disease within the past 12 months:

e (2.1) raised inflammatory markers;

e (2.2) requiring steroid therapy;

e (2.3) DAS higher than >3.2 at a second time-point within 12 months;

e (2.4) escalation to or recent changes in biologic medication.

Patients were classified as (3) ‘remission rheumatoid arthritis’ if they had a
diagnosis of rheumatoid arthritis for more than one year, were in clinical remission

for the past 12 months determined by clinical opinion, a DAS28 lower than 2.6 at
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the time of recruitment, and did not have a DAS28 higher than 2.6 in the past 12

months.

7.2.2 MRI and muscle strength measurements

MRI measurements collected include T2, fat fraction, diffusion tensor imaging, and
muscle volume. Muscle function measurements collected include knee extension,
knee flexion, and handgrip strength. This methodology has been described in

section 3.6.

7.2.3 Statistical analysis

Statistical analyses were performed using SPSS. One-Way ANOVA with Dunnett’s
post-hoc analysis was used to test for potential significant differences in
guantitative MRI (T2, FF, DTI, and muscle volume) and muscle strength
measurements (knee flexion, knee extension, and handgrip) between the different
RA patients’ disease stages and healthy controls. Spearman’s rank correlation was
used to measure correlation. This study utilised rs values = 0.7 as indicative of a

strong correlation and rs = 0.4 as indicative of a weak correlation (401).
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7.3 Results

There were 75 patients recruited into the MUSCLE study who had RA. No patients
declined to take part. The patients were categorised into the three groups of RA
patients. There were 27 newly diagnosed RA patients, 13 patients with active
disease, and 35 patients in clinical remission. To enable age- and gender-
matching, all RA groups and healthy controls were matched with the 13 RA patients
with active disease. Therefore, this study included 52 participants in total, with 13
patients in each of the three RA groups and 13 participants in the healthy control
group for statistical analysis. Each of the four groups consisted of ten females and
three males (Table 7-1). At the time of the study, the 26 RA patients with active
disease and those in remission were on the following therapies: Prednisolone -
5/26 (19.2%), hydroxychloroquine - 5/26 (19.2%), methotrexate 16/26 (61.5%),
rituximab - 4/26 (15.4%), tofacitinib - 1/26 (3.8%), etanercept - 1/26 (3.8%),
infliximab - 1/26 (3.8%), and adalimumab 2/26 (7.7%). 11/39 (28%) of the patients
were on lipid-lowering therapy (3 new RA: 1 each on simvastatin, atorvastatin and
ezetimibe; 3 active RA: 1 simvastatin, and two on atorvastatin; 5 remission RA: 3
simvastatin, and two on atorvastatin). Most of the patients were receiving a
combination of some of the above therapies. The patients with RA who were newly
diagnosed and the healthy controls were on no treatment. Quantitative MRI and
muscle strength results for the healthy controls and patients with RA are presented
in Table 7-2 and Table 7-3.

The results of the one-way ANOVA demonstrate substantive differences between
the four disease groups in T2, fat fraction, muscle volume, and muscle strength.
However, it found no substantive differences in mean diffusivity or fractional
anisotropy. The confidence intervals around the differences between the four
disease groups excluded 0 and included potentially clinically meaningful differences
(402), providing preliminary proof-of-concept of differences between RA patient
groups that would merit further investigation.
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Knee flexion (KF) and knee extension (KE) substantively correlated with T2 (KF rs=
-0.4, p= 0.05; KE rs= -0.4, p= 0.04), fat fraction (KF rs=-0.4, p= 0.05; KE rs=-0.4, p=
0.04), and muscle volume (KF rs= 0.7, p< 0.001; KE rs= 0.7, p< 0.001). There was
no evidence for a correlation with mean diffusivity (KF rs= 0.2, p= 0.1; KE rs=-0.1,
p= 0.4) or fractional anisotropy (KF rs=-0.3, p= 0.05; rs= -0.3, p= 0.05).



Table 7-1: RA participant healthy characteristics
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Healthy controls | New diagnosis || Active disease | Remission | Difference
[mean (s.d)] [mean (s.d)] [mean (s.d)] [mean (s.d)] § (p-value)
Age (years) 64 (10) 63 (15) 65 (10) 67 (19) 0.2
Weight (kg) 71.4 (35) 78.6 (26) 77.5 (25) 68.3(26) [0.06
Height (cm) 164.5 (20) 160 (22) 164 (27) 166 (14) 0.2
BMI (kg/m?) 25 (5) 29 (10) 33 (11) 24 (6) 0.03
DAS28 N/A 5.2 (3) 4.8 (3) 1.7 (0.7) <0.001
Patient N/A 39 (30) 45.8 (25) 12 (12) <0.001
visual analogue scale (out of 100)
CRP (mg/l) N/A 17 (11) 31.5 (59) 12.1 (7) 0.1
ESR (mm/h) N/A 41.1 (31) 16 (29) 10.6 (28) <0.001
Early N/A 63 (58) 71 (289) 2 (13) <0.001
morning
stiffness (minutes)
Disease duration (months) N/A N/A 123 (20) 74 (35) 0.001
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Table 7-2: Quantitative MRl measurements with ANOVA to determine the significance

T2 Fat fraction Mean diffusivity Fractional anisotropy
(ms) (%) (x103mm?s?t) (Range 0-1)
Mean p-value Mean p-value Mean p-value Mean p-value
(95% ClI) (95% CI) (95% ClI) (95% ClI)
Hamstrings
Healthy 39.3 4.7 1.34 0.39
control (38.7, 39.9) (2.9, 6.4) (1.28, 1.40) (0.36, 0.44)
New 43.8 1.7 1.32 0.37
RA (42.2, 45.3) | <0.001 (6.3, 9.1) 0.02 (1.27, 1.37) 0.6 (0.34, 0.39) 0.02
Active 42.3 6.8 1.30 0.40
RA (41.1, 43.5) (6.8, 11.1) (1.27, 1.33) (0.38, 0.42)
Remission | 43.3 8.9 1.31 0.34
RA (43.0, 45.5) (7.2, 10.6) (1.27, 1.34) (0.3, 0.38)
Quadriceps
Healthy 39.1 4.4 1.36 0.33
control (38.6, 39.7) (3.7, 5.2) (1.26, 1.44) (0.30, 0.36)
New 41.1 9.1 1.29 0.40
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RA (39.6, 42.6)
Active 42.8
RA (41.9, 43.8)
Remission | 40.6
RA (39.4, 31.9)

0.02

(7.2, 11.0)

7.3
(6.4, 8.1)

8.9
(7.4, 10.3)

<0.001

(1.27, 1.32)

1.31
(1.29, 1.34)

1.32
(1.24, 1.40)

0.5

(0.36, 0.42)

0.35
(0.33, 0.37)

0.39
(0.38, 0.42)

<0.001




Table 7-3: Muscle volume, knee extension, knee flexion and handgrip strength measurements with ANOVA to determine

the significance

199

Muscle volume Knee flexion strength Knee extension strength Handgrip strength
(cm?) (Nm) (Nm) (kg)
Mean p-value Mean p-value Mean p-value Mean p-value
(95% CI) (95% CI) (95% CI) (95% CI)
Healthy 1453.5 51.8 82.1 30.8
control (1258.9, (43.3, 60.1) (66.1, 98.1) (28.9, 32.8)
1648.2)
New 936.2 33.4 71.1 12.8
RA (841.2, (25.9, 40.8) (52.2, 89.9) (11.1, 14.15)
1031.3)
<0.001 0.03 0.5 <0.001
Active 1083 41.7 62.5 17.2
RA (984.2, (26.6, 56.9) (38.5, 86.6) (12.5, 21.8)
1181.8)
Remission § 1141.2 38.5 76.4 28.9
RA (962.2, (26.8, 50.2) (55.2, 97.5) (23.4, 32.7)
1320.4)
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731 T2

T2 relaxation times were longer in all RA patient groups compared to healthy
controls. Longer T2 relaxation times (higher signal) indicates water which suggests
possible inflammation, or increased olefinic fat which was not adequately
suppressed, due to rheumatoid arthritis. However, a muscle biopsy is required to
confirm this inference. Within the hamstrings, differences between healthy controls
versus new patients, active patients, and remission patients were 4.5ms (95% Cl=
2.5, 6.4; p< 0.001), 3.0ms (95% CIl= 1.1, 4.9; p= 0.001), and 5.0ms (95% CI= 3.0,
6.4; p< 0.001) respectively. Within the quadriceps, differences were 2.6ms (95%
Cl= 0.2, 3.7; p= 0.02), 3.6ms (95% CI= 1.9, 5.4; p< 0.001), and 1.5ms (95% ClI= -
0.3, 3.3; p= 0.1) respectively (Figure 7-1).
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Figure 7-1: Quantitative T2 measurements of patients with RA and healthy
controls
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7.3.2 Fat fraction

