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Abstract 
The prevalence of obesity in the population is increasing globally, leading to a rise in 

metabolic disorders such as Type-II Diabetes (T2D). Magnetic Resonance Imaging 

(MRI) and Spectroscopy (MRS) provide safe non-invasive techniques for 

investigating the physiology and metabolism of the human body. Whilst 

multinuclear MRS allows metabolic pathways that cannot be measured using 1H 

methods to be probed, in this thesis 13C and 31P MRS are used to study liver 

metabolism.  

This thesis first provides an outline of the necessary biology and NMR theory to 

introduce the four experimental chapters. The first experimental chapter, Chapter 3 

describes a clinical study using multiparametric 1H MRI and MRS to investigate the 

changes that occur in T2D and pre-diabetic patients across the bariatric surgery 

journey. Participants are scanned at 4 timepoints: baseline, following a Very-Low 

Calorie Diet (VLCD) that precedes surgery, and 6 weeks and 24 weeks post-surgery. 

MRI findings of the changes in the volume of Subcutaneous Adipose Tissue (SAT) 

together with volume, fat fraction and MR relaxometry of the liver, spleen, and 

pancreas measures, are discussed.  

The field of multinuclear MRS is ever-growing. However, there are many challenges 

to applying this research technique to clinical groups with further challenges in 

obese individuals. Chapter 4 describes the optimisation of RF excitation pulses for 

abdominal multinuclear MRS using a single-loop surface coil. Block and Half-Passage 

Hyperbolic Secant pulses for non-localised 13C and 1D ISIS 31P MRS acquisitions are 
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explored including B1 field simulations. Simulations using 13C were compared to 

experimental data taken in a phantom. 31P MRS measures are then tested in vivo to 

study the change in Signal-to-Noise Ratio (SNR) with distance from the surface coil. 

Methods are then used to inform 31P MRS saturation transfer experiments 

investigating changes to ATP flux in the liver in two intervention studies, the first on 

the effect of consuming Inulin Propionate Ester (IPE), a dietary fibre, and the second 

studying changes following bariatric surgery.  

A high Number of Signal Averages are needed for natural abundance multinuclear 

MRS due to low SNR, resulting in spectra typically acquired whilst free breathing. 

Chapter 5 explores the effects of respiration on liver 1H spectra as an analogue for 

understanding the effect of respiration on multinuclear MRS. The shifts in the 1H 

MRS liver water peak central frequency, Full-Width Half Maximum and amplitude 

are evaluated and compared to shifts seen in imaging-based dynamic and breath-

held liver B0 maps. Implications of the results for multinuclear MRS are discussed.  

Ensuring the reproducibility of any data is key to its scientific value. In the final 

experimental chapter, Chapter 6, the reproducibility of 13C liver MRS after a tailored 

meal and overnight fast is assessed. Measures of inter-subject and intra-subject 

reproducibility are assessed, as well as intra-rater and inter-rater reproducibility, for 

two raters and an automatic analysis pipeline.  

Finally, a summary of key findings and proposals for future work are provided.  
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1 Introduction 

Obesity is the accumulation of excess body fat which is characterised by a Body 

Mass Index (BMI) of over 30 kgm-2. The prevalence of obesity is increasing 

worldwide for both adults and children, with it being considered a form of 

malnutrition that often poses a risk to a person's health. Obesity is a risk factor for 

many diseases, including Type-II-Diabetes (T2D), heart disease, stroke and some 

cancers (1). Magnetic Resonance Imaging (MRI) and Magnetic Resonance 

Spectroscopy (MRS) are valuable tools for understanding the physiological and 

metabolic changes that occur in obesity and during weight loss. 

This Chapter will give a brief background of the physiology and metabolism studied 

in this thesis, including the role of the liver, pancreas and spleen in the body. This is 

followed by the metabolic pathways in the liver, including the role of Adenosine 

TriPhosphate (ATP) and an overview of T2D. Finally, the aims of this thesis and an 

overview of the work covered will be provided. 

1.1 Physiology and Metabolism 

Much of the work in this thesis focuses on metabolism and the study of the liver 

using MRI and MRS techniques. Chapter 3 studies the physiological changes to the 

liver, pancreas and spleen over the bariatric surgery journey. The liver sits below the 

heart in the abdominal cavity, the pancreas below the left lobe of the liver, and the 

spleen behind the stomach on the opposite side of the body to the liver, as shown 

in Figure 1.1.  
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Figure 1.1 - Schematic of organ locations in the chest and upper abdominal region 

showing the heart, stomach, liver, spleen, pancreas and small/large intestine. 

1.1.1 The Liver 

The liver is the largest organ in the human body, comprising around 2% of an adult's 

body weight, and is critical to many basic functions (2). The liver is divided into two 

lobes (a large right lobe and a smaller left lobe), with approximately 85% of liver 

tissue being of one cell type, hepatocytes (3). The liver has two blood supplies, one 

from the portal vein which supplies nutrient-rich blood to the liver, and one from 

the hepatic artery which supplies oxygen-rich blood. Nutrients derived from food 

brought to the liver through the portal vein, enter the hepatocytes through active 

transport or diffusion. Inside the cells, metabolic processes occur, including those 

related to energy storage. The liver is the primary organ studied in this thesis, with 
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investigations of the two main forms of energy storage in the liver, lipids and 

glycogen, as well as investigations into energy production through ATP Flux. 

1.1.2 The Pancreas 

The pancreas plays a key role in the endocrine system, producing hormones that 

regulate blood sugar and glandular secretions. The pancreas is divided into three 

sections: the head, body and tail. It has a lobular structure, with around 80% of the 

organ's mass made of secretory vesicles. The islet cells are cell clusters inside the 

pancreas which produce hormones such as insulin, C-peptide and glucagon, all of 

which play a key role in regulating blood sugar. Insulin (produced by beta-cells 

within the islets) triggers the liver to begin the process of converting glucose to 

glycogen for storage, reducing blood glucose concentration, whilst glucagon triggers 

the liver to convert stored glycogen back to glucose, raising blood glucose 

concentration. There are multiple diseases that can be linked to issues with 

pancreatic function, including coeliac disease, cystic fibrosis, as well as obesity and 

diabetes (4).  

1.1.3 The Spleen 

The spleen has important functions, including fighting invading germs in the blood, 

controlling the level of blood cells (white blood cells, red blood cells and platelets), 

and filtering the blood. Spleen tissue can be split into two categories; lymphoid 

tissue containing white pulp and blood filtering red pulp. The role of the red pulp is 

to filter the blood and remove old or damaged red blood cells and recycle iron. The 

white pulp produces white blood cells which produce antibodies to fight infections. 
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The spleen can become enlarged when there is an infection in the body or if 

cirrhosis is present in the liver, important considerations for the study of bariatric 

patients in Chapter 3 (5,6).  

1.1.4 Obesity and Fat Storage 

Fat is the body's primary long-term energy store. Much of the fat stored in the body 

is Subcutaneous Adipose Tissue (SAT) which is the fat that lives between the skin 

and muscles, but fat can also be found as Visceral Adipose Tissue (VAT) within the 

abdominal cavity surrounding the organs which is more dangerous to health. The 

distribution of SAT and VAT are shown in Figure 1.2.  

 

Figure 1.2 – Cross-sectional MRI of the body showing stored Subcutaneous Adipose 

Tissue (SAT) and Visceral Adipose Tissue (VAT) 
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The primary purpose of fat is to act as an energy store for the body, though it also 

provides insulation. Hepatocytes and other cells metabolise the fat through 

different processes. Fats can also be synthesised by the body or obtained from food; 

fatty acid synthesis is explored further in Section 1.2.3.  

1.1.5 Diabetes 

The World Health Organisation (WHO) reported that 8.5% of people over the age of 

18 had diabetes in 2014 and that in 2019 diabetes was a direct cause of death for 

1.5 million people (7). Diabetes is the dysregulation of blood glucose, and there are 

three main types: Type I, Type II and gestational. In Type I diabetes, there is a 

deficiency in insulin production, it is classified as an autoimmune condition with no 

known cause or prevention; gestational diabetes occurs during pregnancy. 

95% of people with diabetes have Type II diabetes (T2D) (4). T2D is caused by the 

combination of reduced tissue sensitivity to insulin and insufficient insulin secretion 

by the pancreatic beta cells, both of which lead to continued raised blood glucose 

concentration. A clinical diagnosis of diabetes is achieved by measuring the degree 

of glycation of blood haemoglobin (Hemoglobin A1c, HbA1c), which provides an 

index for the average blood sugar concentration in the past 90 days. Glucose binds 

to the hemoglobin protein, the higher the prevailing blood glucose concentration in 

the blood, the more that becomes bound over time, increasing the HbA1c levels. 

HbA1c values between 5.7% and 6.4% are considered pre-diabetic and 6.5% or 

higher are diabetic (8).  
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The risk factors for T2D include ethnicity and lifestyle factors, such as diet, physical 

activity and obesity. Though the mechanisms behind the link between obesity and 

T2D are not fully elucidated, there is evidence that it occurs on a cellular level and 

across organs (9). A particular risk factor for T2D is a high proportion of VAT in the 

abdominal region. The organs impacted by T2D include the liver, pancreas, skeletal 

muscle, kidneys, brain, and small intestine (10,11). 

1.2 Energy Storage and Production  

Energy storage and production are key to maintaining homeostasis in the body. The 

energy used in the human body is derived from digested food, which is then used in 

cells or stored. Both the liver and pancreas play key roles in this storage and energy 

production as shown in Figure 1.3. Food consumed is metabolised to ultimately 

produce Adenosine TriPhosphate (ATP), used as the body's energy currency within 

cells. This section discusses the metabolic pathways behind storage and energy 

production, including glycolysis/ gluconeogenesis, glycogenesis/glycogenolysis, fatty 

acid synthesis and the TriCarboxylic Acid (TCA) cycle.  
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Figure 1.3 - Role of Insulin, Glucagon and Glycogen in energy storage 

In the stomach and small intestine, carbohydrates (polysaccharides made up of long 

chains of sugar units) are broken down into monosaccharides. Glucose, among 

other monosaccharides, enters the bloodstream and flows into the liver via the 

portal vein. Inside the liver, monosaccharides are converted into pyruvate through 

glycolysis (a precursor to ATP production for energy usage), built up to form 

glycogen (glycogenesis) or converted to lipids for storage as shown in Figure 1.4.  
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Figure 1.4 - Simplified schematic of metabolic pathways that occur in hepatocytes. 

G-6-P is glucose-6-phosphate. 

1.2.1 Glycolysis and Gluconeogenesis 

Glycolysis is the process of converting monosaccharides into pyruvate for use in the 

TCA cycle and other metabolic pathways. It occurs in hepatocytes and other cells 

around the body to produce ATP for energy use. In the initial stages of glycolysis, 

energy is consumed through the breakdown of ATP to Adenosine DiPhosphate 

(ADP) to phosphorylate glucose. In the later stages of glycolysis, energy is produced 

through the conversion of ADP to ATP when the phosphorylated intermediary 

metabolites form pyruvate. Through these processes, one glucose molecule 

produces two pyruvate and a net production of two ATP (2 destroyed, 4 created). 

Gluconeogenesis is the opposing pathway to glycolysis. In the liver, it is possible to 
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reverse the phosphorylation of glucose-6-phosphate to release glucose out of the 

cell for use elsewhere in the body, such as the brain. 

Insulin and glucagon play key roles in regulating this metabolic pathway. Insulin 

stimulates glucose uptake within the cells, lowering blood sugar concentration, 

however, insulin does not directly affect glucose uptake in the liver. As previously 

discussed, insulin plays a key role in T2D, which is explored in Chapter 3. Low blood 

glucose concentration can initiate hepatic metabolic pathways and stimulate 

glucagon release from the pancreas. Glucagon stimulates the liver's conversion of 

stored glycogen into glucose for use in energy production and, when present, allows 

the body to use fats as an energy source.  

1.2.2 Glycogenesis and Glycogenolysis 

Glycogenesis is the process of converting glucose into glycogen for storage. 

Glycogen storage in the liver is explored in Chapter 6. When energy is needed, 

glycogen is quickly broken down through glycogenolysis. Glycogenesis converts 

phosphorylated glucose into precursor molecules (such as UDP-glucose), which 

attach to the first glucosyl unit via a primer molecule, glycogenin. Synthesis 

continues by adding the glucose molecules to the chain, the glycogenin remains 

bound at all stages. The breakdown of glycogen is triggered by glycogen 

phosphorylase, which removes glucose molecules from the chain. The rates of 

glycogenesis and glycogenolysis are regulated by the enzymes glycogen synthase 

and glycogen phosphorylase respectively, which are in turn regulated by insulin and 

glucagon as well as the rate of phosphorylation. 
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1.2.3 Fatty Acid Synthesis and β-oxidation 

In the body, fat is primarily stored as triglycerides which are formed of three fatty 

acid chains attached to a glycerol backbone. Fatty acids are either saturated (only 

have single hydrogen bonds) or unsaturated (contain at least one double bond 

reducing the amount of hydrogen atoms in the chain), as shown in Figure 1.5.  

 

Figure 1.5 Example of a saturated (top) and unsaturated (bottom) fatty acid chain. 

Triglycerides cannot be released directly back into the body once they are stored in 

cells and instead need to be broken down into the fatty acid and glycerol 

components via lipolysis. During lipolysis enzymes work to break down lipids into 

free fatty acids. Lipase catalyses this reaction within cells. Once free fatty acids are 

formed, they are often converted to fatty Acyl-CoA within a cell. Fatty Acyl-CoA 
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undergoes β-oxidation inside the mitochondria to produce Acetyl-CoA (which can 

be used in the TCA cycle) yielding ~14 ATP molecules.  

1.2.4 TCA Cycle  

The TCA cycle occurs in the cell's mitochondria and generates energy through the 

oxidation of Acetyl CoA which can be created from pyruvate. An illustration of the 

TCA cycle is shown in Figure 1.6. Many of the steps in the TCA cycle will not be 

discussed in depth in this thesis. However, much of the energy from the oxidative 

steps in the TCA cycle are used to form NADH from NAD+ (Nicotinamide adenine 

dinucleotide). NADH can later be used to produce ATP from ADP through oxidative 

phosphorylation. 

 

Figure 1.6 - The TCA cycle 
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1.2.5 Adenosine Triphosphate 

Fats and carbohydrates are broken down to make energy for the cells. It is said that 

ATP is the body’s energy currency, with energy is transferred and stored as ATP 

within cells. ATP is formed from the addition of a phosphate to ADP, from a 

phosphate donor such as inorganic phosphate (Pi) Figure 1.7.  

 

Figure 1.7 - Creation of ATP from ADP and Pi, and the reverse, the conversion of ATP 

to ADP through hydrolysis 

When a cell uses ATP for energy, the bonds between the phosphate tails are broken 

forming ADP and Pi. This constant exchange between molecules for the formation 

and destruction of ATP to ADP and Pi is known as ATP Flux and is explored in the 

liver in Chapter 4. The enzyme AMPK regulates this process through many 

pathways, including glucose uptake, glycolysis, and glycogen synthesis, to increase 

or decrease the rate of production as needed. This is the process of ATP 

homeostasis in cells. 
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1.3 Thesis Overview 

1.3.1 Thesis Aims 

This thesis aims to study the metabolic and physiological changes in the body with 

obesity using Magnetic Resonance Imaging (MRI) and Magnetic Resonance 

Spectroscopy (MRS), including multinuclear (13C and 31P) MRS, and to optimise the 

use of these techniques for children and obese individuals.  

1.3.2 Thesis Overview 

Chapter 2 provides an outline of NMR theory, Magnetic Resonance Imaging and 

Spectroscopy, as well as safety considerations. This is followed by four experimental 

chapters of original work. 