MRI fat fraction measurements within the muscle were substantively higher in all
rheumatoid arthritis patient groups compared to age- and gender-matched healthy
controls, suggesting fat infiltration into the muscle due to rheumatoid arthritis.
Within the hamstrings, differences between healthy controls versus new patients,
active patients, and remission patients were 3.0% (95% CI= 0.2, 5.8; p= 0.03),
4.2% (95% Cl= 1.6, 6.8; p= 0.002), and 4.2% (95% Cl= 1.4, 7.0; p= 0.002)
respectively. Within the quadriceps differences were 4.6% (95% Cl= 2.7, 6.5; p<
0.001), 2.7% (95% ClI= 1.6, 3.9; p< 0.001), and 4.9% (95% CI = 2.8, 5.9; p< 0.001)
respectively (Figure 7-2).
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Figure 7-2: Quantitative fat fraction MRI in patients with RA and healthy
controls
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7.3.3 Diffusion tensor imaging

7.3.3.1 Mean diffusivity

For mean diffusivity, confidence intervals around the differences for all rheumatoid
arthritis patient groups compared to healthy controls included 0 and did not include
clinically meaningful differences. Within the hamstrings, differences between
healthy controls versus new patients, active patients, and remission patients were
0.02x10°mm?s! (95% CI= 0, 0.05; p= 0.9), 0.04x103mm?s! (95% ClI=-0.1, 0.07;
p= 0.4), and 0.03x10*mm?s! (95% CI= 0, 0.04; p= 0.6) respectively. Within the
quadriceps, differences were 0.07x10*mm?s? (95% CI= -0.16, 0.04; p= 0.3),
0.05x10°*mm?s* (95% CI= -0.14, 0.06; p= 0.6), and 0.04 x 10*mm?s* (95% CI= -
0.1, 0.06; p= 0.7) respectively.

7.3.3.2 Fractional anisotropy

There were no clinically meaningful differences in fractional anisotropy between
rheumatoid arthritis patients and healthy controls. Within the hamstrings,
differences between healthy controls versus new patients, active patients, and
remission patients were 0.02 (95% CI=-0.08, 0.02; p= 0.4), 0.01 (95% CI=-0.05,
0.06; p=0.9), and 0.05 (95% CI=-0.1, 0.004; p= 0.03) respectively. Within the
quadriceps differences were 0.07 (95% CI= 0.03, 0.1; p= 0.01), 0.02 (95% ClI= -
0.02, 0.06; p= 0.6), and 0.06 (95% CI= 0.02, 0.1; p= 0.01) respectively.
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7.3.4 Muscle volume

Muscle volume was substantively lower in all rheumatoid arthritis groups compared
to healthy controls, suggesting muscle atrophy due to rheumatoid arthritis. Within
the thigh, differences between healthy controls versus new patients, active patients,
and remission patients were -517.3cm?® (95% Cl= -751, -283; p< 0.001), -370.5cm?
(95% Cl= -605, -136; p= 0.001), and -312.3cm? (95% ClI= -546. -77; p= 0.006)
respectively (Figure 7-3).
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Figure 7-3: Quantitative muscle volume MRI measurements in patients with RA and
healthy controls
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7.3.5 Muscle strength assessments

Muscle strength was substantively lower in new rheumatoid arthritis patients
compared to healthy controls, suggesting a decrease in strength due to rheumatoid
arthritis; however, confidence intervals for active and remission patients included 0.
Peak flexion (hamstrings) differences between healthy controls versus new
patients, active patients, and remission patients were 18.4Nm (95% CIl=-35, -1; p=
0.03), 10.1Nm (95% ClI=-27, 7; p= 0.3), and 13.3Nm (95% ClI=-33, 0; p= 0.1)
respectively. Peak extension (quadriceps) differences between healthy controls
versus new patients, active patients, and remission patients were 11Nm (95% Cl= -
45, 22; p= 0.7), 19.6Nm (95% ClI=-52.7, 12.5; p= 0.3), and 5.7Nm (95% Cl= -40,
28; p= 0.9) respectively. Grip strength differences between healthy controls versus
new patients, active patients, and remission patients were 18kg (95% Cl= -26, -10;
p< 0.001), 13.6kg (95% Cl=-22, 05; p< 0.001), and 1.9kg (95% CI=-10, 5; p=0.8)

respectively.

7.4 Discussion

This chapter aimed to explore whether quantitative MRI can detect differences
between the thigh muscles of patients with rheumatoid arthritis and healthy controls
and to establish whether these measures are sensitive enough to assess the

muscle phenotype of different disease stages.

This study suggests that muscle health may be substantively affected in patients
with RA from the time of diagnosis compared to age- and gender-matched healthy
controls. However, this study did not investigate when decreases in muscle health,

including changes in T2, fat fraction, and muscle volume, would have onset within
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the natural history of the disease. Future research should investigate the timeline of
the appearance of muscle pathology during the disease process. This future
research could recruit healthy participants with family members with RA, who are
therefore more likely to develop RA, and identify if these quantitative MRI

measurements may be able to predict RA, and at what point symptoms may occur.

Within this study, muscle strength was substantively lower in new rheumatoid
arthritis patients compared to matched healthy controls. This finding is surprising as
it would be expected that decreases in muscle strength would occur later in the
disease. It could be speculated that decreases in muscle strength are early
features of the disease, potentially due to the decreases in muscle quality observed
within this study, with longer T2 relaxation times, increased fat fraction and
decreased muscle volume. However, it must be considered that the decreased
muscle strength measures for patients with new and active RA may have been due
to pain within the joints involved in the examined movement (i.e. quadriceps
strength (knee extension), hamstrings strength (knee flexion), and handgrip

strength (small joints of the hand)).

This study also provides preliminary evidence that muscle health may not return to
normal as determined by quantitative MRI and muscle strength measurements
even when patients achieve long term clinical remission. This is an important
finding, as it could be speculated that when patients achieve clinical remission, their
muscle health, including muscle quality parameters assessed by quantitative MRI
(fluid content, myosteatosis, and muscle mass) and muscle strength, would not be
substantively different compared to matched healthy controls. However, the data
within this study suggests that physical function is still compromised despite
achieving clinical remission, which is possibly due to the muscle pathology that is

still present and is detectable using quantitative MRI.
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This study has provided proof-of-concept that there are differences in quantitative
MRI measurements and muscle strength measurements between patients with RA
and healthy controls. These differences were detectable in new, active, and
remission disease states. The results of this study suggest that clinically important
muscle changes may occur in the early stages of RA and persist throughout the
disease duration, even in long term clinical remission. These results suggest that
current RA treatment, while proven to be effective in controlling the disease, may
not be influencing the pathology affecting the muscle and it may be beneficial to
include muscle-strengthening interventions in the treatment pathway for RA. If
these preliminary results are confirmed, then MRI has the potential to be used as a
diagnostic guide and management tool in the assessment of skeletal muscles in
patients with RA.

T2 measurements were substantively raised in RA patient groups compared to
healthy controls, suggesting the presence of increased inflammation and oedema
within the thigh muscles of patients with RA (325). However, it must also be
considered that T2 measurements may be identifying myosteatosis as well as
oedema, due to the fat suppression not suppressing the olefinic fat. Therefore, it is
crucial to interpret quantitative T2 measurements as muscle inflammation, oedema,
and myosteatosis. Future work should consider including a spectroscopic
assessment of fat to offset the error in the T2 measurements caused by the

myosteatosis.

Fat fraction measurements were substantively increased in RA patient groups
compared to healthy controls consistent with the known increase in fat mass in
patients with RA. These results support previous work using CT scans that
determined that skeletal muscle fat accumulation is higher in individuals with RA
compared to healthy controls. They also found that patients with RA present with
similar fat infiltration as older individuals (403). This decrease in muscle health
suggests that RA may mimic a premature ageing process, such as sarcopenia,

within the muscle. This decrease in muscle health is important to consider, as
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muscles which could be perceived as undergoing normal fat infiltration due to age
may be undergoing pathological changes due to the disease and should not be

disregarded.

Muscle volume measurements suggested clinically substantive differences
between all the RA groups compared to healthy controls. The results from this
study agree with Baker et al. who showed that patients with RA have significant
skeletal muscle atrophy compared to healthy controls which result in a decrease in
strength (119). However, Helliwell and Jackson (404) demonstrated that the
reduction in strength occurs at a faster rate than the loss of muscle mass
demonstrating the importance of not only assessing muscle mass but also
assessing muscle strength and muscle quality. The results in this chapter found
that muscle strength was lower in all RA patient groups compared to healthy
controls, even in the RA patients who had achieved long term remission. In
addition, this study found that muscle volume was lower in all RA patients, including
newly diagnosed treatment naive RA patients. The results in this chapter suggest
that the difference in muscle volume is smallest for those in clinical remission for
RA compared to age- and gender-matched healthy controls. However, this may still
be clinically important to consider, as the muscle volume has still not returned to

the same quantity as age- and gender-matched healthy controls.

Interestingly, there were substantive differences in fat fraction and muscle volume
in patients with RA, including in treatment naive patients. This finding is surprising,
as it would be expected that fat infiltration and muscle atrophy would occur in later
stages of the disease, due to the long-term inflammation and changes in lifestyle. It
is unknown why fat infiltration and muscle atrophy occurred so early, however, it
could be speculated to be due to deleterious lifestyle habits of patients with disease
activity, such as partaking in less physical exercise, or because the pathological

changes within the muscle tissue are part of early clinical features of the disease.
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This study suggests that interventions should be integrated into the care of patients
with RA in clinical remission to return muscle mass levels to that of healthy controls.
In addition, for the first time, this research has shown that muscle volume
measured with quantitative MRI correlates with muscle strength in patients with RA.
This correlation suggests that muscle volume is a promising patient-relevant
assessment tool. Therefore, it could be speculated that if efforts were pursued to
increase muscle volume in patients with RA, their physical function might improve,

which could have significant implications for their wellbeing.

Mean diffusivity and fractional anisotropy did not show substantive differences in
patients with RA compared to age- and gender-matched healthy controls. Given
that T2 times were longer in RA, one might expect to see raised mean diffusivity
due to increased fluid. However, the increased myosteatosis seen in this study
could also restrict diffusion and thereby decrease mean diffusivity, as demonstrated
within the myositis study conducted as part of this thesis (4). Within this study,
diffusion measurements showed no statistical or clinically significant difference.
These findings suggest that mean diffusion and fractional anisotropy
measurements are not beneficial in the assessment of muscle in patients with

rheumatoid arthritis.

Handgrip strength, knee extension, and knee flexion were lower in RA groups
compared to healthy controls. This decrease in muscle function could be due to a
sedentary lifestyle, joint deformity, pain, or stiffness, which are all factors
associated with muscle deconditioning, muscle wasting, and subsequent weakness
in RA.

Although the patients in clinical remission had better clinical outcomes than other
RA patient groups, their muscle strength and quantitative MRI were not markedly
better and were not comparable with healthy controls. These results suggest that

although treatment is effective in improving disease activity (DAS28) and increasing
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physical function, even those with well-controlled disease, who are in clinical
remission, are still substantively weaker, with evident muscle pathology, compared
to age- and gender-matched healthy controls. Therefore, future RA therapies
should trial strategies such as the use of exercise interventions, medication, and
nutritional supplementation to improve the muscle health of patients with RA.
Future research could use quantitative MRI to assess other muscles, such as
muscles of the hand in patients with RA, to identify if they also show decreases in
muscle quality. This future research could be beneficial for clinical care, as patients
with RA often undergo MRI scans to assess the joints of the hand. Future research
should focus on quantitative MRI T2, fat fraction, and muscle volume, and

guantitative muscle strength measurements in patients with RA.

This study successfully met its aims and demonstrated that quantitative MRI and
strength testing could detect substantive differences in muscle properties between
patients with rheumatoid arthritis and matched healthy controls. However, the
measurements did not detect meaningful differences between the different disease

stages of rheumatoid arthritis.

7.4.1 Limitations

This study is subject to some limitations. The patients with active drug-resistant RA
had a longer disease duration than the patients in clinical remission, which may
increase the likelihood of detrimental effects of the disease and medication on the
muscles. However, there was no correlation between any quantitative MRI
parameters and disease duration (T2: rs= 0.04; p= 0.7, fat fraction: rs= 0.01; p=
0.09, mean diffusivity: rs= 0.09; p= 0.5, fractional anisotropy; rs=-0.1; p= 0.1,
muscle volume: rs= 0.1; p= 0.4), suggesting that disease duration did not impact on

results.
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Of note is, while RA patients showed no substantive difference in BMI compared to
healthy controls, the MRI measurements could still detect differences in fat fraction
and muscle volume between healthy controls and RA patients. These results
suggest that quantitative MRl measurements are more sensitive at identifying
changes to body composition than BMI. The duration of prednisolone and statin
treatment could be an influence on myopathy (405, 406). However, this study did
not control for the duration of glucocorticoid exposure or statin treatment. Future

research should consider matching for the duration of treatment.

7.5 Conclusion

In conclusion, this study demonstrates evidence that muscle pathology occurs in
patients with RA, irrespective of disease phenotype, and that quantitative MRI is
sensitive enough to identify these pathological changes within the muscle. These
muscle changes are apparent even in early RA patients who are treatment naive.
In addition, this study demonstrates that muscles do not recover substantially, even
in sustained clinical remission, suggesting that RA induces long term muscle
damage which is currently not being treated effectively. This muscle deterioration is
measurable by quantitative MRI T2, fat fraction, muscle volume, and muscle
strength. There is evidence that physical activity and partaking in exercise helps
maintain muscle health and has a role in RA disease management (407).
Therefore, with further research, these quantitative MRI and strength measures
could be useful in monitoring muscle change in patients with RA. In addition, it
could be speculated that quantitative MRI and strength measurements could be
used to assess exercise interventions which may be beneficial to improve muscle
health in patients with RA. Following on from the results of this study, future
research should investigate how quantitative MRI can be used to understand
muscle changes in RA in relation to developing interventions, such as exercise, to

restore muscle quality.
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Key messages

There are substantive differences in the muscle assessed by quantitative
MRI and muscle strength between rheumatoid arthritis patients and matched
healthy controls, including in newly diagnosed and treatment naive patients.
Muscle involvement may be among the earliest clinical features of
rheumatoid arthritis.

The muscle, assessed by quantitative MRI and muscle strength, still shows

signs of pathology, even in long term clinical remission.
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Chapter 8 Muscle differences in patients with giant cell arteritis on

glucocorticoids as assessed by quantitative MRI

This chapter describes a research study by Matthew Farrow, John Biglands,
Elizabeth Hensor, Steven Tanner, Sarah Mackie, Paul Emery, and Ai Lyn Tan. The

manuscript is currently in preparation.

8.1 Introduction

Giant cell arteritis (GCA) is a systemic inflammatory vasculitis that typically affects
medium and large arteries (408) and can have a substantial impact on the quality of
life for the patient (409). Vasculitis in GCA can lead to ischemic optic neuropathy,
which results in loss of vision in up to 15% of patients (410, 411). GCA is, therefore,
a medical emergency. A single GCA patient case-study utilising MRI (114)
presented a patient with a high-intensity signal in the limb-girdle muscles with
myositis-like images showing muscle oedema, atrophy, and fat infiltration. This
case study suggests that it may be beneficial to study the muscle in patients with
GCA using quantitative MRI. Furthermore, 50% of patients with GCA develop
polymyalgia rheumatica (PMR). Polymyalgia rheumatica, as the name suggests,

includes myalgia (134), but the cause of this myalgia is insufficiently defined.

GCA is treated with long-term glucocorticoids to control inflammation. Typical
starting doses are 40-60mg prednisolone daily for GCA. This steroid dose is
tapered down gradually until treatment can be stopped. Unfortunately, systemic
steroid treatment is associated with considerable morbidity in patients with GCA,
including: osteoporosis, fractures, hypertension, and glucocorticoid-induced
myopathy (GIM). GIM is a non-inflammatory condition which causes muscle

atrophy, alters the microstructure of the muscles, and can affect daily tasks and
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ambulatory function (130). GIM can be evaluated by clinical assessment, EMG, and
histological studies (412-414). For prolonged high dose glucocorticoid exposure,
the reported prevalence of GIM is variable, ranging from 2% to 60% (415-417). As
decreases in muscle mass and atrophy of type Il muscle fibres are known to occur
with glucocorticoid-induced myopathy (26, 366), muscle volume and diffusion
tensor imaging, which is sensitive to changes in muscle microstructure, could be a

valuable measurement in patients to monitor for these changes (130, 418).

The muscles in GCA can, therefore, be affected by the concurrent inflammation of
the disease, myalgia from PMR, and by potential glucocorticoid-induced myopathy
following treatment with prednisolone, resulting in decreased muscle health.
Decreased muscle health is known to affect the quality of life in patients (419),
contributing to fatigue and increased duration of hospitalisation, morbidity, and
mortality (420). However, no previous studies have used quantitative MRI to

measure muscle health in patients with GCA.

The excellent performance of quantitative MRI in characterising muscle changes,
coupled with case-study evidence demonstrating that muscle changes are
noticeable on conventional MRI [22], suggests that a quantitative MRI study in
patients with GCA on glucocorticoids could provide valuable information on the

nature and degree of muscle changes in these patients.

This pilot study aimed to investigate the potential differences in muscle properties
between patients with GCA at the start of treatment and age- and gender-matched
healthy controls assessed by quantitative MRI. A secondary aim was to identify any
potential longitudinal muscle changes in patients with GCA on glucocorticoid
therapy.
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8.1.1 Hypothesis

Quantitative MRI can detect differences in muscle properties in patients with giant

cell arteritis compared to age- and gender-matched healthy controls.