Chapter 3 describes using MRI and 1H MRS in a bariatric surgery intervention study, 

where participants were scanned at 4 visits throughout their surgical journey. The 

goal of this study is to understand the physiological and metabolic changes that 

occur from the Very Low-Calorie Diet that precedes bariatric surgery, as well as the 

short (6 weeks) and long (6 months) term effects of bariatric surgery.  

Chapter 4 covers the optimisation of 31P MRS for two intervention studies using 

computational modelling and experimental data. The first intervention study 

investigates the effects of consuming Inulin Propionate Ester on ATP flux using 31P 

saturation transfer experiments. The second intervention study is a pilot arm from 
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Chapter 3 investigating the changes to ATP flux before and after bariatric surgery 

using 31P saturation transfer experiments.  

Chapter 5 studies the consequences of the free-breathing acquisitions on 1H liver 

MRS, this is then related to the consequences of free-breathing for multinuclear 

spectroscopy.  

The final experimental chapter, Chapter 6, studies the reproducibility of 13C liver 

MRS in children, exploring both inter- and intra-rater as well as inter- and 

intrasubject variability.  

This work is then discussed in the conclusion chapter (Chapter 7) along with 

directions for future work.
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2 Magnetic Resonance 

2.1 Overview  

This chapter provides an overview of Nuclear Magnetic Resonance (NMR) theory 

followed by an introduction to Magnetic Resonance Imaging (MRI) and Magnetic 

Resonance Spectroscopy (MRS) methods. These techniques are then outlined in 

more detail across the various experimental chapters. The chapter concludes with a 

discussion of safety aspects related to MR. 
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2.2 Nuclear Magnetic Resonance  

Nuclear Magnetic Resonance (NMR) requires nuclei with an odd number of protons, 

neutrons, or both, as these have an inherent property of spin (I). The relative 

sensitivity and natural abundance of different nuclei that can be investigated with 

NMR are shown in Table 2.1. The relative sensitivity is determined by comparing the 

signal produced by a given nuclei under investigation to that from hydrogen (1H), 

whilst the natural abundance describes how much (as a percentage) of the nucleons 

present are of an NMR-active isotope. In this thesis, NMR studies using 1H, 13C and 

31P nuclei are described.  

Nucleus Spin I 
Gyromagnetic 

Ratio 
(MHzT-1) 

Relative 
Sensitivity 

Natural 
Abundance 

(%) 
1H 1

2⁄  42.58 1.00 99.99 
3He 1

2⁄  32.43 0.442 0.0001 
13C 1

2⁄  10.71 0.016 1.108 
19F 1

2⁄  40.06 0.833 100 
23Na 3

2⁄  11.26 0.083 100 
31P 1

2⁄  17.24 0.066 100 
129Xe 1

2⁄  11.78 0.021 26.44 
Table 2.1 - Properties of NMR active nuclei showing the spin, gyromagnetic ratio, 

relative sensitivity and natural abundance. 

A nucleus with spin has angular momentum (J ) as it rotates leading to an associated 

magnetic moment, µ, defined as,  



A b i  S p i c e r  
  2 Magnetic Resonance 

2 . 2 Nuclear Magnetic Resonance 
P a g e  | 33 

 

33 | P a g e  
 

𝝁 =  𝛾𝑱 

Equation 2.1 

where γ is the gyromagnetic ratio in units of MHzT-1, which is nucleus-specific as 

outlined in Table 2.1, and describes how a nucleon will interact with an external 

magnetic field.  

The angular momentum of the spin is a vector quantity whose magnitude is defined 

by, 

|𝑱| =  ℏ√𝐼(𝐼 + 1) 

Equation 2.2 

where ℏ is Planck’s constant (h) divided by 2π and I is the spin angular momentum 

quantum number. The direction of J is reflected in the magnetic spin quantum 

number, mI. When an external field (B) is applied, there are (2I + 1) possible values 

for mI. Thus, for spin ½ nuclei such as 1H, 13C and 31P the value of mI can take values 

of ± ½, where spins with mI = -½ align parallel with the B0 field and spins with mI = ½ 

are antiparallel to the B0 field.  

The potential energy (E) of a magnetic moment in an external field is defined by,  

𝐸 = −𝝁 ∙ 𝑩 

Equation 2.3 
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Thus, when a nucleus is placed in an external magnetic field aligned in the z-

direction (B0), the energy E can take two possible values as illustrated in Figure 2.1 

given by, 

𝐸 =  −𝐽𝑧 𝐵0 = ±
1

2
𝛾ℏ𝐵0 

Equation 2.4 

 

Figure 2.1 - Energy states for a spin 1/2 nucleus in the presence of an external 

magnetic field B0 

The difference in energy levels between the two spin states is termed the Zeeman 

energy. As shown in Equation 2.5, this can be related to Planck’s constant multiplied 

by the frequency () of a photon that, through the absorption or emission, can 

modulate the spin system.  
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∆𝐸 =  𝛾ℏ𝐵0 = 𝜔0ℎ 

Equation 2.5 

 Is known as the Larmor frequency (typically described in MHz) and is given by 

the Larmor equation (Equation 2.6) through the strength of the external magnetic 

field multiplied by the gyromagnetic ratio. 

𝜔0 = 𝛾𝐵0 

Equation 2.6 

The Boltzmann distribution describes the ratio of spins between the high (spin-up, 

½) and low (spin-down, -½) energy states with the two energy levels described 

according to 

𝑁ℎ𝑖𝑔ℎ

𝑁𝑙𝑜𝑤
= 𝑒

−
∆𝐸
𝑘𝐵𝑇 = 𝑒

−
𝛾ℏ𝐵0
𝑘𝐵𝑇  

Equation 2.7 

where N is the number of spins in the high (Nhigh) and low (Nlow) energy states 

respectively, kB is the Boltzmann constant, and T is the temperature of the system. 

In the case of the high-temperature limit, where 𝑘𝑏𝑇 ≫ 𝛾ℏ𝐵0 , this reduces to, 

𝑁ℎ𝑖𝑔ℎ

𝑁𝑙𝑜𝑤
 ≈ 1 − 

𝛾ℏ𝐵0

𝑘𝐵𝑇
 

Equation 2.8 

The difference in the populations between two spin states, Ns, leads to a net 

equilibrium magnetisation (M0) along the z-axis given by,  
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𝑀0 ≈
𝛾2ℏ2𝐵0𝑁𝑠

4𝑘𝑏𝑇
 

Equation 2.9 

which can be seen to be proportional to the external magnetic field (B0) and 

inversely proportional to the temperature (T). For protons in a 3 Tesla external 

magnetic field the population difference Ns is of the order of 10 parts per million 

(ppm). 

The angular momentum of the spins will experience a torque causing precession 

around the applied field at the Larmor frequency and resulting precession of the net 

magnetisation vector as shown in Figure 2.2. This precession of magnetisation (M) 

in the presence of an applied field (B0) is described by,  

𝑑𝑴

𝑑𝑡
= 𝛾(𝑴 × 𝑩𝟎) 

Equation 2.10 

.  
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Figure 2.2 - Left - the magnetisation vectors from individual spins, with schematic 

showing more spins in the low energy state (spin-up) than high energy state (spin-

down), giving a net magnetisation vector, M0 (Right). Note that in practice this 

difference is of approximately 10 parts per million for protons at 3T. 

Typical B0 field strengths of clinical MR systems are 1.5 and 3 Tesla (T), with 

research-based human scanners at ultra-high field of 7 T, 9.4 T and most recently 

reaching 11.7 T, there has also been a recent push towards lower field, with 0.5 and 

0.1 T systems which provide more accessibility. In this thesis, data is collected at 3 T 

on both a Philips Achieva and a wide-bore Philips Ingenia scanner (Philips Medical), 

as shown in Figure 2.3.  
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Figure 2.3 - University of Nottingham Left - 3T Philips Achieva and Right- Wide-bore 

3T Philips Ingenia (12,13) 

2.2.1 Excitation  

The next component is the application of a radiofrequency (RF) magnetic field 

(termed the B1 field) at a frequency closely matched to the Larmor frequency of the 

precession of the spins. The B1 is needed to induce phase coherence within the 

spins and tip the magnetisation into the transverse forming the net magnetisation 

M for measurement, or otherwise manipulate the nuclear magnetisation.  

The RF field is transmitted using an RF coil, sometimes the same coil is used to both 

transmit and receive the MR signal. In Chapters 4 and 6 a single-loop coil, the 

simplest form of a surface coil, is used for both transmit (Tx) and receive (Rx) when 

studying 13C and 31P measures. In Chapter 5 a butterfly Tx/Rx loop is used for 1H 

measures. In Chapter 3, the body RF coil is used for 1H measures with a separate 

receive coil for signal detection.  

When assessing the effect of the B1 field on the net magnetisation vector, there are 

two frames of reference that can be considered: the laboratory reference frame (X, 

Y, Z) or the rotating reference frame (X’, Y’, Z’ = Z), as shown in Figure 2.4. The 
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rotating reference frame rotates at the same frequency as the Larmor frequency 

defined by the main magnetic field (𝜔0). Considering the effect of an RF pulse 

applied at a frequency 𝜔1 matched to 𝜔0, the ‘on-resonance’ condition, in the 

laboratory reference frame the net magnetisation will precess around the z-axis as it 

is tipped about the x-axis. However, when viewing in the rotating frame of reference 

of 𝜔1 = 𝜔0, the precession of the net magnetisation M about z is removed, allowing 

simple visualisation of the net magnetisation being tipped about the x’-axis.  

 

Figure 2.4 – Precession of magnetisation vector M (shown by the blue arrow) in the 

(left) laboratory reference frame (X,Y,Z) and (right) rotating reference frame (X’,Y’,Z’ 

= Z). 

The amplitude and duration of the shaped RF pulse determines how much energy is 

transferred to the spins and, hence, how much they are tipped from the z-axis, 

these factors are discussed further in Section 2.4.4. The amount of tip is known as 

the flip angle (α) and is given by the integral,  
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𝛼 = ∫ 𝛾𝐵1(𝑡)
𝑇

0

𝑑𝑡 

Equation 2.11 

A flip angle of 90° refers to when the spins are tipped into the x-y plane 

perpendicular to B0, whilst a 180° pulse is used to invert the spins about the z-axis 

or to form an echo (see Section 2.2.3).  

The shape of the RF pulse determines the excitation profile, which can be 

approximated using the Fourier transform, Figure 2.5 (14).  

 

Figure 2.5 – (left) block RF pulse and (right) its frequency profile, The width of the 

central excitation frequency (ω1) is dependent on 1/t1, where t1 is the pulse 

duration. 

2.2.1.1 Off- Resonance Effects 

The tipping of the magnetisation vector described above holds true for spins 

oscillating at a Larmor frequency matched to the frequency of the applied RF pulse, 

i.e. ‘on-resonance’ for which 𝜔1 = 𝜔0. However, in practice, many factors can lead to 

B0 field inhomogeneity, thus leading to a non-uniform precession frequency of the 
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spins, and this is called ‘off-resonance’. Further, no B1 field is perfect and hence even 

when exactly the Larmor frequency is desired there are portions of the image or 

sample that may not experience exactly this and instead receive an ‘off-resonance’ 

frequency (as illustrated by the Fourier transform of RF pulses shown above in 

Figure 2.5).  

The following considers what happens when B1 is applied at a frequency 𝜔1 that is 

not exactly matched to the Larmor frequency 𝜔0. If the rotating frame is now locked 

to the ‘off-resonance’ frequency of the RF pulse, 𝜔1 (so 𝜔1  𝜔0) the B0 field does 

not disappear but has a residual component Bz’,  

𝐵𝑧
′ =

𝜔0 − 𝜔1

𝛾
 

Equation 2.12 

In this rotating frame Bz’ and B1 vectorially add together resulting in an effective 

field Beff which the spins will rotate about, as shown in Figure 2.6). The angle 

between B1 and Beff is minimised when 𝐵1 ≫ 𝐵𝑧
′, as is achieved using high-power 

RF pulses.  
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Figure 2.6 – (Left)The formation of Beff from B1 and B’z. (Right) The precession of M 

around Beff when 𝜔0  ≠  𝜔1 

There are a number of interesting MR techniques in which the B1 frequency is 

purposely offset from resonance or swept through frequencies on either side of the 

Larmor frequency. For nuclei such as 13C and 31P, the spectra span a large range of 

chemical shifts. For these nuclei, off-resonance effects need to be accounted for 

using advanced techniques such as specialised RF pulse shapes as is discussed in 

Chapter 4.  

2.2.2 Signal Detection 

After the application of a 900 RF pulse, the magnetisation will be tipped into the xy-

plane. In keeping with Faraday’s law, if a loop of wire is placed near an oscillating or, 

in this case, precessing field, it will induce an oscillating current at the Larmor 

frequency with a decay envelope given by the transverse relaxation time constant 
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T2* (see Section 2.13). This oscillating current is detected to provide the simplest 

form of the MR signal termed the Free Induction Decay (FID) (Figure 2.7). 

 

 

Figure 2.7 - The free induction decay (FID) following a 90° RF pulse oscillating at the 

Larmor frequency with an exponential decay envelop determined by the transverse 

relaxation time constant T2* 

2.2.3 MR relaxation 

Once the RF pulse ceases, the energy that was absorbed is re-emitted as the spins 

return to equilibrium through relaxation, and the magnetisation will relax back to 

alignment with B0 and dephase through longitudinal and transverse relaxation 

processes. This relaxation process is described by the Bloch equations:  

𝑑𝑀𝑧

𝑑𝑡
= −

(𝑀𝑧 − 𝑀0)

𝑇1
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𝑑𝑀𝑥

𝑑𝑡
= −

𝑀𝑥

𝑇2
+ 𝛾𝑀𝑦𝐵0 

𝑑𝑀𝑦

𝑑𝑡
= −

𝑀𝑦

𝑇2
− 𝛾𝑀𝑥𝐵0 

Equations 2.13 

where T1 is the longitudinal relaxation time and T2 is the transverse relaxation time. 

Relaxation mechanisms form the basics of MR contrast as relaxation times are 

dependent on tissue type and the chemical environments the spins exist within. 

The origin of the longitudinal relaxation is caused by dipole-dipole interactions. 

Molecules within any medium are constantly in motion, the rate at which the 

molecules move is determined by how bound they are and the temperature. As the 

molecules move, the magnitude and the direction of the magnetic field associated 

with each spin will vary, causing shifts in the effect on its neighbour. Solids have 

more bound molecules compared to liquids. With higher temperatures, the 

molecules move faster compared to colder temperatures; this leads to relaxation 

effects being dependent on temperature as shown in Figure 2.8. How well matched 

the molecular movement rate is to the Larmor frequency (0) determines the 

efficiency of the longitudinal relaxation (T1) process, with a much faster relaxation 

(and so shorter relaxation time) when the rates are well matched.  
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Figure 2.8 - Relationship between molecular movement rate and MR relaxation 

time. When the molecular movement rate matches the Larmor frequency (0) of 

spins matches this results in the shortest longitudinal (T1) relaxation time. 

2.2.3.1 Longitudinal relaxation  

The longitudinal recovery of magnetisation along the z-axis is governed by the 

longitudinal relaxation time, also known as the spin-lattice relaxation time.  

The longitudinal magnetisation recovery is described by,  

𝑑𝑀𝑧(𝑡)

𝑑𝑡
= −

(𝑀𝑧(𝑡) − 𝑀0)

𝑇1
 

Equation 2.14 

where T1 is the time constant for longitudinal relaxation. If a 90° RF pulse is applied, 

Equation 2.14 can be solved to determine the recovery of Mz after a 90° RF pulse 

resulting in, 
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𝑀𝑧(𝑡) = 𝑀0 (1 − 𝑒
−

𝑡
𝑇1) 

Equation 2.15 

this is termed a saturation recovery, T1 is defined as the time it takes for Mz to 

recover to ~63% (1 – 1/e) of M0.  