8.1.2 Objectives

To identify whether quantitative MRI can:

1. Detect differences within the muscle between newly diagnosed giant cell
arteritis patients and healthy controls.

2. ldentify whether these measures can detect changes in muscle properties in
giant cell arteritis patients on glucocorticoid therapy.

8.2 Methods

8.2.1 Study design

This observational pilot study was conducted at Leeds Teaching Hospitals Trust in
the UK between May 2017 and October 2018. The study was approved by the
Nottingham UK research ethics committee and written informed consent was
obtained from all participants. Patients with GCA had their baseline research visit
<14 days after starting treatment and were followed up after 3 and 6 months. These
time-points were based on the expected onset of early signs of myopathy (405).
Patients were compared at baseline to age (x5 years) and gender-matched healthy
controls. Healthy controls were obtained from the pool of healthy controls recruited
for the MUSCLE study.

Inclusion criteria were: 1) Fulfilling the 2016 revised American College of
Rheumatology (ACR) criteria for GCA (421). 2) <14 days on prednisolone
(=40 mg/per day).
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Exclusion criteria were: 1) History of muscle condition. 2) Glucocorticoid treatment
>5 mg/per day for more than three months in the past five years prior to the
diagnosis of GCA. Healthy controls were eligible if they were asymptomatic, had
not been treated with glucocorticoids at any dose in the past five years, and did not

have a history of any muscle condition or inflammatory arthritis.

8.2.2 MRI and muscle strength measurements

MRI measurements collected include T2, fat fraction, diffusion tensor imaging, and
muscle volume. Muscle function measurements collected include knee extension,
knee flexion, and handgrip strength. This methodology has been described in

section 3.6.

8.2.3 Statistical analyses:

Statistical analyses were performed using SPSS. On an exploratory basis, two-
sided tests at the 5% level of significance were performed. Paired Student’s t-tests
compared GCA patients at baseline to their matched healthy controls, and baseline
to 3 months within GCA patients. To inform the sample size calculation for a
powered trial, Pearson’s correlation coefficients (r) have been provided for repeated
measurements. To aid interpretation of provisional effect size estimates, this study
presented Hedges g for repeated measures, which expresses the difference in
units of standard deviation (422), and the common-language effect size (CLES),
the probability that the measurements from one out of a randomly selected pair will
exceed the other (423). Hedges g is a measure of effect size, which provides

information on how much one group differs from another: Hedges'g =
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mean of group 1-meanof group 2

. The Pooled weighted standard deviation is a

Pooled weighted standard deviation
weighted average of standard deviations of two or more groups. This study, as per
the study protocol, also provide sample size estimates for a future confirmatory

study.

8.3 Results

Twenty patients starting glucocorticoids for suspected GCA were recruited into this
study. Five patients were diagnosed to not have GCA due to a negative temporal
artery biopsy result and inadequate GCA clinical features. These five patients were
withdrawn from steroid treatment and were, therefore, not included in this study.
One participant was initially diagnosed and treated as GCA but later changed to a
diagnosis of polymyalgia rheumatica following the completion of the study, and
subsequently remained on glucocorticoids, at a lower dose, and has therefore been
included in this analysis. The mean age of the GCA cohort was 68.2 years * 8.3
years, with 11/15 patients being female. Patients started prednisolone 40 — 60mg
per day in accordance with the British Society for Rheumatology guidelines (129).
The mean time between starting glucocorticoids and undergoing an MRI scan was
eight days: range 2 - 14 days. All participants who continued throughout the study
remained on glucocorticoid therapy. Fifteen patients returned for their 3-month
follow up visit, however, one patient did not complete the MRI scan, and therefore
only 14 datasets are available at 3-months. 2/14 patients attended at four months
as opposed to three months due to patient availability. Eight patients returned for
their 6-month visit, four patients declined to attend, and two participants did not

respond to contact from the research team (Figure 8-1).

At baseline, median CRP was 12.6mg/L (range <5 — 445; reference range

<10mg/L) and median ESR was 31mm/h (range 6 — 108; reference range



217

<15mm/h). Four patients had a CRP of <5mg/L but were diagnosed as having GCA
based on clinical features, including a positive temporal artery biopsy, jaw
claudication, and a new headache. 8/15 patients had a negative temporal artery
biopsy but met the 2016 criteria for GCA and were administered glucocorticoid
treatment and were, therefore, in the same group within this research. The median
(IQR) prednisolone dose per day at baseline in fifteen GCA patients was 40mg.
The median cumulative prednisolone dose was a total of 2,701mg over three
months in fourteen patients and 4,422mg over six months in eight patients. The
median body mass index (BMI) at baseline was 27 (range 21 - 32) for patients with
GCA and 25 (range 21 - 30) for healthy controls.

Descriptive data for quantitative MRI and muscle strength measurements are
shown in Table 8-1 and Table 8-2. Results of exploratory inferential analyses,
which were not pre-specified, are presented in Table 8-2. In this emerging field, as
it is not yet known what constitutes a clinically meaningful difference between
groups, this study has considered potential differences equivalent to Hedges g of at
least 0.2, a benchmark for a small effect size, to be of interest. Confidence intervals
(CI) that both excluded 0 and included a potential difference of interest were
obtained for several of the quantitative MRI and muscle strength/volume
measurements, giving some confidence that substantive differences might be found

in a confirmatory study.
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GCA patients referred
into study (n=20)

5 patients ineligible to
continue into study as no
GCA diagnosis.

Recruited into study at
baseline (n=15)

1 patient declined to take
part.

*2/14 attended at 4

months

Follow up at 3 months

(n=14%)

4 declined to take part in
final visit. 2 patients did
not respond to research
team.

Follow up at 6 months
(n=8)

Figure 8-1: Flowchart of GCA patient screening, recruitment and follow up
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8.3.1 MRI and muscle strength at baseline
8.3.11 T2

Quantitative MRI T2 relaxation times were substantively longer in GCA patients
compared to healthy controls, suggesting muscle inflammation (Figure 8-2). Within
the hamstrings, the mean difference between healthy controls versus newly
diagnosed GCA patients was 2.78ms (95% CIl=1.39, 4.17; p= 0.001; SD= 0.6 —
2.1). Within the quadriceps, mean differences were 5.15ms (95% ClI= 3.04, 7.27; p
< 0.001; SD= 0.9 — 2.4). The probability that T2 relaxation times would be longer in
patients with GCA for a randomly selected pair of measurements was

approximately 90%.

8.3.1.2 Fat fraction

MRI fat fraction measurements within the muscle were substantively higher in
patients with GCA compared to age- and gender-matched healthy controls,
suggesting myosteatosis due to GCA (Figure 8-2). Within the hamstrings, the mean
difference between healthy controls versus newly diagnosed patients with GCA
was 4.08% (95% CIl=2.10, 6.06; p= 0.001; SD= 0.8 — 2.4). The probability that fat
fraction would be higher in patients with GCA for a randomly selected pair in the
hamstrings was 87%. However, fat fraction results for quadriceps were less clear
as the Cl included 0 and indicated the potential for substantive differences in either
direction, with a mean difference of 0.63% (95% CI=-0.41, 1.67; p=0.22). The
probability that fat fraction would be higher in patients with GCA for a randomly

selected pair in the quadriceps was 63%.
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8.3.1.3 Diffusion tensor imaging

Preliminary effect size estimates for mean diffusivity and fractional anisotropy, in
both muscle groups, were also unclear due to Cls overlapping zero, and CLES
being around 50% (Figure 8-2).

8.3.1.3.1 Mean diffusivity

Within the hamstrings, the mean difference between healthy controls versus newly
diagnosed GCA patients was -0.03x103mm?s? (95% Cl= -0.11, 0.05; p= 0.39).
Within the quadriceps, the mean difference between healthy controls versus newly
diagnosed GCA patients was -0.01x10-3mm?st (95% Cl=-0.11, 0.09; p= 0.83).

8.3.1.3.2 Fractional anisotropy

Within the hamstrings, the mean difference between healthy controls versus newly
diagnosed GCA patients was 0.04 (95% CI=-0.01, 0.09; p= 0.14). Within the
guadriceps, the mean difference between healthy controls versus newly diagnosed
GCA patients was -0.02 (95% CI=-0.07, 0.04,; p= 0.54).
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8.3.1.4 Muscle volume

Muscle volume was substantively lower in patients with GCA compared to healthy
controls, demonstrating muscle atrophy (Figure 8-3). Within the thigh, the mean
difference between healthy controls versus new patients was -459.3cm? (95% Cl= -
730.5, -188.2; p=0.003; SD= 0.4 — 1.9). There was approximately 80% probability
that muscle volume in a randomly selected pair would be greater within a healthy

control than a patient with GCA.

8.3.1.5 Muscle strength assessments

Muscle strength was substantively lower in newly diagnosed GCA patients
compared to healthy controls, suggesting a decrease in strength due to GCA
(Table 8-1 and Figure 8-3). There was approximately 80% probability that the
strength in a randomly selected pair would be greater within a healthy control than
within a patient with GCA. Peak flexion (hamstrings) differences between healthy
controls versus newly diagnosed GCA patients was -21.13 Nm (95% CI=-35.42, -
6.84; p= 0.007). Peak extension (quadriceps) differences between healthy controls
versus newly diagnosed patients was -31.54Nm (95% ClI= -35.42, -6.84; p= 0.007).
Grip strength differences between healthy controls versus newly diagnosed
patients was -9.63kg (95% Cl=-17.51, -1.75; p= 0.02).
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Table 8-1: Mean quantitative MRI, muscle volume, knee flexion, knee extension, and handgrip strength measurements in
healthy controls and GCA patients at baseline, 3, and 6 months

Muscle measurement:
Mean + SD (95% CI)

Healthy control
n=15

GCA patients: baseline
n=15

GCA patients:
3 months n=14

GCA patients:
6 months n=8

Quantitative MRI - Hamstrings
T2 39.14 +1.08 41.92 £ 2.55 41.87 + 2.88 43.07 £ 6.57
(ms) (38.54, 39.74) (40.51, 43.33) (40.20, 43.53) (37.58, 48.56)
Fat fraction 428 £2.79 8.37 £ 2.15 8.55+2.93 7.97 £+ 1.50
(%) (2.74, 5.83) (7.17, 9.56) (6.86, 10.24) (6.71, 9.23)
Mean diffusivity 1.33+0.14 1.29 £ 0.09 1.33+0.10 1.34+£0.11
(x103mm?s1) (1.25, 1.40) (1.25, 1.34) (1.27, 1.38) (1.25, 1.43)
Fractional anisotropy 0.39 £0.08 0.42 £ 0.05 0.40 £ 0.06 0.41 +£0.02
(0.34, 0.43) (0.40, 0.45) (0.36, 0.44) (0.39, 0.42)
Quantitative MRI - Quadriceps
T2 39.54 + 1.44 44.69 + 3.85 43.47 + 3.18 43.04 + 3.56
(ms) (38.74, 40.33) (42.56, 46.82) (41.63, 45.30) (40.06, 46.02)
Fat fraction 3.96 £ 1.66 459+1.11 488+1.11 429 +1.33
(%) (3.04, 4.88) (3.97, 5.20) (4.23, 5.52) (3.18, 5.41)
Mean diffusivity 1.32+0.11 1.31+£0.10 1.34 £ 0.07 1.33+0.07
(x10°3mm?s1) (1.26, 1.38) (1.25, 1.37) (1.30, 1.38) (1.27, 1.38)
Fractional anisotropy 0.37 £ 0.06 0.36 £ 0.06 0.34 £0.05 0.35+0.03
(0.34, 0.41) (0.33, 0.39) (0.31, 0.38) (0.32, 0.37)
Quantitative MRI - Thigh
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Muscle volume
(cm3)

1584.53 + 437.15
(1342.45, 1826.62)

1125.22 + 321.32
(947.28, 1303.16)

1121.83 + 340.48
(925.24, 1318.42)

1147.60 + 293.87
(901.92, 1393.29)

Muscle assessments

Flexion strength (Nm) 62.03 +£18.12 40.91 +18.34 47.24 +23.70 43.79 + 18.53
(52.00, 72.07) (30.75, 51.06) (33.55, 60.92) (28.30, 59.28)

Extension strength (Nm) 108.94 + 45.86 77.40 £ 34.28 81.86 +40.43 77.04 £37.95
(83.54, 134.34) (58.41, 96.39) (58.51, 105.20) (45.31, 108.76)

Handgrip strength (kg) 34.87 £10.13 25.24 + 13.00 26.44 £ 13.17 26.18 + 11.88

(29.26, 40.48)

(18.04, 32.44)

(18.83, 34.04)

(16.25, 36.12)
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8.3.2 Longitudinal MRI and muscle strength measurements in giant cell
arteritis patients

There were no substantial changes in any of the measurements at the 3-month
time point (n = 14) compared to baseline (Table 8-1 and Table 8-2). Due to the
level of attrition, this study has not provided provisional estimates of effect size at
six months, as the sample size was too small to yield reliable estimates of reliability.

The confidence intervals around the changes at three months were all relatively
wide, and most were consistent with a potentially substantive difference in either
direction (increases or decreases). Individual trajectories over time, including 6-
month data when available, is shown in Figure 8-4 and Figure 8-5. There was no
clear pattern in the individual 14 patient trajectories for MRI or muscle strength, with
some patients with GCA showing increases over time, others decreasing over time

and others showing no substantial change.
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Table 8-2: Differences in muscle measurements between paired healthy controls and GCA patients at baseline, and
between baseline and three months in GCA patients, and correlations between repeated measures.

GCA baseline - HC
n=15 paired measurements

GCA 3 months - GCA baseline
n=14 paired measurements

Muscle measurement

Difference + SD (95% CI),| G,95% |CLES|r Difference £ SD (95% G,95% | CLES | r
P value Cl Cl), P value Cl
Quantitative MRI -
Hamstrings
T2 2.78 + 2.51 (1.39, 4.17), 06,21 |87% ]0.24 | -0.17 £3.27 (-2.05, 1.72), |-0.7,0.5 | 48% ]0.29
(ms) p=0.001 p=0.85
Fat fraction 4.08 £ 3.57 (2.10, 6.06), 08,24 |87% |- 0.49 + 2.33(-0.85,1.84), |[-0.3,0.6 |58% ]0.61
(%) p=0.001 0.03 | p=0.44
Mean diffusivity -0.03 £ 0.14 (-0.11, 0.05), -0.9,0.3 |41% ]0.25 | 0.03+0.10(-0.03,0.08), |-0.3,0.8 | 60% ]0.44
(x10°mm?s?) p=0.39 p=0.35
Fractional anisotropy 0.04 £ 0.09 (-0.01, 0.09), -0.1,1.2 |66% ]0.15] -0.02+£0.05(-0.05,0.01), |-0.8,0.1 | 33% ]0.66
p=0.14 p=0.12
Quantitative MRI -
Quadriceps
T2 5.15 + 3.82 (3.04, 7.27), 09,24 |91% ]0.21 | -1.04+4.42(-3.59,1.51), |-0.9,04 |41% ]0.24
(ms) p<0.001 p=0.39
Fat fraction 0.63 +£1.88 (-0.41, 1.67), -0.2,1.1 63% ]0.12 | 0.36 +1.06 (-0.25,0.97), -0.2,0.8 | 63% ]0.55
(%) p=0.22 p=0.23
Mean diffusivity -0.01 £ 0.18 (-0.11, 0.09), |-0.9,0.7 48% |- 0.03 £ 0.06 (-0.01, 0.07), |[-0.1,0.7 | 68% ]0.80
(x103mm?s?) p=0.83 0.45 ] p=0.11
Fractional anisotropy -0.02 £ 0.10 (-0.07, 0.04), |-1.0,05 44% | - -0.01 £ 0.03 (-0.03, 0.01), |-0.5,0.2 138% ]0.81
p=0.54 0.26 | p=0.28
Quantitative MRI - Thigh
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Muscle volume -459.3 + 489.6 (-730.5, - -1.9,0.4 83% [0.19 -19.4 + 88.2 (-70.4, 31.5), |-0.2,0.1 |41% |0.97
(cm?3) 188.2), p=0.003 p=0.42

Muscle assessments

Flexion strength -21.13 £ 25.80 (-35.42, - -1.9,0.4 79% | 0.00 6.04 £ 15.08 (-2.66, -0.1,0.6 | 66% [|0.77
(Nm) 6.84), p=0.007 14.75), p=0.16

Extension strength -31.54 £ 42.27 (-54.95, - -1.3,0.2 77% |0.47 4.04 + 26.05 (-11.00, -0.2,0.4 |56% [|0.77
(Nm) 8.13), p=0.01 19.08), p=0.57

Handgrip strength -9.63 + 14.23 (-17.51, - -1.4,0.2 75% ]0.26 | 0.83+3.76 (-1.34, 3.00), [-0.1,0.2 159% | 0.96
(kg) 1.75), p=0.02 p=0.42

CLES=Common-language effect size; g = Hedges g; HC = matched healthy control; r= Pearson’s correlation coefficient
between baseline and 3-month measurements in patients with GCA
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Figure 8-3: Quantitative muscle volume and muscle strength measurements of 15 newly diagnosed GCA patients and 15 age-
and gender-matched healthy controls

a) Differences between GCA patients and healthy controls in a) muscle volume b) knee flexion c) knee extension d) handgrip
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8.3.3 Sample sizes for a confirmatory study

To confirm that T2 relaxation times are longer in newly diagnosed GCA patients
compared to matched healthy controls, future work should aim to detect a
difference of at least 5% relative to the mean observed in controls. For the
hamstrings, this would equate to a difference of at least 1.9ms. The SD of the
differences in T2 was 2.5. At the 5% level of significance, with 90% power, this

would require 19 matched pairs.