To measure T1, a 180° inversion RF pulse is commonly applied (such that Mz(0) = -

M0) as this provides a larger dynamic range for the measurement of the longitudinal 

signal recovery. The solution for Mz following an inversion pulse is given by 

𝑀𝑧(𝑡) = 𝑀0 (1 − 2𝑒
−

𝑡
𝑇1) 

Equation 2.16 

Figure 2.9 shows example saturation and inversion recovery signal curves. To 

measure T1, multiple sample points are collected along the recovery curve and fit. T1 

mapping schemes are discussed further in Chapter 3. 
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Figure 2.9 –Simulated longitudinal magnetisation (Mz) after a 90° excitation pulse 

(blue) and a 180° inversion pulse (pink) pulse shown for a T1 of 809 ms to represent 

liver at 3 T. The dashed blue line shows for a saturation recovery that T1 can be 

measured from the time it takes for Mz to recover to ~63% of M0. Note, for the 

longitudinal magnetisation to fully recover this takes approximately 5 times the T1 

of the tissue. 

Note, for the longitudinal magnetisation to fully recover, this takes approximately 5 

times the T1 of the tissue, and so this time needs to be allowed between repeats 

when performing T1 mapping or the effect of incomplete recovery needs to be 

considered in the fitting.  
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2.2.3.2 Transverse relaxation 

The source of transverse relaxation is inhomogeneities in the magnetic field, 

including extrinsic imperfections in the applied field, susceptibility issues within 

tissue and intrinsic spin-spin interactions, with the dominant effect from dipole-

dipole interactions between spins. Hence, transverse relaxation is also known as 

spin-spin relaxation. The transverse components of the coupled Bloch equations 

related to relaxation are, 

𝑑𝑀𝑥(𝑡)

𝑑𝑡
= −

𝑀𝑥(𝑡)

𝑇2
  

Equation 2.17 

 
𝑑𝑀𝑦(𝑡)

𝑑𝑡
= −

𝑀𝑦(𝑡)

𝑇2
 

Equation 2.18 

which can be solved for the transverse magnetisation Mxy to give 

𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0)𝑒
−

𝑡
𝑇2 

Equation 2.19 

where Mxy(0) is transverse magnetisation at t = 0, and T2 is the transverse relation 

time constant, defined as the time it takes for the signal to decay by ~37 % (1/e) of 

its initial value Figure 2.10. 
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Figure 2.10 –Transverse signal (Mxy) signal decay simulated for a T2 of 34 ms to 

represent liver tissue. The T2 measures at 37% of its initial value is marked with a 

dashed line. 

As described by the Larmor equation, the rate of precession of spins is dependent 

on the strength of the field experienced; local changes in field strength will cause 

spins to precess at different rates, and over time, they come out of phase with each 

other.  

In practice, the measured signal decay time of an FID does not match the T2 

relaxation as this does not account for the effects from the inhomogeneities in B0. 

The inhomogeneities caused by imperfections in the applied static field and 

susceptibility difference across a tissue cause a secondary effect (T2’), which, when 
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combined with T2 as described in Equation 2.17, gives T2*. T2* can be measured as 

the envelope of the FID, Figure 2.11 and is related to T2 through, 

1

𝑇2
∗ =

1

𝑇2
+

1

𝑇2
′ 

Equation 2.20 

The T2 relaxation time can be measured using a Spin Echo (SE) pulse sequence, as 

shown in Figure 2.11. In a SE sequence, following an initial 90° pulse the FID will 

decay with T2* time constant. But if a 180° refocusing pulse is applied at time (TE/2), 

then an echo will be formed at time TE, which is dependent on the T2 envelope. 

Applying a refocussing 1800x RF pulse flips the spins about the x-axis to refocus the 

spins. By repeating this measurement with different echo times the signals can then 

be used to determine T2. T2 mapping is further described in Chapter 3 where it is 

applied to study changes that occur following bariatric surgery.   
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Figure 2.11 - A spin echo sequence. A) Spin isochromats shown in the rotating frame 

of reference (x’, y’) with de-phasing after the 90° excitation pulse and rephasing 

after the 180° RF pulse, with RF pulses shown in B) and the resulting C) signals with 

T2* (purple) and T2 (blue) and decay envelopes. 

2.2.3.3 Relaxation times in abdominal tissue 

Typical values for 1H T1 and T2 relaxation times in healthy abdominal tissue are 

provided in Table 2.2, with values increasing in organs when more free water is 

present. 

Organ/Tissue 1H T1 (ms) 1H T2 (ms) 

Liver 809 ±71 34 ±4 

Spleen 1328 ±31 61 ±9 

Kidney Cortex 1142 ±154 76 ±7 

Kidney Medulla 1545 ±142 81 ±8 

Pancreas 725 ±71 43 ±7 

Table 2.2 – 1H T1 and T2 relaxation for healthy abdominal organs at 3 T (15) 
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Disease will alter the tissue T1 and T2 values. T1 has been shown to increase with 

kidney, liver and pancreas disease severity due to fibrosis, which alters the molecular 

environment due to the associations of collagen with supersaturated hydrogel, and 

due to inflammation, from interstitial oedema and cellular swelling. In liver disease, 

the iron content of the liver tissue can increase resulting in increased field 

inhomogeneities and a decrease in T2*, whilst inflammation often causes an increase 

of fluid in tissue (oedema) leading to an increase in T2 and T2* decay times.  

T1 and T2 of abdominal tissues are mapped in Chapter 3 when studying the effect of 

bariatric surgery. 
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2.3 Magnetic Resonance Imaging (MRI) 

The following section outlines the basics of MR Imaging (MRI). Imaging is used 

predominantly in experimental Chapters 3 and 5.  

2.3.1  Gradients  

The application of a spatially varied magnetic field or gradient (G) (in units of mTm-1) 

is key for localisation in MRI. Inside an MR scanner, there are three gradient coils to 

produce a spatially varying field in each of the x, y, and z directions (Figure 2.12).  

 

Figure 2.12 - Schematic of the x, y and z gradient coils inside the bore of an MR 

scanner 
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A gradient causes known spatially dependent changes in B0,  

𝐵𝑧(𝑥) =  𝐵0 + 𝐺𝑥 ∙ 𝑥   𝐵𝑧(𝑦) =  𝐵0 + 𝐺𝑦 ∙ 𝑦   𝐵𝑧(𝑧) =  𝐵0 + 𝐺𝑧 ∙ 𝑧 

Equations 2.21 

and thus, an associated spatial dependence in the Larmor frequency (ω), 

𝜔(𝑥) =  𝛾(𝐵0 + 𝐺𝑥 ∙ 𝑥) 𝜔(𝑦) =  𝛾(𝐵0 + 𝐺𝑦 ∙ 𝑦) 𝜔(𝑧) =  𝛾(𝐵0 + 𝐺𝑧 ∙ 𝑧) 

Equations 2.22 

2.3.1.1 Gradient Echoes  

In a gradient-echo (GE) sequence, after the RF excitation pulse, a negative 

‘dephasing’ gradient is applied, causing local changes in net magnetisation and, 

hence, resonance frequencies. This, in turn, causes rapid dephasing of the FID. An 

equal and opposite positive ‘rephasing’ gradient is then applied, reversing the 

dephasing of the spins, which begin to refocus producing a gradient echo (Figure 

2.13). This refocusing only corrects the additional dephasing introduced by the 

gradients and does not reverse dephasing caused by T2* relaxation. Hence, the 

signal measured is heavily dependent on T2* decay, and this sequence can be used 

for T2* mapping.  
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Figure 2.13 - Spins dephasing after applying a (B) 90° RF pulse and (C) negative 

gradient and rephasing from applying the positive gradient. D) shows the signal 

produced and the T2* envelope (purple). 

2.3.2 Image Formation 

This section will describe how localisation occurs first through plane using slice 

selection, followed by in-plane using the concepts of phase and frequency 

encoding.  

2.3.2.1 Slice Selection 

If the RF excitation pulse of a select bandwidth (Δω) of frequencies centered at the 

Larmor frequency (0) (as shown in Section 2.3.1) is applied at the same time as a 
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gradient (of strength Gz), then a slice of a select range of spins will be excited in a 

given slice thickness (Δz), as described in Equation 2.23 and illustrated in Figure 

2.14. By altering the bandwidth of the RF pulse or strength of the gradient, Gz, the 

slice thickness can be varied. 

∆𝑧 =
∆𝜔

𝛾𝐺𝑧
 

Equation 2.23 

 

Figure 2.14 - Illustration of how the slice thickness (Δz) is related to the RF pulse 

bandwidth (Δω) and gradient strength (Gz). 

The application of the slice selective gradient will itself induce dephasing of the 

spins, to correct this, a slice selective gradient is immediately followed by a 

refocusing gradient of half the area of the slice select gradient, as shown in Figure 

2.15.  



A b i  S p i c e r  
  2 Magnetic Resonance 

2 . 3 Magnetic Resonance Imaging (MRI) 
P a g e  | 57 

 

57 | P a g e  
 

2.3.2.2 Phase and Frequency Encoding 

To encode in-plane, a second gradient is applied along the y-axis, known as the 

phase encoding gradient. The spins will precess at a spatially dependent frequency 

ω(y) which causes a phase shift (Δφ) given by:  

Δ𝜙 = 𝛾𝐺𝑦𝑡𝑦 

Equation 2.24 

which is dependent on the position in y, the strength (Gy) and duration (t) of the 

gradient. To sample the entirety of k-space, the amplitude and/or duration of the 

gradient needs to be varied with each repeat sampling (Figure 2.15). To encode in 

the third dimension, the frequency encoding gradient is conventionally applied 

along the x-axis during signal readout (Figure 2.15). Spins will precess according to 

ω(x) with spins at the center of the gradient precessing at the Larmor frequency 

with faster or slower precession occurring in stronger and weaker fields, 

respectively.  
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Figure 2.15 - Example pulse sequence diagram showing spatial encoding gradients 

following a 90° excitation. The dotted lines represent the different gradient steps. 

2.3.2.3 k-space 

The frequency domain, known as k-space, comprises kx and ky, which represent the 

spatial frequencies in the x and y directions, respectively. Each point in k-space is a 

combination of signals from kx and ky given by,  

𝑘𝑥 = 𝛾𝐺𝑥𝑡𝑥 

Equation 2.25 

𝑘𝑦 = 𝛾𝐺𝑦𝑡𝑦 

Equation 2.26 
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where tx and ty are the duration of the x and y gradients, respectively. The difference 

between points in k-space (Δkx, Δky) is inversely proportional to the field of view 

(the size of the imaging window), whilst the amount of sampling points is 

proportional to the spatial resolution of the image. The edges of the k-space provide 

information on the structure of an image, whilst the center provides information on 

the image contrast. Therefore, the way k-space is sampled, and the density of the 

sampling affect the resulting image quality.  

There are many ways to sample k-space, some faster than others. Simple schemes 

such as spin-warp imaging use gradient echoes to sample one k-space line per 

excitation. Each excitation applies a unique phase-encoded gradient that moves 

through ky, the signal is acquired simultaneously with the application of a 

frequency-encoded gradient, Figure 2.16. However, this process can take a long time 

(minutes). Echo-planar imaging (EPI) is much faster (image acquired in 10’s of ms) as 

all k-space lines are acquired from one excitation as small phase encoding gradients 

are applied during the acquisition to move through ky, Figure 2.16 (16). k-space data 

can be transformed into an image via a Fourier transformation.  
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Figure 2.16 - Example k-space trajectories for (left) spin-warp and (right) echo-

planar imaging techniques and their respective Gy gradients. For spin-warp imaging 

the coloured gradients match the colours of the lines of k-space 

It is often the case that MR signals are measured in quadrature. When Fourier 

transformed, this produces a complex image with real and imaginary components. 

These real and imaginary signals can then be combined to obtain magnitude (MAG) 

and phase (φ) images given by 

𝑀𝐴𝐺 =  √𝑟𝑒𝑎𝑙2 + 𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦2 

Equation 2.27 

𝜙 =  tan−1 (
𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦

𝑟𝑒𝑎𝑙
) 

Equation 2.28 
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2.4 Magnetic Resonance Spectroscopy (MRS) 

MRS is performed in all experimental chapters of this thesis. Nuclei resonate at the 

Larmor frequency which is dependent on the strength of the magnetic field it 

experiences and the gyromagnetic ratio of the nucleus, as described in Equation 2.6. 

Spins also precess at different frequencies depending on the chemical environment 

they experience within a molecule. These variations are unique for different groups 

of molecules and can be observed using an NMR spectrum.  

2.4.1 Chemical Shift Scale 

Nuclei are often part of larger, more complex molecules such as hydrogen in the 

hydrocarbon chains of fat, phosphorous within adenosine triphosphate (ATP) and 

carbon within glycogen. The other chemicals that the nuclei bond with cause 

shielding effects, altering the local magnetic field and, therefore, the resonant 

frequency; this is known as chemical shift, δ. Chemical shift is defined as the relative 

difference in frequency between the spin under investigation (νsample) and a 

reference compound (νreference) normalised by the reference frequency and 

converted to parts per million (ppm), Equation 2.29. 

𝛿 (𝑝𝑝𝑚) =
𝜈𝑠𝑎𝑚𝑝𝑙𝑒 − 𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
∙ 106 

Equation 2.29 

For the ppm scale, shifts are equivalent across all atomic species. On an NMR 

spectrum the Area Under the Curve (AUC) of a peak represents how many spins of 
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the investigated atomic species are in an environment and the position along the x-

axis represents the chemical shift, Figure 2.17.  

 

Figure 2.17 - 1H spectra of the liver, showing the water peak at ~4.7 ppm and fat 

peaks at ~2 ppm. 

2.4.2 Localisation Techniques 

Though it is possible to acquire spectra with no localisation, to gain clinically 

relevant information, it is important to specify the tissue from which the spectra are 

being collected. In some multinuclear acquisitions, such as 13C liver, localisation 

from the signal detected from a single loop RF coil is sufficient. However, this is not 

always the case; for 1H and 31P spectroscopy, the user may wish to select a specific 

tissue under the coil's active region. Localisation can reduce the received signal to a 

slab, a single voxel MRS or in Chemical Shift Imaging (CSI), multiple voxels are 

encoded across a region of interest. This section will cover the basics of localisation 

in spectroscopy, including STEAM for 1H spectroscopy and ISIS which is used for 31P 

spectroscopy, and which are used in this thesis. 
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2.4.2.1 1H Spectroscopy 

In this thesis, 1H MRS is used in Chapters 3 and 5. There are a number of possible 

localisation techniques with common methods being Point RESolved Spectroscopy 

(PRESS) and STimulated Echo Acquisition Mode (STEAM). In both techniques three 

slice selective RF pulses are applied with simultaneous orthogonal gradients. The 

resulting echo originates from spins that experience all 3 gradients, creating a single 

voxel MRS measure. 

 PRESS uses three RF pulses of 90°, 180°, and 180°, which produce an asymmetric 

spin echo. This technique is often used within CSI as a localisation technique. The 

large RF pulses lead to long echo times, which is the main disadvantage of this 

technique and made it unsuitable for use in this thesis. STEAM uses three 90° RF 

pulses, the first two RF pulses are separated by TE/2 with a stimulated echo 

occurring at TE/2 after the third pulse (Figure 2.18). The time between the second 

and third slice select gradient is known as the mixing time (TM); during this, the 

magnetisation is preserved along the z-axis, experiencing only T1 relaxation. TM is 

kept as short as possible and is not included in the total TE, leading to STEAM having 

shorter echo times than other methods, making it a key technique for hepatic fat 

fraction quantification.  
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Figure 2.18 - Simplified Pulse sequence diagram for a STEAM (STimulated Echo 

Acquisition Mode) technique showing the RF pulses, slice selective gradients and 

resultant echoes. 