At the same significance and power, using a paired t-test to detect a change in
hamstrings T2 at three months within patients with GCA alone of at least 5%
relative to baseline (2.1ms, based on the baseline mean obtained in hamstrings in
this sample), assuming SD of differences = 3.3, accounting for 10% drop-out, would

require 29 matched pairs.

To show that change in hamstring T2 at three months differed between matched
GCA patients and healthy controls, using a general linear mixed model, assuming
change = 0 in controls and change = 2.1ms in GCA, SD = 1.4 in healthy controls,
SD = 2.7 in GCA, no change in SD over time, the correlation between paired
measurements - baseline: 3M = 0.29, healthy control: GCA = 0.24, and accounting

for 10% drop-out, would require 114 matched pairs.

8.4 Discussion

This chapter aimed to identify whether quantitative MRl measurements can detect
differences within the muscle between newly diagnosed patients with giant cell

arteritis and healthy controls, and to show whether these measurements can detect
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changes in muscle properties in giant cell arteritis patients on glucocorticoid
therapy.

This study suggests that muscle health may be adversely affected in patients with
GCA from the time of diagnosis compared to age- and gender-matched healthy
controls. However, in this study, when patients were on steroid medication for three
and six months, their muscle health neither improved nor decreased. These results
provide proof-of-concept that there may be early changes to muscle in patients with
GCA on steroid therapy which can be assessed by quantitative MRI and muscle
strength measurements, but future work is needed to elucidate the effects of
steroids on the muscle longitudinally. This study has identified, for the first time,
differences in T2, fat fraction, muscle volume, and muscle strength in patients with
GCA compared to age- and gender-matched healthy controls, which merits further
investigation. This decrease in muscle health demonstrates that newly diagnosed
GCA patients may present with chronic muscle inflammation, myosteatosis, muscle
atrophy, and muscle weakness (114, 130). If these findings are confirmed, then
these could be useful outcome measures to assess interventions for myopathy in
GCA, such as exercise, which might be valuable in the early stages of the disease

to prevent muscle pathology and improve quality of life.

The longer T2 relaxation times in patients with GCA at the start of therapy
compared to healthy controls suggests the presence of muscle oedema and
inflammation occurring early with the disease (115, 377). The higher fat fraction in
patients with GCA in this study demonstrates myosteatosis, a measure of muscle
guality. Muscle volume measurements demonstrated substantive differences
between patients and healthy controls. The observed lower muscle volume in
patients with GCA relative to controls is consistent with muscle atrophy, which is
associated with decreased muscle function in both young (281) and older people
(424). This decrease in muscle health at baseline suggests that GCA, similar to
rheumatoid arthritis (as discussed in Chapter 7), may mimic a premature ageing

process (as discussed in Chapter 5), within the muscle (sarcopenia), which may be
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one of the earliest clinical features of the disease. This decrease in muscle health
that is similar to the ageing process is vital to consider, as GCA patients are often
at risk of age-related decreases in muscle health, due to the typical age of GCA
patients. Therefore, muscles which could be perceived as undergoing normal fat
infiltration and atrophy due to age may be undergoing pathological changes due to
the disease and should not be disregarded.

Diffusion measurements did not appear to show substantive differences between
patients with GCA and healthy controls. This finding could be due to negligible
induced changes in muscle structure, or that diffusion measurements are not
sensitive to the change. Alternatively, as previously discussed, the presence of
oedema and fat infiltration, which this study suggests is present in GCA, can affect
diffusion measurements which may explain the small differences seen in this
research. However, this study was not a powered confirmatory trial, and the
confidence intervals are wide. Therefore, further research is required to confirm

these findings.

Studies have shown that GIM can occur within six months (405); therefore, it could
have been expected that the preliminary longitudinal measurements in this study
might have shown a reduction in both T2 and muscle volume and an increase in fat
fraction, due to steroids decreasing inflammation, but GIM causing muscle atrophy
and myosteatosis. The maintained increased T2 measurements seen in this
longitudinal study could reflect continuing inflammation within the muscle, despite
the established glucocorticoid treatment. However, inflammatory biomarkers were
not assessed at the 3- and 6-month time points so this cannot be corroborated with
ESR or CRP measurements. Similarly, fat fraction and muscle volume
measurements did not change over time, suggesting that either the treatment did
not substantively change the muscle properties, or that the changes were too

subtle to be detectable over this period in this pilot study.
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The results from this study suggest a wide variation in the response profile over
time, with some patients showing increases, others showing decreases, and others
showing a negligible change. It is possible that there was a reduction in systemic
inflammation due to therapy, but that the detrimental effect of glucocorticoid-
induced myopathy cancelled this out. This hypothesis could explain why the MRI

measurements in this study detected no change in muscle properties over time.

Whilst this study found substantive differences in muscle strength between patients
with GCA and age- and gender-matched healthy controls at baseline, suggesting
muscle weakness occurs early in patients with GCA, there was no clear trend within
the longitudinal data. Previous studies have reported decreases in muscle strength
at one month of starting glucocorticoid therapy, whilst other studies have indicated
that the median time required for a response is two years (425). Evidently, there is
uncertainty about the expected time before changes are seen, and this study may

have been too short to see detrimental muscle changes in response to therapy.

Despite the limited change over time, the differences at baseline between healthy
controls and patients with GCA for both MRI and strength measures, despite only
two weeks of glucocorticoids, suggests that the observed differences may have
preceded the steroid therapy. Whilst this could be due to GCA/PMR-related
systemic muscle changes, it could also be due to decreased levels of physical
activity prior to the GCA diagnosis. It is also possible that the inflammatory process
within muscle represents a subclinical process that predates patient-presented
clinical features of GCA. This early inflammatory process within the muscle due to
rheumatic disease was demonstrated in a previous chapter within this thesis that
showed that treatment-naive RA patients also have weaker muscles (5).

This study successfully met its aims and demonstrated that quantitative MRI
measures can detect substantive differences within the muscle between newly

diagnosed patients with giant cell arteritis and matched healthy controls but did not
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detect changes in muscle properties in patients with giant cell arteritis on
glucocorticoid therapy.

8.4.1 Limitations

There were limitations to this study. It was not feasible to study the newly
diagnosed patients before commencing treatment as management guidelines
recommend the immediate start of high dose glucocorticoids at the suspicion of
GCA (129). Therefore, patients with GCA at baseline had been taking a high dose
of glucocorticoids for a mean of 8 days before their baseline visit, which may have
contributed to the potential differences at baseline. However, no evidence has been
published which states that muscle changes in response to glucocorticoids happen
that quickly. This study did not collect data on statin use in participants, which is
known to cause muscle pathology. One patient was initially diagnosed as GCA
based on clinical features, but the diagnosis was changed to PMR following the
completion of the study. However, as this was an exploratory pilot study to identify
if there are any differences between GCA patients and matched healthy controls
and the effects of steroid treatment, and GCA can concurrently present with PMR,
the data was kept within the analysis. Future research should consider only using
patients with a confirmed temporal artery biopsy for GCA. Future studies should
collect information longitudinally regarding clinical disease activity, such as CRP
and ESR measurements, to identify inflammatory changes happening in response
to therapy and how this correlates with MRI measures longitudinally. It is plausible
that the MRI outcomes might require a longer duration of treatment to show a more
significant effect. One of the potential negatives for more prolonged treatment
duration, however, could be its deleterious effect on adherence (426) and the

increase in resources (staff, costs, and time).

All but one patient, who did not complete the MRI scan, were re-scanned at three
months (two attended at four months instead of three months). However, only eight
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attended at six months. In the future, to improve patient retention long-term, study
visits could be incorporated with clinical visits. It is particularly important to improve
participant retention to study muscle changes over six months or longer, which is
required to study the effects of glucocorticoids, as patients with GCA are generally

on steroid treatment for 1-2 years or longer (129).

8.5 Conclusion

In conclusion, this study demonstrates evidence that muscle damage occurs at the
early stages of GCA and that quantitative MRI and muscle strength measurements
are sensitive enough to identify these pathological changes within the muscle.
Differences in muscle between patients with GCA and matched healthy controls
were measurable by quantitative MRI T2, fat fraction, muscle volume, and
guantitative muscle strength. However, the results of the longitudinal aspect of this
study showed that the muscle health of patients with GCA on steroid medication
showed no change. Therefore, muscle pathology was still present in patients with
GCA on treatment longitudinally. Further work is essential to understand the
combined effect of the disease and medication in patients with GCA longitudinally.
This work can inform the design of a fully powered trial to confirm if there are
clinically meaningful differences and the potential implications that these might
have on GCA patient management. This study suggests that the development of
muscle-related interventions for patients with GCA may be beneficial in restoring
muscle quality and improving disease management and that these quantitative MRI
measures could be useful in monitoring the muscle change associated with these

interventions.
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Key messages

There are substantive differences in T2, fat fraction, muscle volume, and
muscle strength between patients with giant cell arteritis and age- and
gender-matched healthy controls.

A decrease in muscle quality occurs at the early stages of GCA.