2.4.2.2 31P Spectroscopy  

Although it is possible to perform STEAM for 31P MRS, Image-Selected In vivo 

Spectroscopy (ISIS) is often the favoured scheme. ISIS works similarly to STEAM and 

PRESS as multiple slice selective regions produce localisation. However, in ISIS, 

multiple acquisitions are collected with the same ROI, inverted or otherwise, which 

are then summed or subtracted from each other to define the final MRS signal 

region. Due to the separate acquisitions used in ISIS, the time from excitation to 

read out is reduced, making ISIS good for measuring metabolites with short T2’s, 

such as those in 31P. In this thesis 1D ISIS is used, for which 2 cycles (S1 and S2) are 

collected and subtracted to give a signal region that is a slab parallel to the RF coil, a 

diagram illustrating this sequence is shown in Figure 2.19.  
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Figure 2.19 - ISIS Slice Selection. In the first cycle, the whole region is excited, and 

the FID represents all spins. In the second cycle, the spins of the middle slab are 

selectively inverted prior to excitation. When the FID generated from the 2nd cycle is 

subtracted from that from the 1st cycle the signal from the middle slab remains. 

2.4.3 Saturation of Unwanted Signals 

2.4.3.1 Water Suppression 

Although the large amounts of water in the body benefit MR imaging, the dominant 

water peak often dwarfs other metabolites in MRS, making them hard to quantify. 

To adequately quantify these metabolites, water suppression is performed, for 

example, using CHEmically Selective Saturation (CHESS). CHESS uses a frequency-

encoded RF pulse to tip the water magnetisation into the transverse plane, where it 

is immediately dephased using a spoiler gradient. This process is repeated a 
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minimum of three times to ensure the signal is fully saturated with the quantity of 

pairings, depending on the technique used. In this thesis VAriable Power 

radiofrequency pulses with Optimized Relaxation delays (VAPOUR) water 

suppression is used. VAPOUR uses 8 RF-spoiler gradient pairings (Figure 2.20). Each 

CHESS set requires 20-30 ms, so though more may improve the water suppression, 

this comes at the cost of an increased TR.  

 

Figure 2.20 -VAPOUR water-suppression with 8 RF pules' and spoiler gradients. 

An example of spectra acquired in the liver using STEAM with and without water 

suppression is shown in Figure 2.21. 

 

Figure 2.21 - Example STEAM spectra of the liver with (pink) and without (blue) 

water-suppression 
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2.4.3.2 Saturation Transfer in 31P 

Saturation transfer experiments allow the investigation of the exchange between 

molecules. For a Saturation Transfer (ST) experiment, an extra frequency-encoded 

RF pulse is used compared to standard spectroscopy. The frequency-encoded RF 

pulse is applied to one of the peaks corresponding to molecules that are in flux with 

each other; this nulls or saturates the transverse magnetisation. Due to the 

exchange between the two molecules, this saturation is transferred to the other 

molecule. In the resulting spectra, the target peak is completely saturated, and the 

signal from the exchanging molecule is reduced. Although the saturation pulse is 

frequency encoded, a large bandwidth is often used to ensure the targeted 

magnetisation is fully saturated. This can lead to saturation leaking into other 

metabolite peaks. For this reason, a second set of spectra is acquired where the 

saturation pulse is applied, mirrored around the exchange peak. This is the 

unsaturated spectra. In the case of 31P ST experiments, the saturation pulse is 

applied to the γATP peak, which will, in turn, reduce the signal from the inorganic 

phosphate (Pi) peak due to the exchange described in Chapter 1. In unsaturated 

spectra, the saturation pulse is applied mirrored around the Pi peak, as shown in 

Figure 2.22 (17,18).  
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Figure 2.22 - Location of saturation pulses in 31P saturation transfer experiments. 

The horizontal line shows the drop in the Pi signal in unsaturated spectra. 

From this, the exchange rate constant (k) can be calculated using 

𝑘 (𝑠−1) =
1

𝑇1
𝑎𝑝𝑝  (1 −

𝐴𝑠

𝐴0
) 

Equation 2.30 

where As and A0 are the areas of the Pi peak in the saturated and unsaturated 

spectra, respectively and T1
app is the apparent T1 of Pi. The forward flux rate can be 

calculated by multiplying k by the concentration Pi. Due to multiple factors, such as 

too narrow bandwidth for the saturation pulse or not targeting the central 

frequency of the peak, the saturation of the γATP peak could be incomplete. A 

correction factor can be used to account for this (19,20). The exchange rate constant 

then expands to 
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𝑘 (𝑠−1) =  
𝐴0

𝑃𝑖 − 𝐴𝑠
𝑃𝑖

𝐴𝑠
𝑃𝑖 ∙ 𝑇1𝑃𝑖

𝑎𝑝𝑝  ×  
𝐴0

𝐴𝑇𝑃

𝐴0
𝐴𝑇𝑃 − 𝐴𝑆

𝐴𝑇𝑃 

Equation 2.31 

where A0 and AS hold the same meaning as above, AATP and APi refer to the area 

from the γATP and Pi peaks, respectively, and 𝑇1𝑃𝑖
𝑎𝑝𝑝 is apparent T1 of Pi (13). 

2.4.4 Choice of RF pulse for MRS  

As described in Section 2.2.1, the excitation profile of a RF pulse can be 

approximated from the Fourier transform (14). For a rectangular (or block) pulse 

this leads to a reduction in the range of excitation frequencies as the pulse duration 

increases, as shown in Figure 2.23. This can cause issues in broader bandwidth 

spectra, such as 13C MRS. To excite a large bandwidth but maintain the same tip in 

magnetisation, the power (B1(T)) of the pulse must be increased proportionally to 

the reduction in duration; that is, the area of the pulse must be maintained.  
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Figure 2.23 - Left - RF Pulse and Right- the respective excitation profiles for two 

block pulses. The width of the excitation frequency (υ) is dependent on 1/t, where t 

is the pulse duration. 

The off-resonance effects described in Section 2.2.1.1 can mean that even excitation 

across all frequencies from a block pulse is not desirable. Another way to excite a 

broad range of frequencies is to use an adiabatic pulse (22). These pulses use 

frequency and amplitude modulation that vary with Beff intending to provide a more 

even excitation across a specified range of B1. In this thesis, a type of adiabatic pulse 

known as a hyperbolic secant is used. For this pulse type amplitude modulation is 

performed using the function (F1(t)) 

𝐹1(𝑡) =  sech(𝛽𝑡) 

Equation 2.32 
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where β is the frequency of the RF pulse. The frequency modulation is performed 

using the function (F2(t)) 

𝐹2(𝑡) =  
tanh(𝛽𝑡)

tanh(𝛽)
  

Equation 2.33 

this increases the net magnetisation across the bandwidth compared to using a 

block pulse. A traditional hyperbolic secant pulse inverts the magnetisation; to 

achieve a 90° tip, a half-passage hyperbolic secant can be used. The comparison of 

block and Half-Passage Hyperbolic Secant pulses is explored further in Chapter 4. 

2.5 RF Safety 

There are many considerations to be made when performing MRI and MRS studies 

in human subjects, especially as performed in this thesis in complex participant 

groups of children and bariatric (overweight) participants. Below are RF-specific 

safety considerations.  

When an RF pulse is absorbed by the tissue, it causes a heating effect. The first level 

limit of RF heating allowed is 1°C at the centre of the abdomen. The Specific 

Absorption Ratio (SAR) is used to measure the effects of RF heating in the body and 

is calculated using, 
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𝑆𝐴𝑅 = 0.5𝜎
𝐸

𝜌
 

Equation 2.34 

where E is the induced electric field and ρ is the density of tissue in Wkg-1. The SAR 

limit for whole-body imaging is 4 Wkg-1 averaged over 15 minutes and 8-10 Wkg-1 

for abdominal imaging per gram of tissue; this is automatically calculated by the 

scanner during operation. It is key to note that for larger participants, more energy 

needs to be deposited to penetrate deep enough into the tissue and achieve the 

same level of signal as in a slimmer person; this means that more heating will occur 

in an obese participant group. For larger participants and/or diabetic participants, 

it’s often more difficult to regulate the temperature. For these groups, it’s key that 

they are regularly monitored and that the inbuilt fans of the MR scanner are used to 

assist in participant cooling. 

According to Faraday's Law, an alternating magnetic field will generate small 

electrical currents (eddy currents) in conductive materials. Provided the scanner is 

ran within safety limits, the body is generally able to overcome the heating effects 

caused by currents induced in the tissue. However, if the currents are induced in 

metal or across high-resistance skin-to-skin contact, significant heating can occur. In 

these scenarios, or if a participant has a reduced capacity for thermoregulation, the 

body’s cooling mechanisms may not be efficient enough, and burns can occur. To 

mitigate the risk from clothing, participants are asked to ensure there are no zips, 

metallic buttons or fasteners or are requested to change into paper scrubs provided. 
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To prevent burns from the bore or coil, 1 cm thick foam padding or blankets are 

placed at each point of contact. Participants are also instructed not to make loops 

with their limbs; hence, avoid skin-to-skin contact.
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3 Investigating the Effects of Bariatric Surgery 
on Type II Diabetic and Pre-diabetic Patients 

3.1 Overview 

Obesity rates are climbing worldwide leading to a rise in obesity-related 

complications such as Type-2 Diabetes (T2D), pre-diabetes and cardiovascular 

diseases (CVD). These conditions have inherent mortality, risk of functional decline, 

hospitalisation and loss of independence, especially in the morbidly obese subjects. 

Over the last decade, bariatric surgery has emerged as a safe and proven method 

for better, more sustained weight loss compared to exercise and dietary measures. 

The bariatric surgery procedures most commonly performed in the UK and 

worldwide are Roux-en-Y Gastric Bypass (RYGB) and Sleeve Gastrectomy (SG). Prior 

to such bariatric surgery procedures, all patients undergo a Very Low-Calorie Diet 

(VLCD) for a period of typically 6 weeks to reduce the size of the liver, thus allowing 

surgeons easier access to the digestive tract. The VLCD has been shown to 

independently reduce blood glucose levels and, in some cases, induce diabetes 

remission. 

The goal of this study is to use Magnetic Resonance Imaging (MRI) and 

Spectroscopy (MRS) to assess the multiorgan changes that occur over the time 

course of the bariatric surgery journey which may lead to diabetes remission. 
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This work was presented as a power pitch and digital poster ‘Multiparametric MRI 

to study changes across the Surgical Journey in Bariatric Patients with Type 2 

diabetes or Prediabetes’ and at the International Society of Magnetic Resonance in 

Medicine, Singapore, 2024.  
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3.2 Introduction 

This section outlines the role of the Very-Low Calorie Diet (VLCD) and the different 

surgical options available to patients who are undergoing bariatric surgery. This 

includes a review of the existing literature of applying MRI and MRS in the abdomen 

to study patients undergoing bariatric surgery, followed by a review of the key MRI 

and MRS acquisition methods used in this chapter to study changes that occur over 

the bariatric surgery journey. The work aims to provide increased understanding of 

the distribution of body fat and the changes in the volume and degree of 

inflammation of critical metabolic abdominal organs. This, together with clinical 

measures, has the potential to increase understanding of the mechanism for an 

improved glycaemic profile, including diabetic remission following bariatric surgery 

or return to euglycaemia from pre-diabetic states, and their effects on weight loss 

or changes in gut hormone levels. 

3.2.1 Role of the Very Low-Calorie Diet 

In the UK and in many parts of the world, prior to undergoing bariatric surgery, 

patients are required to undergo a period of Very Low-Calorie Diet (VLCD). It has 

been described that the VLCD leads to weight loss and liver shrinkage with a debate 

on whether this reduces surgical complexity and improves outcomes (23–26). In 

clinical practice, the VLCD is typically restricted to up to 800 calories and 2 litres of 

fluids consumed daily. The provision of VLCD within routine NHS practice can range 

from using meal replacements, a standardised plan or calorie counting. An example 
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of the recommended daily food intake for people on a VLCD is shown in Figure 3.1 

(27).  

 

Figure 3.1 - Example of the daily food intake recommended for people on a VLCD, 

taken from the NHS website (5). 

Diabetic remission has been linked to the reduction of fatty acids within the liver 

and pancreas, with a reduction in caloric intake shown to reduce the fat deposition 

and fatty acids in organs including the liver, pancreas, and muscles, which regulate 

glucose metabolism (28–32). It follows that the VLCD can induce diabetic remission 

without the need for bariatric surgery, and this has been shown in previous 

literature (29,33–35). However, there are known compliance issues with diet 

interventions. Vijan et al. (36) surveyed 446 diabetic patients and held patient focus 

groups to explore the barriers to diet compliance, reporting results using a seven-
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point scoring system. They found that a moderate diet (reduction in fat/sugar but 

little reduction in calories) was a greater burden than oral medication but less than 

twice daily injections of insulin (median 1, 0, and 4 points respectively, diet vs. oral 

p=0.001, diet vs. insulin p<0.001), whilst a strict diet (reduced sugar/fat and calorie 

intake aimed at weight loss) was rated equal to insulin (median 4 points). The paper 

noted that burden level did not necessarily link to compliance, as insulin compliance 

was self-reported higher than moderate diet. The most common factors raised in 

the focus groups to diet compliance were cost, portion size, family issues (such as 

lack of support) and quality of life/lifestyle maintenance (36).  

There are many articles that describe the VLCD as a cure for diabetes, and one 

cannot argue with the success seen in literature. However, the controlled 

environment of trials and type of individuals willing to participate likely do not 

provide an accurate reflection of the real-world situation and cannot encompass the 

factors that may affect many individuals.  

3.2.2 Surgical Procedures: Roux-en-Y Gastric Bypass Vs. Sleeve 

Gastrectomy  

The two most common types of bariatric surgery performed globally are Roux-en-Y 

Gastric Bypass (RYGB) and Sleeve Gastrectomy (SG). Both surgical procedures have 

been shown to achieve a large and sustained weight loss, with improvements in 

insulin sensitivity and improved beta cell function (31,37). They have been 

associated with a high-resolution rate of Type-II-Diabetes Mellitus (T2D) or 
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achievement of normoglycaemia (normal glucose concentration in the blood) in 

pre-diabetic states (38–40).  

Both procedures are performed laparoscopically. In the SG procedure, ~80% of the 

stomach is removed, the remaining stomach volume is then sewn up leaving 

patients with a drastically reduced consumption capacity. In the RYGB procedure, at 

the end of the oesophagus a small pouch of is created which is anastomosed to the 

distal small bowel, the stomach remains and continues to produce digestive juices 

which empty into the intestine, this results in food ‘skipping’ the stomach, 

duodenum and upper small intestine, resulting in a consumption restriction. These 

two procedures are shown schematically in Figure 3.2. 

 

 

Figure 3.2 -Schematic of Sleeve Gastrectomy (SG) and Roux-en-Y Gastric Bypass 

(RYGB) procedures. 
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Filip et al. (41) and Pucci et al. (42) have both concisely reviewed the theories 

behind what makes bariatric surgery more successful than lifestyle changes alone 

and compared the surgical success. Pucci et al. (42) concluded that the mechanisms 

were not fully understood yet, but long-term studies (~3 years) favored RYGB when 

it came to weight loss (42). Filip et al. (41) concluded that the sudden change to a 

caloric intake much lower than required by the body is the predominant cause for 

metabolic changes that occur following both SG and RYGB procedures, and that the 

re-wiring of the digestive tract in RYGB leads to an increased Glucagon-like peptide-

1 (GLP-1) response(41). GLP-1 is a hormone released by the gut at 10-15 minutes 

post ingestion of food that helps trigger insulin secretion from pancreatic beta-cells. 

GLP-1 is often referred to as the satiety hormone and is believed to be responsible 

for making an individual feel full; a lower response means satiety dissipates quicker, 

causing greater energy consumption (43,44). It is believed that GLP-1 is 

predominantly released when glucose is up taken through the small intestine, so 

patients who undergo RYGB will have a shorter time period before GLP-1 release 

and so feel fuller faster. This, combined with other metabolic changes is speculated 

to be one of the reasons why patients who undergo RYGB have diabetic remission 

before significant weight-loss (45). 
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3.3 Scope of Existing MRI and MRS Research in Bariatric 

Surgery 

To date, there are several studies that have applied MRI or MRS to investigate the 

effects of bariatric surgery on the body; often, the time points of the measurements 

overlook the precursor diet, with there being little consensus on the timepoints to 

collect post-surgery. A summary of the literature which is outlined in this section is 

provided in Table 3.1, including the participant groups and endpoints. These studies 

often have a limited scope, focusing on using MRI to investigate the physical 

changes to fat deposition as a marker to assess improvements from baseline (BL) to 

post-surgery (PS), as such overlooking the specific changes that occur post-VLCD 

(29,41,46–48). The most common method for assessment of Liver Fat (LF) uses the 

DIXON MRI sequence (Section 3.4.2.1) to generate Fat Fraction (FF) maps which are 

interrogated either using small Regions Of Interest (ROI) (49) or using whole liver 

masks (50,51). To date, few studies have used 1H MR spectroscopy to study changes 

in LF in a bariatric cohort (52). Other than the assessment of LF, studies also 

measure Liver Volume (LV), Pancreatic Fat (PF), abdominal Subcutaneous Adipose 

Tissue (SAT) and Visceral Adipose Tissue (VAT) volume/area.   
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Study Participants 

Study Timepoints  
(numbers indicate 

weeks after 
surgery) 

Endpoint  
Measurements 

Hedderich 
et al. 

(2017) (50) 

N = 19, 
RYGB = 17, SG =2  

NAFLD, non-diabetic 

BL, 6, 12, 24 
(No VLCD) 

LF, LV, SAT 
volume, VAT 

volume 

Meyer-
Gerspach 

et al. 
(2019) (51) 

N = 16 
RYGB = 12, SG = 4 

Obese, non-diabetic 

BL, 12, 24, and 1 
and 2 years 
(No VLCD) 

LF, LV, SAT 
volume, VAT 

volume 

Hui et al. 
(2019) (52) 

N = 12 
RYGB = 2, SG = 8, Other = 2 

Obese, metabolic 
conditions included 

BL,24, and 1 year 
(No VLCD) 

PF, Pancreas 
T2*, SAT 

volume, VAT 
volume 

Lehmann 
et al.  

(2018) (49) 

N = 23 
All RYGB 

BL,4  
(No VLCD) 

VAT volume, 
T1-Vat, T1-SAT, 

FFVAT, FFSAT 

Li et al.  
(2024) (53) 

N = 514 
RYGB = 203, T2D 

 SG = 311 (comparison 
cohort, T2D = 143) 

BL, 24, 52, and 2 
,3 ,4 ,5 years  

(No VLCD) 

SAT area, VAT 
area 

Tan et al. 
(2023) (54) 

N = 9  
All SG 
Obese 

BL, 4, 24  
(No VLCD) 

T1 MOLLI, T2*, 

LF, SAT area, 
VAT area,  
Magnetic 

Resonance 
Elastography 

Chiyanika 
et al. 

(2024) (55) 

N = 34 
SG = 13, Lifestyle 
Modification = 21 

NAFLD and metabolic issues 

BL, 16 

T1 MOLLI, T2*, 

LF, SAT 
volume, VAT 

volume  

Luo et al. 
(2017) (56) 

N = 124 
(49 completing all 

timepoints) 
RYGB = 26, SG = 20, Other = 

3 

BL, Post-Diet, 4, 
12, 24 

LF, LV 
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Table 3.1 - Summary of studies using MRI and MRS to assess the effects of Bariatric 

Surgery. Details are provided on participant characteristics, study time points and 

endpoint measurements. BL = Baseline, 24 weeks = 6 months, NAFLD = Non-

alcoholic fatty liver disease, VLCD = Very Low-Calorie Diet, LF = liver fat, LV = liver 

volume, SAT = Subcutaneous Adipose Tissue, VAT = Visceral Adipose Tissue, PF = 

pancreatic fat. 

In non-diabetic cohorts of bariatric surgery patients with Non-Alcoholic Fatty 

Liver Disease (NAFLD), Hedderich et al. (50) used DIXON MRI to investigate the 

changes in LF, LV, SAT and VAT at 6 weeks, 12 weeks and 24 weeks post-surgery 

compared to a BL scan collected prior to surgery. Significant changes were seen 

in all measures at 24 weeks PS compared to BL, but no significant change was 

seen in LV or LF at 6 weeks or 12 weeks. They noted that the percentage of LF at 

BL had a significant effect on the change that subsequently occurred, with those 

participants who had a LF of > 10% dropping by ~85%, compared to a drop in LF 

of ~31% in those participants who had an initial LF of < 10% (with NAFLD defined 

as LF > 6.4% (58)).  

Meyer-Gerspach et al. (51) studied 16 morbidly obese participants' measures of 

LF, LV, and abdominal SAT and VAT using DIXON MRI at BL and at 12, 24, 52, and 

104 weeks after RYGB or SG. For abdominal SAT and VAT quantification, they 

NAFLD 

Bai et al. 
(2023) (57) 

N = 21 
All SG 

Obese, non-diabetic 

BL, 12, and 1 to 2 
years) 

(No VLCD) 

LF, LV, PF, 
Pancreatic 

Volume 
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used a 2-point DIXON, and for LF measurement they used a 6-echo DIXON. The 

study did not compare the results from each surgery or absolute values from 

each time point. Instead, they investigated the rate of change in measures 

between subsequent time points, i.e. the decay coefficient. Abdominal SAT and 

VAT were shown to decrease at the same rate, whilst LF decreased significantly 

faster than both SAT and VAT (p<0.001). LV decreased from BL to 12 and 24 

weeks PS, but increased from 24 weeks to 52 weeks and remained approximately 

constant between 52 and 104 weeks PS. In addition to the longitudinal changes, 

in this study the repeatability of fat quantification methods was also investigated 

by collecting repeat measurements at three visits prior to surgery; Intraclass 

Correlation Coefficients (ICC) values showed excellent agreement for LF, LV, SAT 

and VAT (51). 

In a small study of 12 participants with morbid obesity at high risk of developing 

T2D, Hui et al. (52) investigated the changes to LF, PF, SAT and VAT from BL to 24 

and 52 weeks PS. In this study the measurement of LF was made using MRS with 

a STEAM sequence to estimate intrahepatic triglyceride, while PF was measured 

by interrogating multiple regions of interest drawn on a single-slice Philips 

mDIXON fat fraction image fit with the multi-peak spectral model of fat. LF was 

significantly reduced 24 weeks after surgery (p=0.005), and PF decreased by 

approximately 25% at 24 weeks PS, but this was not significant; a significant 

decrease was seen in all measures from BL to 52 weeks PS (52). With a focus on 

changes to fat, Lehmann et al. (49) investigated the changes to abdominal SAT 
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and VAT volume using DIXON MRI at 4 weeks after RYGB. VAT volume decreased 

by 11% PS; SAT volume could not be evaluated due to incomplete data due to 

restrictions with the Field of View (FOV). T1 changes were also measured in the 

SAT and VAT using MOLLI T1 mapping (see Section 3.4), with a decrease of 0.9% 

and an increase of 4.4% for SAT and VAT T1, respectively, but the changes seen 

were not significant, and this was suggested to be due to restrictions with the 

method used such as MOLLI’s sensitivity to fat and too few/short TIs used (49).  

Li et al. (53) performed a large cohort longitudinal study on 203 T2D RYGB 

patients at BL, 24 weeks and 1, 2, 3, 4 and 5-years PS to understand the 

correlation of BL body fat percentage with diabetes remission. It is important to 

note that in this study not all the participants completed all of the time points; 

for RYGB, there were N=70 who completed scans at Year 5. Results were 

compared to a cohort of 311 SG patients (N = 168 T2D) with time points at 24 

weeks, 1 and 2 year PS. This study was not primarily an MR study, and body fat 

percentage was calculated using a participant's Body Mass Index (BMI), age and 

sex and diabetes remission was assessed using blood tests. A single slice MRI was 

acquired at the 3rd lumbar vertebrae to assess the SAT and VAT area. A significant 

drop compared to BL was seen on SAT and VAT area at all time points for both 

male and female participants in both the diabetic remission and non-remission 

groups (p<0.001). Still, no significant difference was seen between the males and 

females or remission and non-remission in these measures. Diabetes remission 

significantly correlated with all body measures; they noted that changes to body 
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fat percentage at 24 weeks were an excellent predictor of diabetes remission and 

that the largest changes to body composition occurred in the first 24 weeks (53). 

Tan et al. (54) investigated the changes to iron-corrected liver MOLLI T1 (cT1) and 

T2*, LF, SAT, VAT and Magnetic Resonance Elastography (MRE) liver stiffness in 9 

participants undergoing SG at BL, 4 and 24 weeks PS. 67% of the participants had 

T2D. SAT and VAT volumes were not calculated; instead, the SAT and VAT area at 

the 3rd Lumbar vertebrae was used. A significant drop was seen at 4 and 24 

weeks PS in LF (p = 0.0159 and 0.0018, respectively) and VAT (p = 0.0021 and 

0.0006, respectively), and in cT1 MOLLI at 4 weeks PS (p = 0.0473) and SAT at 24 

weeks PS (p = 0.0256). A significant increase was also seen in liver T2* at 24 

weeks PS (p = 0.0355). No significant change was seen in the MRE liver stiffness, 

possibly due to the time points chosen being too early for the reversal of fibrosis 

(54). Chiyanika et al. (55) investigated the effectiveness of iron-corrected MOLLI 

T1 (cT1) in assessing NAFLD progression in bariatric surgery and lifestyle 

modification cohorts. The study performed MOLLI T1 and DIXON MRI at BL and 16 

weeks PS; 13 participants underwent SG (8 T2D), and 21 underwent lifestyle 

modification (17 T2D). Semi-automatic segmentation was performed on the liver 

maps for LF, liver cT1 and 3 ROIs were placed in the liver T2* maps to calculate 

the average values used for the MOLLI T1 correction. Using automatic 

segmentation, SAT and VAT volumes were also assessed using the DIXON MRI. At 

BL, there was no significant difference between the SG and lifestyle modification 

groups for LF, liver cT1 and T2* and VAT; however, the SG group had a 
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significantly higher SAT volume (p=0.031). For the SG group, a significant 

decrease was seen in LF, liver cT1 and SAT with a significant increase in liver T2* 

(p = 0.012, 0.025, 0.018 and 0.017, respectively) from BL to 16 weeks PS. No 

significant change was seen in VAT. A significant decrease was seen in LF (p = 

0.012) for the lifestyle modification group, and no significant change was seen in 

liver cT1 and liver T2*, SAT or VAT. At 16 weeks PS, the SG group had significantly 

lower LF and SAT (p < 0.001, p = 0.032, respectively) than the lifestyle 

modification group. However, there was no significant difference between the 

lifestyle modification and SG groups in liver cT1, liver T2* and VAT. It was noted 

that three participants in the lifestyle modification group had an increase in liver 

cT1 at 16 weeks PS, indicating worsening liver health, whilst all SG patients 

showed a reduction in liver cT1. The study found that liver cT1 significantly 

correlated with a non-alcoholic steatohepatitis activity score used for grading the 

degree of NAFLD (p = 0.008) and was comparable to the use of LF in staging the 

disease (55).  

For the above studies, the percentage reduction from baseline in common 

endpoints at 12 and 24 weeks PS are summarised in Table 3.2 
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STUDY 
Liver 

Volume 
(LV) 

Liver Fat 
(LF) 

Subcutaneous 
Adipose Tissue 

(SAT)  

Visceral Adipose 
Tissue (VAT)  

Post 
Surgery 
Weeks 

12 24 12 24 12 24 12 24 

Meyer-
Gerspac
h et al. 
(2019) 

(51) 

21 26 64 74     

Hedderi
ch et al. 
(2017) 

(50) 

9 8 42 68 20 41 36 52 

Hui et 
al. 

 (2019) 
(52) 

  85  30  46  

Li et al. 
 (2024) 

(53) 
 

     

* 51.5(M) 
*41.7 (F) 
42.2 (M) 
40.0 (F) 

 

*81.6 (M) 
*76.1 (F) 
74.8 (M) 
70.3 (F) 

Tan et 
al. 

 (2023) 
(54) 

   65  34  37 

Table 3.2 – Approximate percentage reduction from baseline to ~12 and ~24 weeks 

PS measured in bariatric studies. *shows diabetic remission group, M and F 

indicates Male and Female. SAT and VAT values from Hedderich et al. (2017) show a 

% reduction in volume, whilst those from Li et al. (2024) and Tan et al. (2023) 

describe a % rection in area. 

A study encompassing both RYGB and SG has been performed by Luo et al. (46) 

who investigated LF changes in 49 (26 RYGB, 20 SG, and 3 Gastric banding) 

participants at BL, post low-calorie diet (PLD) and 4, 12 and 24 weeks PS. They 
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showed a statistically significant reduction in LF between each successive 

timepoint, with a ~42% reduction seen from PLD to 4 weeks PS. No statistical 

significance was seen between the RYGB and SG groups for LV and LF decrease; 

however, the RYGB group had a significantly higher reduction in BMI at 24 weeks 

after surgery. Bai et al. (57) investigated the change to LF, PF, LV and Pancreatic 

Volume (PV) after SG in 21 non-diabetic participants. All underwent MRI scans prior 

to surgery, with 10 having scans 12 weeks PS and 11 having scans at 1-2 years PS. 

Fat and volume measurements in the liver and pancreas were made from DIXON 

MRI FF maps from manually drawn masks. LV and PV significantly decreased at 12 

weeks PS and 1-2 years from BL (P<0.01 for all), but no significance was seen 

between 12 weeks and 1-2 years PS time points (though this comparison was across 

different participants). At BL, 81% of participants had fatty livers, and 38.1% of 

participants had a fatty pancreas; no patients had a fatty liver at 12 weeks PS and 

no fatty pancreas present at 1-2years PS, and no cut-off for these measures are 

stated in the paper (57).  

Any issues that arise from a small field-of-view (FOV) in the imaging volume can 

be exacerbated in bariatric participants. Often, the maximum imaging FOV may 

not capture the entirety of the abdomen, making accurate SAT volume 

quantification difficult, as described by Lehmann et al. (28). Michel et al. (59) 

attempted to find surrogate methods to estimate SAT volume with data which 

had an incomplete imaging FOV to cover participants. Using data from 193 

participants with Body Mass Index (BMI) ranging from 24.5 - 45 kgm-2 who had 
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FOV of sufficient coverage for complete data for SAT volume measures, the 

thickness of the abdominal wall fat or hip fat, and partial area and partial volume 

of SAT were tested as surrogate methods. Better agreement was seen for male 

participants compared to females across all methods. Partial volume assessment, 

using volumes of abdominal wall fat from a ROI between the femoral heads  

(Vp-FH) or anterior superior iliac spines (Vp-ASIS) was shown to be the most 

successful surrogate at estimating SAT volume. Vp-FH was marginally more 

successful (R2 = 0.78 compared to R2 = 0.69) likely due to it encompassing a larger 

area, hence, giving more information to the algorithm (59).  
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3.4 MRI and MRS Sequences used in this study of 

Bariatric Surgery 

This section provides an overview of the common artefacts resulting from the 

complications of imaging larger patients, and the MRI and MRS sequences used to 

collect the data shown in this chapter. First, the considerations for scanning 

participants of a larger size prior to their bariatric surgery are outlined. Following 

this the theory of the MRI and MRS sequences implemented are outlined. 