Quantitative MRI and muscle strength did not change substantively following
treatment at 3- and 6-month time points, suggesting that muscle health is not

improving with current treatment.
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Chapter 9 Discussion

This chapter summarises and discusses the main research findings of this thesis
and highlights potential future directions. This chapter includes published work by
Matthew Farrow, John Biglands, Abdulrahman Alfuraih, Richard Wakefield, and Ai
Lyn Tan. “Novel muscle imaging in inflammatory rheumatic diseases” published in
Frontiers in Medicine, 2020 (1).

9.1 Overview of thesis

The central overarching hypothesis of this thesis is: ‘Quantitative MRI can identify
differences in muscle properties assessed by T2, fat fraction, diffusion tensor
imaging (DTI), and muscle volume due to ageing and rheumatic disease.’ This PhD
thesis consists of multiple research studies designed to examine and address the
gaps within the current literature, which may be used in the development of future
clinical trials. This hypothesis emerged as there has been interest in body
composition and its role in physical function in patients with rheumatic disease, and
concurrently there has been recent interest in utilising quantitative MRI in the
assessment of muscle properties, such as myosteatosis, fluid, and changes to

tissue microstructure.

Overall, the results from this research project support the central hypothesis in that
the quantitative MRl measurements of T2, fat fraction, and muscle volume could be
useful in the assessment of muscle health due to ageing, myositis, rheumatoid
arthritis, and giant cell arteritis. Diffusion tensor imaging, a fourth quantitative MRI
measurement examined within this thesis, however, was found to yield no clinically
significant results. The main concepts and themes that appeared during this

research project are discussed within sections below:
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9.2 Discussion of main concepts and themes

This thesis has demonstrated that quantitative MRI and muscle strength
measurements can provide information that helps further understand the
pathogenesis of muscle pathology and could be helpful as an adjunct in the
diagnosis and monitoring of muscle health due to ageing and rheumatic disease (2-
6).

9.2.1 Reliability of quantitative MRl measures for clinical practice

In the initial stage of this research project, the reliability of quantitative MRI was
measured, which established that fat fraction and STEAM DTI have excellent
reliability. Based on the results of this thesis, differences greater than a fat fraction
of 0.4%, mean diffusivity of 0.03x10-*mm?3s~', and fractional anisotropy of 0.03
should be detectable above reliability errors. In this thesis, across all research
studies, differences in fat fraction between rheumatic patients and healthy controls
ranged from 1.0% to 8.4%. These results agree with a previous research study
investigating fat fraction in the muscle of patients with osteoarthritis (266).
Supporting the results from this thesis, a recent study published, following the
completion of this PhD, by Nagy et al. demonstrated that quantitative MRI fat
fraction in muscle is a sensitive and powerful marker of disease progression with
excellent reliability over one year (427). Within this thesis, mean diffusivity
differences between rheumatic patients and healthy controls ranged from 0.02 to
0.05x103mm?s™1, and fractional anisotropy differences between rheumatic patients
and healthy controls ranged from 0.01 to 0.06. As this thesis is the only study to
investigate STEAM DTI in rheumatic disease, it is not possible to compare the

results in this thesis with any current literature.
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The results of this thesis demonstrate that quantitative Dixon fat fraction MRI
measurements are suitable for detecting changes within the muscle due to
pathology, as the differences seen with disease in this thesis are larger than the
reliability measures observed within Chapter 4. However, the results of this thesis
suggest that changes in diffusion may be obscured by measurement reliability as
some of the differences seen in the subsequent research studies within this thesis
were smaller than the differences seen within Chapter 4. Furthermore, this
research project suggests that diffusion measurements can be influenced by
myosteatosis and inflammation, which, in this thesis, was demonstrated to be
present due to ageing and rheumatic disease (3-5), which further decreases the
reliability of the diffusion measurements.

Overall, based on the findings of this PhD, Dixon fat fraction measurements should
be considered for future clinical trials and incorporated more routinely into clinical
practice as it has been demonstrated to have excellent reliability (Chapter 4) and is
able to identify substantive differences due to age (Chapter 5) and rheumatic
disease (Chapter 6, Chapter 7, and Chapter 8). In comparison, the results of this
PhD do not support the use of STEAM DTI for future research or clinical practice as
substantive differences were not found between patients with rheumatic disease

and matched healthy controls.

Whilst Chapter 6, Chapter 7, and Chapter 8 would recommend the use of
guantitatively assessing T2, muscle volume, and muscle strength, the reliability of
these measures were not assessed within this thesis. Therefore, a gap in the

literature still exits, which needs to be addressed in future reliability studies.
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9.2.2 Quantitative MRI in the assessment of muscle health due to age and

rheumatic disease

The main component of this research project examined whether quantitative MRI
measurements and physical function measurements could identify differences in
muscle properties caused by ageing or rheumatic disease. This research
demonstrated that T2 relaxation times were longer, fat fraction was higher, and
muscle volume and muscle function were lower with increased age and in patients
with rheumatic disease. Within this thesis, diffusion measurements did not show

any meaningful differences between patients and healthy controls.

9.2.2.1 Myosteatosis and muscle atrophy

Within this thesis, increased fat fraction and decreased muscle volume were
observed due to ageing, myositis, rheumatoid arthritis, and giant cell arteritis.
Myosteatosis and muscle atrophy are often regarded as a measure of muscle
guality and are known to impair physical function and cause musculoskeletal pain
(428). The results of this thesis agree with previous literature, which states that
myosteatosis increases and muscle atrophy decreases in patients with rheumatic
disease, and both are associated with a reduction in physical capability (118, 403,
429, 430). In a recent research study by Lassche et al. histopathology, following
muscle biopsy, significantly correlated with quantitative MRI assessment of fat
infiltration (431). This finding confirms the idea that quantitative MRI fat fraction
may accurately identify myosteatosis, as suggested within this thesis. Surprisingly,
within this thesis, increased myosteatosis and decreased muscle volume was
present in newly diagnosed patients with RA and GCA. This is an important finding,
as it would be expected that increased myosteatosis and muscle atrophy would

take a period of time to manifest.
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In addition, given the presence of myosteatosis within patients with rheumatic
disease, it should be recognised that muscle volume measurements may be
affected by fat-infiltrated muscle. Therefore, the loss of muscle volume may be
expected to be more severe than reported within this thesis, as the results in this
thesis will include muscle compromised by fat infiltration. The finding of increased
myosteatosis and decreased muscle volume in newly diagnosed patients with RA
and GCA suggests that muscle pathology may be one of the earliest clinical
features of inflammatory rheumatic disease which warrants further study. It would
be interesting to know at what point fat infiltration and muscle atrophy occur within
the natural history of rheumatic disease, why it occurs, and if it is present at the
pre-clinical stage. However, there is no literature currently available on this subject
matter in patients with rheumatic disease, or why this is so, highlighting a significant

gap in the literature and an area of research need.

Furthermore, in patients with long-term RA in clinical remission, increased fat
infiltration and decreased muscle volume appeared to remain present. This finding
suggests that despite effective treatment, the muscles of patients with rheumatic
disease are still compromised. It is unclear why this is so. It could be due to long-
standing disease causing irreversible damage; subclinical low-level inflammation
which may go unnoticed (as suggested in Chapter 6, Chapter 7 and Chapter 8); or
a change in lifestyle, such as decreased physical activity. Interestingly, previous
research has suggested that a decrease in myosteatosis and an increase in muscle
volume may be achieved through resistance exercise (432). In addition, a recent
study by Heskamp et al. demonstrated that in patients with myotonic dystrophy, a
behavioural intervention targeting physical activity increased lower extremity
muscle volume and decreased fat infiltration (433), which improved physical
function. Despite these findings, there remains a gap in the literature regarding
which type of exercise is most effective at reducing myosteatosis and increasing
muscle mass to improve physical function, demonstrating a need for further

research.
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9.2.2.2 Muscle inflammation

Within this thesis, longer T2 relaxation times were observed due to ageing,
myositis, rheumatoid arthritis, and giant cell arteritis. Longer T2 relaxation times can
occur due to increased water content. This increase in water content could be due
to inflammation or oedema, which is known to occur due to increased levels of pro-
inflammatory cytokines. An increase in pro-inflammatory cytokines - such as
interleukin-6 which can be present due to ageing and rheumatic disease (434) - is
associated with increased risk of disease activity, decreased physical function,
muscle atrophy, and increased mortality (435, 436). Previous research has
suggested that inflammation can be attenuated through physical activity (437).
Therefore, physical activity could be beneficial in reducing systemic inflammation,
which in turn could decrease inflammation within the muscle and improve physical
function. However, other research suggests that exercise can cause an
inflammatory response, in particular in the case of unaccustomed exercise (438).
This phenomenon has been demonstrated by the observation of a rise in serum

interleukin-6 levels immediately following acute exercise (439).