3.4.1 Common Artefacts when Scanning Larger Participants 

This section covers the common MRI artefacts, including the sources and possible 

mitigations needed that are relevant to the study of larger participant groups as 

assessed in this chapter. 

3.4.1.1 Signal Wrap  

Signal wrap occurs when anatomy outside of the FOV folds onto (or wraps over) 

anatomy inside the FOV; this can happen in either the phase or, less often, in the 

frequency encoding direction. In an ideal situation, only those frequencies from 

inside the FOV would be encoded. If the sampling of the frequencies in an echo 

does not follow the Nyquist theorem, 

𝜈𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 = 2 ∙ 𝜈𝑁𝑦𝑞𝑢𝑖𝑠𝑡 

Equation 3.1 
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where 𝜈𝑁𝑦𝑞𝑢𝑖𝑠𝑡 is the highest frequency present in the echo, then the frequencies 

are under sampled and can lead to a mischaracterisation of the echo. Frequency 

wrap then occurs from signal outside the FOV in the frequency encoding direction, 

which presents as overlayed anatomy. Phase can only take a value between 0 and 

2π, meaning phase values will repeat along the phase encoding direction. The rate 

of phase repetition is dependent on the applied gradient used to encode them; if 

spins outside the FOV have identical phases to spins inside the FOV, then the signal 

will wrap. 

  

Figure 3.3 - How phase wrap occurs. Top row - No phase wrap; spins outside FOV all 

have different phases to spins inside FOV. Bottom row - Phase of spins outside FOV 

matches the phase of spins inside FOV. Spins with matching phase (blue arrows) will 

wrap. 



A b i  S p i c e r  
3 Investigating the Effects of Bariatric Surgery on Type II Diabetic and Pre-diabetic 

Patients 
3 . 4 MRI and MRS Sequences used in this study of Bariatric Surgery 

P a g e  | 93 

 

93 | P a g e  
 

3.4.1.2 Motion Artefacts 

Motion during imaging causes a ghosting effect within the image, an effect which is 

most dramatic in the phase encoding (PE) direction. The prominence of the effect in 

the PE direction is due to the PE gradient changing with each TR, which can lead to 

the same location within a sample being phase encoded differently between 

repetitions.  

There are many sources of motion that can lead to ghosting artefacts; these can be 

broadly categorised as bulk motion (patients become uncomfortable or bored and 

move) or physiological motion (cardiac motion, respiratory motion, and flow). To 

reduce the risk of bulk motion, the duration of scan visits should be kept as short as 

possible, and participants should be instructed to keep still. Physiological motion 

can be accounted for using the in-built triggering systems of the scanner. 

Respiratory motion can also be negated through breath-hold (BH) acquisitions. 

Larger patients often have trouble holding their breath for an extended period; in 

these situations, multiple BH acquisitions can be used for a given sequence. The BH 

can be performed at either inspiration or expiration. In the case of failed BHs, 

participants can be instructed that they should slowly release the hold and not gasp 

for breath, reducing the amount of motion that occurs.  
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3.4.1.3 Chemical Shift Artefacts  

The signal from protons in fat and water precess at different Larmor frequencies 

with a chemical shift difference of ~3.5 ppm (440Hz difference at 3T). Under certain 

conditions this difference can lead to chemical shift artefacts in the frequency 

encoding direction.  

The receive bandwidth (Δω) of an image is divided across the matrix size of the 

image; for example, for a 256 x 256 image matrix, if Δω = 32 kHz, each voxel spans 

125 Hz, however with Δω = 64 kHz, each spans 250 Hz. Due to the chemical shift 

difference between fat and water, in the Δω = 64kHz image then fat and water 

appear to be from neighbouring voxels, but in the Δω = 32 kHz image the fat and 

water signals are separated by 2 voxels, as shown in Figure 3.4.  

 

Figure 3.4 - Source of Chemical Shift Artefact - fat and water shift shown for two 

receive bandwidths.  
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This leads to bright and dark bands on the images at interfaces between areas of fat 

and water, Figure 3.5, this effect is more pronounced at higher field strength as the 

chemical shift in Hz increases. 

 

Figure 3.5 - Example of chemical shift artefact - taken from mriquestions.com (60) 

3.4.2 MRI and MRS Sequences used in this bariatric surgery 

study 

This section outlines the theory of the MRI and MRS sequences implemented in this 

chapter. Table 3.3 contains a list of all the sequences used in this study with the 

acquisition parameters, these are then expanded upon in the following sections.   
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Scan 

Parameters 

Arm 
A 

Arm 
B Respiration 

(BH/FB) 

Space 
(FOV, voxel size in 

mm) 
Other 

Abdominal 
6-point 

mDIXON 
Quant 

BH 

FOV = 450 x 450, 
Voxel = 2.5 x 2.5 x 6 

Slices = 77 
Orientation = Axial 

SENSE = N 
TR = 5.7 ms 

TE = 0.98 ms 
ΔTE = 0.7 ms 

Duration = 16 s 

X X 

Dual-echo 
B0 mapping 

BH 

FOV = 440 x 357, 
Voxel = 6.8 x 6.8 x 6 

Slices = 27 
Orientation = Axial 

SENSE = Y (2 AP) 
TR = 20 ms 

TE1 = 4.8 ms 
TE2 = 7.2 ms 

Duration = 17 s 

X X 

DREAM B1 
mapping 

BH 

FOV = 440 x 374, 
Voxel = 3.5 x 3.5 x 6 

Slices = 27 
Orientation = Axial 

SENSE = N 
TR = 4.5 ms 

TE1 = 1.5 ms 
TE2 = 2.4 ms 

Duration = 17 s 

X X 

Pancreas 
eThrive 

BH 

FOV = 450 x 400, 
Voxel = 1.7 x 1.7 x 3 

Slices = 82 
Orientation = Axial 

SENSE = Y (2.5 
RL, 1.3 FH) 
TR = 2.7 ms 
TE = 1.3 ms 

Duration = 10 s 
 

X X 

Abdominal 
T1 MOLLI 

5 x BH 

FOV = 440 x 330, 
Voxel = 2.3 x 2.3 x 8 

Slices = 5 
Orientation = Axial 

SENSE = Y (2 AP) 
TR = 2.4 ms 
TE = 1 ms 
FA = 35° 

Duration = 55 s 

X X 

SVS STEAM 
1H liver 

MRS 
Water-

Supressed 
and Non-

water 
Supressed 

BH Voxel = 20 x 20 x 20 

TR = 2500 ms 
TE = 

15/30/45/90 ms 
BW = 2000 Hz 

FA = 90° 
Duration = 10 s 
(WS = MOIST, 
BW = 200 Hz) 

 
 

 
 

X X 
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Scan 

Parameters 

Arm 
A 

Arm 
B Respiration 

(BH/FB) 

Space 
(FOV, voxel size in 

mm) 
Other 

1H liver 
adipose 

tissue MRS 
FB Voxel = 20 x 20 x 20 

TR = 2500 ms 
TE = 14 ms 

BW = 2000 Hz 
FA = 90° 

Duration = 15 s 
WS = N 

X X 

Kidney T2* 
12-echo 

BH 

FOV = 384 x 384, 
Voxel = 1.5 x 1.5 x 5 

Slices = 1 
Orientation = 

Coronal 

SENSE = Y (2 RL) 
TR = 80 ms 
TE = 4.6 ms 

ΔTE = 4.6 ms 
Duration = 11 s 

X X 

Kidney T1 
5(3)3 MOLLI 

BH 

FOV = 384 x 384, 
Voxel = 1.5 x 1.5 x 5 

Slices = 1 
Orientation = 

Coronal 
 
  

SENSE = Y (2 RL) 
TR = 3 ms 

TE = 1.5 ms 
FA = 20° 

Duration = 11 s 

X 
X 

  

AO Flow FB 

FOV = 280 x 265, 
Voxel = 2 x 2 x 10 

Slices = 1 
Orientation = Axial 

SENSE = Y (2 AP) 
TR = 3.8 ms 
TE = 2.5 ms 

Flow 300 mm/s 
FA = 15° 

Duration = 27 s 

X X 

Abdominal 
GraSE T2 

Triggered 

FOV = 420 x 420 
Voxel = 3 x 3 x 5 

Slices = 5 
Orientation = Axial 

SENSE = Y (3 AP) 
TR = 3000 ms 

TE = 12.9 
ΔTE = 12.9 

No. Echoes = 10 
Duration = 290 s 

X  
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Scan 

Parameters 

Arm 
A 

Arm 
B Respiration 

(BH/FB) 

Space 
(FOV, voxel size in 

mm) 
Other 

SE-EPI fat 
suppressed 
T1 mapping 

Triggered 

FOV = 420 x 420 
Voxel = 3 x 3 x 8 

Slices = 9 
Orientation = Axial 

SENSE = Y (2 AP) 
TR = 8000 ms 
TI (ms) = 100, 
125, 150, 200, 

250, 300, 4 
500, 600, 700, 

800, 900, 1100, 
1300, 1500 

Duration = 130 s 

X 

 
 
 
 

 
 

Diffusion 
Weighted 
Imaging 

Triggered 

FOV = 420 x 420 
Voxel = 3 x 3 x 5 

Slices = 9 
Orientation = Axial 

SENSE = Y (2 AP) 
TR = 898 ms 
TE = 66 ms 

b (s/mm2) = 0, 5, 
9, 10, 20, 30, 40, 

49, 50, 69, 70, 
100, 105, 200, 
300, 400, 500 
3 Directions 

Duration = 260 s 

X  

2D Gradient 
Echo 

Magnetisati
on Transfer 

(CEST) 

Triggered 

FOV = 440 x 440 
Voxel = 3 x 3 x 5 

Slices = 1 
Orientation = Axial 

SENSE = CS (2) 
TR = 5 ms 

TE = 3.4 ms 
Freq. Offsets 

(Hz) = -10000, 
-7000, -5000, -
3000, -2000, 
-1300, -800, -

500, -450, -400, 
-300,0, 300, 

400, 450, 500, 
800,1300, 2000, 

3000, 5000, 
7000 

Saturation BW = 
1260 Hz 

Sweep = Full 
Duration = 90 s  

X 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Scan Parameters 
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Respiration 
(BH/FB) 

Space 
(FOV, voxel size in 

mm) 
Other 

Arm 
A 

Arm 
B 

Whole body 
mDIXON 

2 x BH 
4 x FB 

FOV = 400 x 360 
Voxel = 2.5 x 2.5 x 6 

Slices = 120 
Stacks = 6 

Orientation = 
Coronal 

SENSE = Y (1 AP, 
2 RL) 

TR = 5.4 ms 
TE = 0.9 ms 

ΔTE = 0.7 ms 
Duration = 160 s 

 

 X 

Cardiac 2-
chamber 

cine 
BH 

FOV = 300 x 300 
Voxel = 2 x 1.6 x 8 

Slices = 1 

SENSE = Y (RL = 
2) 

TR = 2.8 ms 
TE = 1.4 ms 

Duration = 7 s 

 
 
 
 
 

X 

Cardiac 4-
chamber 

cine 
BH 

FOV = 300 x 300 
Voxel = 2 x 1.6 x 8 

Slices = 1 

SENSE = Y (AP = 
2) 

TR = 3 ms 
TE = 1.5 ms 

Duration = 8 s 

 X 

Cardiac 
short-axis 

stack 
BH 

FOV = 300 x 300 
Voxel = 2 x 1.6 x 8 

Slices = 12 

SENSE = Y (AP = 
2.2) 

TR = 3 
TE = 1.5 

Duration = 13 s 

 X 

31P liver 
MRS x 2 

FB 
Slab Thickness = 60 

mm 

TR = 8000 ms 
NSA = 150BW = 

4000 Hz 
Excitation FA = 

180° 
Saturation FA = 

100° 
Duration = 1208 

s 

 X 

Table 3.3 – Scans acquired across the bariatric study with acquisition parameters 

provided. Scans performed on both arms are shaded purple, scans for Arm A only 

are shown in pink and scans for Arm B only are shown in blue. BH – Breath-hold, FB 

– Free-Breathing. 
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3.4.2.1 DIXON MRI for study of organ fat fraction, T2* and volume 

The DIXON MRI sequence (61) takes advantage of the chemical shift difference 

between water and fat (~3.5 ppm, equivalent to 440 Hz at 3 T). Separate images of 

fat and water can be created by collecting images at different echo times in which 

the fat and water spins are in-phase and out-of-phase (also termed opposed-phase) 

with each other (at 3 T, the difference in echo time (ΔTE) required between the two 

states is approximately 1.1 ms, with an out-of-phase image collected at a TE of 1.1 

ms and an in-phase image at a TE of 2.2 ms). The in-phase signal (Sip) originates 

from the sum of the water signal (Sw) and fat signal (Sf), and the out-of-phase signal 

(Sop) from the difference:  

𝑆𝑖𝑝 = 𝑆𝑤 + 𝑆𝑓 

Equation 3.2 

𝑆𝑜𝑝 = 𝑆𝑤 − 𝑆𝑓 

Equation 3.3 

By summing or differencing the in-phase and out-of-phase images, the water and fat 

signals can be isolated: 
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𝑆𝑜𝑝 + 𝑆𝑖𝑝 = (𝑆𝑤 + 𝑆𝑓) + (𝑆𝑤 − 𝑆𝑓) = 2𝑆𝑤 

Equation 3.4 

𝑆𝑜𝑝 − 𝑆𝑖𝑝 = (𝑆𝑤 + 𝑆𝑓) − (𝑆𝑤 − 𝑆𝑓) = −2𝑆𝑓 

Equation 3.5 

The simplest DIXON sequence uses two echo times when are set to in-phase and 

out-of-phase. However, if data is collected with multiple echoes which are not fixed 

to the in-phase and out-phase echo times (this is termed mDIXON and typically 6 

echoes are used), it is possible to compute fat and water images whilst also 

correcting for B0 inhomogeneities and fitting for fat fraction (FF, %) and T2*. In this 

Chapter, a 3D 6-echo gradient echo mDIXON scan using the Philips mDIXON Quant 

product is collected, with the reconstructed water image then used for volumetric 

quantification of organs and the FF image used to assess fat within the organs, 

Figure 3.6. 
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Figure 3.6 - Example of mDIXON outputs, showing the Fat, Water, T2* and Fat 

Fraction images 

3.4.2.2 Proton MR Spectroscopy for assessment of liver fat fraction  

Methods for acquiring and localising proton (1H) spectra are outlined in Chapter 2. 

In this chapter, proton MRS is used to investigate the FF of liver tissue using a single 

voxel STEAM acquisition. The MRS fat fraction (FFMRS) is calculated as the ratio of the 

sum of the signals of the fat peaks (Sf) compared to the signal from the water peak 

(Sw),  

𝐹𝐹𝑀𝑅𝑆(%) =  
𝑆𝑓

𝑆𝑤 + 𝑆𝑓
 × 100 

Equation 3.6 
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and represented as a percentage. In 1H MRS the water peak has a much larger 

amplitude than any other metabolite, in the case of fat some of the peaks are 

visible but dwarfed by the water peak whilst others are completely hidden. 

Therefore, to accurately quantify the fat MRS peaks, water suppression techniques 

must be used. One such method is CHEmical Shift Selective saturation (CHESS), 

which was described in Chapter 2. There are multiple versions of CHESS each named 

with a water theme, in this chapter the MRS acquisition used the VAPOUR water 

suppression method as described in Section 2.4.3.1.  

3.4.2.3 T1 Mapping of abdominal organs 

In this chapter, two different T1 mapping sequences are collected. The first is a 

MOdified Look-Locker Inversion recovery (MOLLI) sequence, which uses a balanced 

FFE (bFFE) readout (as termed on Philips, and also known as balanced Steady-State 

Free Precession (bSSFP), True Fast Imaging with Steady-state Precession (TruFISP), 

and FIESTA by various manufacturers) and results of this scheme are reported in this 

chapter. The second sequence is an Inversion Recovery (IR) fat-suppressed sequence 

with Spin-Echo EPI (SE-EPI) readout, but results for this method are not included in 

this thesis work. 

In this chapter a 5(3)3 MOLLI implementation is used, as shown in Figure 3.7, this 

applies two inversion pulses over eight heart beats with a three-beat recovery 

period in between. For this work a physiological simulator is used to set a fixed beat 
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interval of 60 beat-per-minute (1s R-R interval), this results in the images shown in 

Figure 3.8.  

 

Figure 3.7 – Timings of a T1 MOLLI 5(3)3 implementation and simulated heart rate 

 

Figure 3.8 - Example MOLLI images of the abdomen acquired using a 5(3)3 

sequence.  
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Data points in the MOLLI scheme can then be fit to the following equation 

𝑆𝑖𝑔𝑛𝑎𝑙 = 𝐴 − 𝐵𝑒
(
−𝑡
𝑇1∗

)
 

Equation 3.7 

where A and B are fitting parameters related to the equilibrium magnetisation and 

type of preparation, t is the time after the inversion pulse. Importantly for a MOLLI 

scheme, the RF pulses in the bFFE scheme used to acquire the image will affect the 

T1 recovery curve, resulting in an apparent T1 termed T1* being fit which is not the 

same as the true T1 for an undisturbed inversion recovery. This true T1 relaxation 

time can be recovered by using the following approximation 

𝑇1 (𝑚𝑠) =  (
𝐵

𝐴 − 1
) ∙ 𝑇1

∗ 

Equation 3.8 

It should be noted that the T1 values computed by the MOLLI bFFE scheme can also 

depend on other factors, including the bFFE TR, tissue T2, off-resonance (B0) and RF-

homogeneity (B1), as well as Fat Fraction (FF), as have been reported by Mozes et al. 

(62) Figure 3.9 shows a simulation taken from Mozes et al. which illustrates the 

dependence of MOLLI T1 on FF, it can be seen that high FF leads to elevated 

measured MOLLI T1 values. This is an important consideration in larger patients who 

are undergoing bariatric surgery and whose FF may change throughout their 

bariatric surgery journey.  
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Figure 3.9 – Simulation of the effect of fat fraction (%) on MOLLI T1 (s) taken from 

Mozes et al. (62) assuming a 5(3)3 MOLLI scheme with flip angle (FA) = 35°, TR/TE = 

2.3/1.15 ms as used in this thesis chapter. 

An Inversion Recovery (IR) scheme is the simplest method by which to evaluate the 

T1 of a tissue, as described in Chapter 2. In a subset of participants, an IR-SE-EPI 

sequence was also collected. For this scheme, an inversion pulse is applied followed 

at an inversion time (TI) later by a SE-EPI readout, a period is then allowed for the 

spins to recover prior to repeating this process, Figure 3.11. This process is then 

repeated for a range of TIs and fitted to the solution of the Bloch equation for the 

longitudinal relaxation time. In the IR-SE-EPI scheme implemented in this thesis, 

non-selective inversion was applied, and multi-slice SE-EPI slices were obtained 

after the inversion pulse, leading to variations in TI across the slices, which is 

accounted for in the fit. Acquisitions are performed in both ascending (slice 1-9) and 
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descending (slice 9-1) slice ordering to increase the dynamic range of inversion 

times acquired for each slice, Figure 3.10. 

 

Figure 3.10 – Schematic of how acquiring data with ascending and descending slice 

ordering provides a larger range of inversion times for the multi-slice T1 IR-SE-EPI 

sequence.  

For the IR-SE-EPI scheme, a fat suppression RF pulse (using the chemical shift 

difference between fat and water (3.5 ppm) – Section 3.4.1.3) is applied prior to the 

image readout to remove any contamination from fat when measuring the tissue 

T1, example images are shown in Figure 3.12. Note that the fat signal is suppressed 

in all images, unlike the T1 MOLLI images shown in Figure 3.8. The results of this 

method are not reported in this chapter.  
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Figure 3.11 - Multi-slice inversion recovery SE-EPI T1 mapping sequence. Inversion 

times across the slices vary as shown in purple. Note the EPI readout is shown 

schematically. The data is also collected with a fat suppression pulse prior to the EPI 

readout. This scheme is repeated for each inversion time (TI), where within each TI, 

slice 1 is collected at time = TI, slice 2 at time = TI +ΔTI … slice 9 at time = TI +8ΔTI. 

The entire scheme is then repeated for descending slice ordering.  
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Figure 3.12 - Example IR-SE-EPI images shown for 1st slice in the 9 slice readout. 

Inversion times are shown for each image. Note the artefact in the anterior of the 

image due to fat (despite SPIR being used) as the fat suppression can fail on large 

subjects and is especially dependent on the accuracy of the shimming.  
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3.4.2.4 T2 Mapping of abdominal organs 

There are multiple methods to perform T2 mapping (63–66), the Gradient Spin-Echo 

(GraSE) scheme with 10 echoes is used in this Chapter. In the GraSE scheme, 

multiple refocusing RF pulses are applied resulting in multiple gradient echo-

readouts collected between, as shown in Figure 3.13. The first echo is discarded by 

the scanner to ensure a robust T2 fitting measure. Example images can be seen in 

Figure 3.14. 

 

Figure 3.13 – Simplified pulse sequence diagram for a GraSE T2 mapping showing 

the RF, slice encoding and frequency encoding gradients for 4 of 10 echoes. 
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Figure 3.14 - Example of echoes (TE shown on image) and T2 map (bottom middle) 

acquired using a GraSE sequence. 

3.4.2.5 Diffusion-Weighted Imaging of abdominal organs 

Diffusion Weighted Imaging (DWI) is a method for measuring the Brownian motion 

of water in tissues, both in cells and extracellular space within a voxel. The 

restriction of water in a tissue, as occurs in fibrosis, reduces the MR-measured 

apparent diffusion coefficient (ADC) parameter. 
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Figure 3.15 - RF pulse train, slice selection (blue) and diffusion gradients (pink) for 

diffusion-weighted imaging. 

To perform DWI, strong diffusion gradients are applied either side of a 180° 

refocussing pulse and this is followed by a SE-EPI readout. The diffusion gradients 

can be applied in three perpendicular directions. The amount of diffusion weighting 

is dependent on the duration of the diffusion gradients (δ), the time between the 

gradients (Δ) and their amplitude (G) as shown in Figure 3.15. The b-value of each 

diffusion weighting is given by  

𝑏 (𝑠𝑚𝑚−2) = 𝛾2𝐺2𝛿2(∆ − 𝛿
3⁄ ) 

Equation 3.9 

In DWI, images are collected at multiple b-values to assess the diffusion properties 

of tissue. Larger b-values require longer echo times (TE) to fit in the required 

gradients which exacerbates the effects of signal attenuation that occurs. Data from 

across the multiple b-value are then fit to,  
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𝑆(𝑏) =  𝑆0𝑒
−𝑏∙𝐴𝐷𝐶 

Equation 3.10 

where S0 is the signal when b = 0 and ADC is the Apparent Diffusion Coefficient 

given in mm2s-1, with ADC mapped and interrogated to assess tissue microstructure. 

Example DW images are shown in Figure 3.16. Results on DWI are not reported 

within this thesis. 



A b i  S p i c e r  
3 Investigating the Effects of Bariatric Surgery on Type II Diabetic and Pre-diabetic 

Patients 
3 . 4 MRI and MRS Sequences used in this study of Bariatric Surgery 

P a g e  | 114 

 

114 | P a g e  
 

 

Figure 3.16 - Images produced from the DWI sequence. Respective b-values are 

displayed in the top left corner of each image. The corresponding ADC map is shown 

on the bottom row. 
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3.4.2.6 Field mapping 

Field mapping provides a measure of B0 field inhomogeneities and the B1 field 

describing the penetration of RF into the tissue. As the size of or distance to the 

sample being investigated increases, for example, when scanning larger 

participants, the RF penetration is reduced and understanding the degree of this is 

important, especially in larger subjects, further the effect field inhomogeneities can 

also be exacerbated. These B0 and B1 effects can affect values in the quantitative 

maps created, especially in larger participants as studied in this chapter.  

3.4.2.6.1 B0 Mapping 

B0 mapping uses two gradient echo acquisitions collected at different echo times 

separated by a small echo spacing compared to T2*, a TE~ 2.3 ms is typically 

chosen in the body to ensure no change in the fat-water shift between the echoes. 

From the phase data at each echo time, it is then possible to calculate voxel wise 

the variations in B0 field (ΔB0, Hz) from the Larmor frequency given by 

∆𝐵0 =
∆𝜙

𝛾∆𝑇𝐸
 

Equation 3.11 

where ∆𝜙 is the phase shift. To maintain accurate phase across the echoes on a 

Philips scanner the Scan Control Parameter ‘echo phase determination’ must be set 

to ‘OFF’, operators were given a manual to ensure this change was made (Appendix 

9.1). An example B0 map made using this dual echo technique which shows a large 
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dispersion in the B0 field can be seen in Figure 3.17. Note B0 field mapping is also 

studied extensively later in this thesis in Chapter 5, where it is used to study 

respiration effects of free breathing on Magnetic Resonance Spectroscopy. 

 

Figure 3.17 - (left) magnitude image from B0 and (right) the respective map 
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3.4.2.6.2. B1 Mapping 

Multiple phase and magnitude based methods are available for estimating the B1 

field. Magnitude-based methods include the Double Angle (DA), Actual Flip Angle 

(AFI), and Dual Refocusing Echo Acquisition Mode (DREAM) methods, and phase 

methods include the Spin Echo Phase-Sensitive (SEPS) method. In this chapter, the 

DREAM method is used, in which a STEAM preparation sequence is followed by a 

low-angle gradient echo train, Figure 3.18 (67). 

 

Figure 3.18 – Pulse sequence diagram for DREAM B1 mapping sequence. 

The signal from the STimulated Echo (STE) (SSTE) and the FID (SFID) are given by, 

𝑆𝑆𝑇𝐸  =  sin(𝛽)𝑀𝑧,𝑆𝑇𝐸 = 
1

2
sin(𝛽) sin2(𝛼) ∙ 𝑀0 

Equation 3.12 
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𝑆𝐹𝐼𝐷  =  sin(𝛽)𝑀𝑧,𝐹𝐼𝐷 = sin(𝛽) cos2(𝛼) ∙ 𝑀0 

Equation 3.13 

where Mz,STE is the dephased and Mz,FID is the in-phase longitudinal magnetisation. 

Dividing these equations gives, 

𝑆𝑆𝑇𝐸

𝑆𝐹𝐼𝐷
= 

tan2 𝛼

2
 

Equation 3.14 

The flip angle, α can then be calculated using,  

𝛼 = tan−1 (√2 𝑆𝑆𝑇𝐸
𝑆𝐹𝐼𝐷

⁄ ) 

Equation 3.15 

 which is estimated voxel wise to provide a B1 map, typically this is provided in terms 

of the percentage of nominal FA. An example DREAM B1 map is shown in Figure 

3.19. 
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Figure 3.19 – (left) magnitude image and (right) DREAM B1 map shown as a 

percentage of the nominal flip angle.
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3.5 Methods 

This section outlines the methods employed to study bariatric participants. 

3.5.1 Study Design 

In this study participants are divided into two groups, those undergoing Roux-en-Y 

Gastric Bypass (RYGB, Group 1) and those undergoing Sleeve Gastrectomy (SG, 

Group 2). Participants undertake one of the following arms:  

Arm A: Primary Study. This comprises 1H MRI measures of abdominal organs and 1H 

liver MRS.  

Arm B: Exploratory sub-study. This has a sub-set of 1H MRI abdominal organs 

measures in common with Arm A as well as pilot 31P liver MRS data to investigate 

the changes in ATP flux in response to bariatric surgery, and 1H MRI measures of 

cardiac function and a whole body mDIXON (see Chapter 4 for detailed methods 

and results of the 31P measures).  

A list of the 1H MRI and MRS measures collected in each arm are provided in Error! 

Reference source not found., Section 3.5.5. Results of the common abdominal 1H 

MRI and 1H liver MRS measures are reported in this chapter. 

 

The Wales REC 2 Ethics Committee approved the protocol and all amendments, and 

the study is registered on https://clinicaltrials.gov, study ID: NCT05092399.  

  

https://clinicaltrials.gov/
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Participants had to be listed for RYGB or SG bariatric surgery at the Royal Derby 

Hospital leading to eligibility of participants aged 18 to 70 years with a BMI ≥ 

35kgm-2 who had type II Diabetes (T2D) or were pre-diabetic. All participants had 

the ability to give informed consent. Exclusion criteria included an inability to 

undergo a MR study, a diagnosis of liver cirrhosis, Type I Diabetes or non-diabetic 

and involved in other research studies. An inability to participate in MR 

measurements was determined to be a BMI > 60 kgm-2 and/or waist circumference 

>168 cm and/or weight over >250 kg (Ingenia scanner bed limit). Arm B had a lower 

BMI exclusion criterion of BMI > 50 kgm-2 to improve the chance of successful 31P 

MRS acquisitions based on the estimated distance between the 31P RF coil and the 

liver (Chapter 4). If participants were deemed eligible and able to consent to 

participate, their MRI screening form was emailed to the MR Physics team and any 

flags to taking part were raised with experienced scanner operators to assess if 

there were any grounds for exclusion.  

3.5.2 Power and Justifications 

The study was powered based on a reduction in liver FF as measured using MRI that 

occurred from baseline (BL) to 2 weeks on a VLCD. This was based on a previous 

published study by Luo et al. (56) on the effect of VLCD on liver FF where liver FF 

dropped from 16.6 ±7.8 % to 12.7 ±6.8 % in 49 participants (P < 0.001) (46). 

Assuming a normal distribution and a two-tail test, this would require a sample size 

of n=17 assuming a normal distribution, with a desired power of 0.8 and p < 0.05. 

Power calculations were performed using G*power (Franz Faul, Universitat Kiel, 
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Germany). Recruitment was thus approved for 23 people with the goal of 17 

participants completing the study (assuming a ~25% dropout rate), this includes the 

recruitment of 6 participants to Arm B. An equal split of RYGB and SG patients was 

desired. The goal to recruit 6 participants to Arm B was since this is an exploratory, 

pilot study for which no previous study has been performed and the number was 

based upon the clinicians' judgment due to the difficulty in recruiting participants.  

3.5.3 Study Visits 

The study visits for each arm are shown in Figure 3.20, with participants attending 

five visits in total, the initial recruitment visit followed by four MR visits. 