In a recent study by Fu et al., T2 relaxation time was longer in skeletal muscle
following eccentric exercise but showed signs of repair after two days with the T2
relaxation time subsequently decreasing (440). However, the values remained
higher than the control group for seven days. Unfortunately, this research did not
compare different types of exercise, as it is known that eccentric contractions are
more damaging to the muscle compared to concentric and isometric contractions,
and aerobic exercise (441). Furthermore, this research by Fu et al. has
demonstrated that quantitative T2 measurements accurately reflect the
histopathological changes of inflammation occurring within the muscle as confirmed
on muscle biopsy (440). This finding suggests that the compromised T2
measurements seen within this thesis due to ageing and rheumatic disease were

likely due to muscle inflammation. Evidently, there is still uncertainty about the role
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of exercise in relation to muscle inflammation which highlights an area of research

need.

9.2.2.3 lIdentifying low-level inflammation

Within this PhD, it appeared that quantitative MRI T2 measurements could identify
low-level inflammation which currently goes undetected by conventional radiology.
This phenomenon was demonstrated in Chapter 6, in which patients with myositis
who had been diagnosed as having unaffected muscle on STIR and T1-weighted
MRI sequences had substantively longer T2 relaxation times compared to matched
healthy controls. In addition, it was demonstrated that patients with RA (Chapter 7)
and GCA (Chapter 8) present with longer T2 relaxation times at disease onset.
These findings suggest that muscle inflammation may be an early clinical feature of
inflammatory rheumatic disease, which currently goes unnoticed, and warrants
further consideration. Furthermore, T2 remained compromised in GCA patients on
glucocorticoid treatment, and when patients with RA achieved remission. Together,
these findings suggest that muscle inflammation is present despite the prescription
of immunosuppression to reduce inflammation and may persist when patients
achieve remission. This is an important finding as it could be speculated that
muscle inflammation may have a prolonged impact on physical function, muscle
quality, and may cause malaise in patients. Therefore, future research is warranted
to investigate the presence of subclinical and low-level inflammation in patients with

rheumatic disease and to develop interventions to reduce this inflammation.
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9.2.2.4 Correlation with physical function

This thesis was the first study to demonstrate that quantitative MRI measurements
of T2, fat fraction, and muscle volume correlate with knee extension, knee flexion,
gait speed, frailty, and handgrip strength. These findings suggest that these MRI
properties may be able to identify differences within the muscle that are directly
associated with physical function. If these findings can be confirmed in larger
studies, the physical function of patients could be improved by effectively targeting
the pathological changes within the muscle that are being measured by these
guantitative MRI sequences. The findings from this thesis have been supported in
multiple recent reviews by other authors demonstrating that quantitative MRI
measurements of the muscle can be used as biomarkers of disease severity in
patients with muscle disease and can correlate with physical function (442-444).
Furthermore, the results from this thesis support a recent study by Naarding et al.
that found that quantitative MRI measurements of the quadriceps may predict a
decline in ambulation in patients with Duchenne muscular dystrophy (445).
Therefore, the use of quantitative MRI in identifying those at risk of developing
frailty and decreased physical function, including a decrease in ambulation, should

be investigated in future clinical trials.

9.3 Research considerations

This thesis investigated the use of T2, fat fraction, diffusion tensor imaging, and
muscle volume as quantitative MRI techniques to assess muscle health in healthy
controls and in patients with: myositis, rheumatoid arthritis, and giant cell arteritis.
However, many MRI sequences can provide a quantitative measurement of
physiological properties, such as extracellular volume (446), and numerous
diseases could be investigated. Regardless of the sequences or the disease group,

the same limitations presented throughout this thesis should be addressed.
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Limitations that impact all studies within this thesis will now be discussed. This
research was conducted at a single site on a single platform (MAGNETOM Verio
3T Siemens). Future research should identify if the data within this thesis is
comparable across different MRI machine models and protocols. Potentially,
different cut off values may be required depending on the sequences used and the
make and model of the MRI machine. The analysis of the T2, fat fraction, and
diffusion data was conducted on a single slice, raising the possibility of sampling
variation if the muscle were inhomogeneous (447). As the assumption that one
slice can represent an entire muscle is incorrect, it would be beneficial to obtain
measurements from the entire muscle using multiple slices. This approach,
however, may be time-consuming for the individual contouring the images manually
and inconvenient for research timelines. This thesis did not match for body mass
index (BMI) or account for dyslipidemia, diabetes, medication, or physical activity
levels of participants. This lack of matching may have affected results, as it would
be expected that those with higher fat mass, diabetes, on statin or glucocorticoid
medication, or with high cholesterol may have a lower muscle quality compared to
healthy individuals who partake in regular physical activity or are of a healthy
weight. Future research should consider controlling for duration of exposure to
glucocorticoid therapy and statins, cholesterol, BMI and physical activity levels. A
useful method for stratifying physical activity levels could be the international

physical activity questionnaire (IPAC) score (448).

9.4 Future directions

As the application of quantitative MRI in muscle is a relatively recent imaging
advancement, the capabilities of quantitative MRI in muscle must continue to be

investigated to understand the significance of the observations within this thesis.

This study has demonstrated that these measures may be beneficial in the
assessment of muscle health. However, it only utilised a single 3T scanner at a
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single site. Future research is required to confirm whether the results from this
research project can be replicated across a multi-vendor, multiplatform clinical
setting, including at varying Tesla. However, as the results of this research project
did not demonstrate substantive differences assessed by diffusion imaging, future
work should focus on T2, fat fraction, and muscle volume. This future work could
potentially be performed using MR fingerprinting, which can quickly generate

guantitative multi-parametric maps simultaneously (449).

The findings from this thesis are in agreement with previously published work,
suggesting that quantitative MRI could have a valuable role in the management of
muscle health (450). However, these results would need to be validated in a
powered diagnostic accuracy study to confirm whether quantitative MRI could be
used in the management of muscle pathology. Therefore, the future potential of this
research is promising, as MRI is used routinely in the management of muscle
disease, such as in the diagnosis of myositis, and therefore, quantitative MRI

measurements could be easily integrated into clinical care.

9.4.1 Segmenting of muscles for quantitative MRI

Measurements obtained with quantitative MRI are often achieved from contouring a
region of interest which permits the calculation of the mean value from the selected
region. In addition, segmenting of muscles can be difficult if the regions of interest
are small or have complex anatomy. Furthermore, due to the heterogeneous nature
of muscle pathology, it would be beneficial to select regions of interest across the
entire muscle. Future research should investigate the possibility of automating the
segmentation of muscle to enable the analysis of large MRI datasets and to
increase its usability in the clinical setting. Due to the limited available time in a
healthcare setting or in confirmatory research studies, such as in a large multi-site

clinical trial which use a large quantity of participants, automated methods, such as
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artificial intelligence for segmentation of the desired tissues, would offer a
significant advantage.

9.4.2 Artificial intelligence in rheumatology

The application of artificial intelligence in medical imaging within rheumatology has
enhanced the efficacy and efficiency of image interpretation (451). Unsurprisingly,
artificial intelligence in rheumatology is currently confined to assessing common
joint pathologies such as joint synovitis, tenosynovitis, bone erosions, and cartilage
loss, and there has been little development in the use of artificial intelligence in
muscle imaging. Therefore, deep learning involving quantitative MRI may

accelerate the knowledge and application of these imaging techniques.

9.5 Conclusions

Whilst medical imaging has improved our knowledge of joint pathology, it is now
time for a more comprehensive approach to understanding the pathogenesis of
rheumatic diseases, with due attention to the muscle, and consideration towards
potential interventions for preserving muscle function. Such an approach is
important because skeletal muscles are vital for daily activities, and a decrease in
muscle health can significantly impact quality of life (452). Quantitative MRI shows
potential to improve the understanding of how muscle is compromised due to
ageing and rheumatic disease. Quantitative MRI could also be used to diagnose
and monitor muscle pathology, and to develop interventions, such as exercise, in

order to improve muscle quality. Interventions that could improve muscle quality
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may have a substantial impact on the health and wellbeing of individuals and could
decrease the demands and financial burden on health systems (453).

The research within this thesis aims to provide a foundation for which to base future
work on the investigation of muscle health in healthy individuals and patients with
rheumatic disease. The work in this thesis has shown that quantitative MRI and
muscle strength measurements are useful non-invasive tools which can provide
information on muscle health. The results of the research studies within this thesis
suggest that quantitative muscle strength and MRI measures, including T2, fat
fraction, and muscle volume, are effective for identifying differences in muscle
properties due to age and rheumatic disease, and would be suitable for further
research. However, diffusion measurements within this thesis did not show clinically
substantive differences within this setting. This work adds to the growing body of
evidence that describes muscle changes due to age-related sarcopenia and

rheumatic disease.

Although the research studies within this thesis were pilot studies, they provide
compelling evidence in support of further research. Following further research, the
described measurements within this thesis may present clinical value if they are
confirmed to be able to identify significant and clinically meaningful differences in
muscle health, and therefore, may be able to improve clinical management and
patient quality of life.
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