Visit 1 was a recruitment and screening visit. Participants were provided with the 

relevant Participant Information Sheet (PIS) for the arm they were being recruited 

to and given an overview of the protocol and their expected participation (see 

Appendix 9.1). A clinician (Dr Rebekah Wilmington) evaluated the participant's 

willingness and ability to attend all four subsequent MR visits to ensure maximum 

completion, and it was explained that their participation was voluntary, that it 

would not affect their clinical care and that they could withdraw from the study at 

any time. Participants filled out a MR safety form which screened for 

contraindications. 
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Figure 3.20 - Study visit flow chart. Participants in Group 1 (RYGB) or Group 2 (SG) 

are recruited to either Arm A or Arm B. Arm A collected multiparametric 1H 

abdominal MRI and 1H liver MRS measures, whilst Arm B comprised a sub-set of 1H 

MRI measures and 1H liver MRS as well as 31P liver MRS and 1H cardiac MRI. 
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Prior to each scan visit, participants were advised to avoid alcohol consumption, 

paracetamol, and strenuous exercise for the preceding 24 hours and caffeine for 18 

hours prior, as these could affect blood markers. To reduce the fasting period, study 

visits were scheduled to take place in the morning. The larger body size of this 

participant group meant the scrubs normally provided to external participants to 

wear during their MR scan were not a viable option. To reduce any mental stress 

and improve the comfort of participants, they were informed they could wear their 

own clothes and were advised of what is considered MR-safe clothing. Hospital 

gowns were to hand if the clothing worn was not MR suitable. On the visit day, 

participants were greeted before being taken to the clinical room to measure their 

weight and height to estimate their current Body Mass Index (BMI)  

𝐵𝑀𝐼 (𝑘𝑔𝑚−2) =
𝑊𝑒𝑖𝑔ℎ𝑡

(𝐻𝑒𝑖𝑔ℎ𝑡)2 ⁄   

Equation 3.16 

and Body Surface Area (BSA) 

𝐵𝑆𝐴 (𝑚2) =  √
𝐻𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) ∙ 𝑊𝑒𝑖𝑔ℎ𝑡

3600⁄  

Equation 3.17 

and complete the CRF, which comprised boxes to confirm the participant followed 

instructions regarding paracetamol and alcohol use, if they were fasted, and any 

changes in medication, as shown in Appendix 9.3 and 9.4.  
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3.5.4 Clinical Measures: Mixed Meal Test and Blood Samples 

3.5.4.1 Mixed Meal Test 

In Arm A, for all visits a Mixed Meal Test (MMT) was performed prior to the MR 

scan. Subjects arrived fasted, being allowed water only. The fast was broken by the 

first intervention of the study morning, starting between 0900 and 0930. The 

participant’s hand was placed in a water bath for ~5 minutes to allow time for their 

heart rate to normalise and for their hand to be warmed before cannulation. A 

trained member of staff inserted a retrograde cannula into the forearm or hand. 

Once canulated, the extremity was placed in a hot box set to 55°C to allow for 

arterial-like drawing of the blood, at each draw less than 15 ml of blood was taken 

and decanted into appropriate tubes for all analytes. After taking the baseline 

sample, the researcher gave the participant a mixed meal replacement (200 ml/300 

kcal of a vanilla-flavoured Nutricia Fortisip, which was stored in the fridge and 

served chilled). A blood sample was taken prior to the consumption of the mixed 

meal with subsequent samples taken every 15 minutes for 3 hours.  

3.5.4.2 Blood Measures 

Measurements of plasma Glucagon, Ghrelin, Glucose, GIP and GLP-1, Insulin, C-

peptide and three spare serum samples were obtained at all time points along with 

bile acids at baseline and T120 from the blood samples taken during the MMT. For 

assessment of Glucagon, Ghrelin, and C-peptide a glass pink-topped tube containing 

aprotinin was used (as glucagon sticks to plastic), a yellow-topped serum tube was 

used for insulin and GIP and spare serum samples, and a purple topped tube with 
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no additive was used for bile acid collection. Glucose was measured on the day 

using a YSI blood analyser. For GLP-1 a purple-topped plastic tube containing a DDP-

IV inhibitor (inhibitor to prevent the enzyme DDP-IV from breaking down GLP-1) was 

needed. The DDP-IV must be frozen at -20 °C until needed and degrades each time it 

is frozen and thawed. DDP-IV was added to the purple tubes manually using a 10µl 

pipette, these were then stored in the SPMIC in a temperature-monitored freezer. 

The day before or morning of each study day, 13 tubes of the DDP-IV tubes were 

numbered for each timepoint and replaced in the freezer. The tubes were collected 

and placed in an insulated box on the morning of each study day to prevent 

thawing. This allowed for re-freezing if a last-minute cancellation or an issue with 

cannulation occurred. 13 glass pink tubes, 26 yellow-topped tubes and 2 purple 

tubes with no additives were labelled with time points. Small aliquots for each 

analyte were also labelled with study short title, time point and participant ID, 

glucagon aliquots were brown glass.  

The yellow tubes were left to coagulate at room temperature for 15 minutes whilst 

the rest of the blood was spun in a centrifuge for 10 minutes within 10 minutes of 

being drawn. The plasma was then separated from the cells into appropriate 

aliquots and temporarily stored in a freezer at -20 °C. By the end of the following 

working day after the study day, the samples were transferred and stored in a -80°C 

freezer on the E floor of the medical school, which is locked and alarmed with CO2 

backup. The samples were periodically transferred to Royal Derby Hospital for deep 
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storage. Once all study-related analysis on the samples has been completed, they 

will be disposed of in accordance with the Human Tissue Act, 2004. 

Those participants taking part in Arm B did not undertake the MMT. 

3.5.5 MR Data Acquisition 

Although fasted MR scanning would be ideal, the initial participants recruited to the 

study advised that the satiety provided by the meal replacement drink waned 

quickly. To ensure participants could comfortably complete the study, participants 

were offered a lighterlife nutritional bar after completion of the MMT. After this, 

participants were escorted to the MR scanner. All scans were performed on a Philips 

Ingenia 3T wide-bore scanner; a software patch was used to allow specialised MR 

sequences to be used. Details of the scans in each of the study Arms are provided in 

Table 3.3Error! Reference source not found.. 

3.5.5.1 Arm A  

Images were obtained using a 16 channel anterior body surface coil and the 16 

channel posterior coil. Scans were collected with a large Field of View (FOV) of 450 x 

450 mm to ensure full coverage in this participant group, and to ensure compliance 

all breath-hold (BH) scans had a duration of ~15 s.  

A Survey scan was initially collected, followed by abdominal scans collected in the 

axial plane, with shimming covering all the internal organs. First an abdominal 6-

echo mDIXON Quant scan was collected for organ volume assessment, Fat Fraction 

(FFMRI) quantification, and T2* mapping. The abdominal mDIXON was then used to 
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plan subsequent scans. Axial slices were centred over the pancreas to ensure 

coverage and then adjusted in foot-head if more liver coverage was needed. A 

MOLLI T1 map (with liver and pancreas coverage) was collected using a physiological 

simulator set to 60 beat-per-minute for fixed inversion times, this sequence is used 

to quantify inflammation and fibrosis. To assess the field homogeneity, which is 

especially important in larger participants, a dual-echo FFE scan was used for B0 

mapping and a DREAM (Dual Refocusing Echo Acquisition Mode) approach for B1 

mapping, these will be used for future correction in quantitative mapping. An 

eThrive T1 weighted sequence where the pancreas has high contrast (also known as 

a VIBE (Volumetric Interpolated Breath-hold Examination) or LAVA (Liver Acquisition 

with Volume Acceleration) sequence by other vendors) was collected for 

segmentation of the pancreas. A coronal single slice MOLLI T1 mapping and 12-echo 

T2* map was acquired centred on both kidneys.  

In Arm A only, an additional Inversion Recovery Spin-Echo Echo-Planer-Imaging (IR-

SE-EPI) T1 map covering the liver, spleen and pancreas was also collected for 

comparison to the T1 MOLLI data and Gradient Spin-Echo (GraSE) T2 mapping with 

10 echoes (TE = 12.9 ms, ΔTE = 12.9 ms). Magnetisation Transfer (MT, see Table 3.3 

for acquisition parameter details) and Diffusion Weighted Imaging (DWI) scans (with 

3 directions and b values of 0, 5, 9, 10, 20, 30, 40, 49, 50, 69, 70, 100, 105, 200, 300, 

400, 500 s/mm2) were also performed to assess liver inflammation and fibrosis. In 

addition, an aortic (AO) flow scan was collected to determine cardiac output. Note 

these results are not reported in this chapter. 
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1H MRS of the liver and adipose tissue were collected. For the liver, a MRS voxel 

(20x20x20 mm3) was placed in the anterior right lobe and spectra were obtained 

during an expiration BH to improve compliance. Since the BH was kept to a 

maximum of 15 s, there were 6 acquisitions collected, two Non-Water Suppressed 

(NWS) spectra and four Water Suppressed (WS). All acquisitions used a single voxel 

STEAM sequence with a train of four different TE’s (15, 30, 45 and 80 ms), TR 2500 

ms, 1024 data points and spectral bandwidth of 2000 Hz. Adipose MRS data was 

also acquired NWS with TE =14 ms, TR 2500 ms, 1024 data points and a spectral 

bandwidth of 2000 Hz. 

3.5.5.2 Arm B 

Arm B comprised a sub-set of abdominal MR measures collected in Arm A as shown 

in Error! Reference source not found.. In addition, participants had a whole body 

mDIXON Quant scan, as well as cardiac 2-chamber, 4-chamber and short axis cine 

scans collected following standard procedures. These 1H measures took 

approximately 1-hour to collect. In Visits 3 and 4 (post-VLCD and 6 weeks PS), liver 

31P MRS was also collected to assess 31P saturation transfer (see Chapter 4) which 

took an additional hour. This required changing of the RF coil, during this RF coil-

change-over process, participants could get off the scanner bed and stretch or 

reposition to be more comfortable. 
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3.6 Data Analysis 

3.6.1 Abdominal MRI Data Analysis Pipeline 

The data was analysed using a pipeline developed within the Hepatorenal group at 

the Sir Peter Mansfield Imaging Centre (SPMIC). 

Masks of the liver, spleen and SAT were created using nnU-NET automatic 

segmentation from the fat, water and T2* mDIXON Quant images, with example 

masks shown in Figure 3.21. This nnU-net was developed by Stephen Lloyd-Brown 

at the SPMIC and was trained on 40 adult data sets across a range of BMIs (with 

gold standard masks generated by Dr Eleanor Cox and Dr Christopher Bradley). The 

pancreas was segmented from the pancreas eTHRIVE using a nnU-NET 

segmentation developed by Stephen Lloyd-Brown which was trained on 30 adult 

data sets (with gold standard masks generated by Mr Art Adam).  

 

Figure 3.21 – Example slice showing (A) Spleen, liver and Subcutaneous Adipose 

Tissue (SAT) masks generated using an nnU-NET trained on the mDIXON Quant scan 

(using fat (F), water (W) and T2* images), (B) Pancreas masks generated using an 

nnU-NET trained on the eThrive scan. 
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Subsequent analysis was performed using a pipeline running on the high-

performance cluster (HPC) (developed by Prof Sue Francis, Dr Eleanor Cox, and 

Martin Craig). This pipeline generated a excel spreadsheet (.xls) of results (iqmean 

(interquartile mean), median, mode and FWHM of measures) as well as light box 

images of each of the organ masks overlayed on the water DIXON image/eThrive 

images and of the resampled mask overlayed on the quantitative maps, to allow 

images to be viewed for manual quality checks.  

 

Figure 3.22 - Image Analysis Pipeline. MR data collected shown in blue and pipeline 

outputs shown in purple. Iqmean, iqrmeadian and iqrstdev are the interquartile 

mean, median and standard deviations respectively.  

Masks were interrogated to provide information on the volume of the liver, 

pancreas, spleen and SAT. The organ masks were then re-sampled (FSL, fMRIB) and 

applied to the abdominal MOLLI and IR SE-EPI T1 maps, T2 maps, as well as the B0 
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and B1 field maps and ADC maps. Pancreas masks were eroded by 2 pixels before 

organ masks were used to interrogate the abdominal mDIXON T2*, FF maps and MR 

relaxometry maps.  

3.7.2 1H MRS data analysis 

Metabolite Initial Guess (ppm) Peak Number 

Methene or Olefinic 5.2 1 

Water 4.7 2 

Diallylic or Diacyl 2.8 3 

Alpha-Methylene or 
Carboxyl 

2.2 4 

Allylic or alpha-Olefinic 2.0 5 

Methylene 1.3 6 

Methyl 0.9 7 

Table 3.4 - Initial guess for peak locations used in automatic analysis of proton 

spectra. 

Liver spectra were analysed using an automatic in-house MATLAB (2023b, 

Mathworks) script written by Dr Stephen Bawden, further developed by the author 

of this thesis. The script looped through all participants analysing the WS and NWS 

spectra, T2 was calculated for fat and water individually and used to correct the FF-

MRS. An optimised zero-order phase correction written by the author of this thesis 

was applied to the WS and NWS spectral acquisitions before averaging. Prior 

knowledge (as outlined in Table 3.4 was used as initial guesses for find peaks, peaks 

were then fit, fits plotted and saved as images for visual controls to be performed. If 

the phase correction seen in these checks was not optimal, spectra were re-

analysed with manual phase correction. Initial fits were performed with all fat 
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peaks. However, errors occurred due to failed water suppression, and so the 

analysis moved to using only peaks 4-7. To evaluate T2 for fat and water, the NWS 

spectra were shifted according to the varying TE and a decay curve plotted. 

 

For FFMRS quantification, the signal for the fat (Sf) was calculated using,  

𝑆𝑓 = 
𝐹𝑤𝑠

𝑒
−15

𝑇2−𝑓𝑎𝑡

⁄  

Equation 3.18 

where Fws is the sum of the amplitudes of the fat peaks from the TE = 15 ms WS 

spectra and T2-fat is the T2 of fat. FFMRS was plotted as absolute values, percentage 

reduction from BL and compared to FFMRI.  

Adipose 1H spectra have not yet been analysed. 

3.7.3. Statistical Analysis  

All endpoint measures outlined in Table 3.5 were compared across time points: BL 

to post-VLCD at -2 weeks, to 6 weeks PS and to 24 weeks PS, as well as post-VLCD at 

-2 weeks to 6 weeks PS and 24 weeks PS. All data was plotted as absolute values 

and percentage reductions from BL. Statistical testing was performed on all changes 

from BL and between each sequential timepoint. 
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Endpoint Measure 
Organ 

Liver Spleen Pancreas Kidney 

Fat Fraction mDIXON (FFMRI) X X X  

Fat Fraction Spectroscopy 
(FFMRS) 

X    

Volume X X X  

T1 X X X X 

T2
* X X X X 

 ADC X    

Table 3.5 - List of endpoint measures for each organ. Note T1 IR SE-EPI and ADC are 

not reported in this thesis. 

Results from the 1H Spectra (FFMRS) were compared to the mDIXON Quant results 

(FFMRI), and a Bland-Altman graph was plotted. Trends were investigated in the 

changes in liver FF against BL liver FF, BL liver volume, and comparisons of liver FF 

with BMI, BSA, and T1 MOLLI, as well as comparisons between BMI, BSA, SAT, and 

B1.  

For all data, statistical testing was performed using GraphPad (Prism, 10), data was 

tested for normality, and then a two-tail t-test was performed between BL and all 

subsequent time points, from post-VLCD to subsequent time points and between 6 

and 24 weeks PS. For all box plots, whiskers extend from the 10th to 90th percentile 

with outliers displayed.
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3.7 Results 

3.7.1 Study Participants, BMI and BSA 

To date, 21 participants have been recruited into the study, whilst 4 participants 

were withdrawn. An investigator withdrew 1 participant due to claustrophobia, and 

3 participants withdrew after their first MR visit: 1 participant withdrew because 

they found the fasting for the MMT difficult, hence the subsequent introduction of 

the lighter life bar, and 2 participants withdrew due to a change of circumstance 

making the time commitment of the study impossible. These data sets are not 

included in the results shown in this thesis.  

Of the 17 remaining participants, to date, 11 have completed all 4 study visits; of 

these, 2 are missing data from 6 weeks PS, 1 due to an adverse event following the 

MMT and 1 due to illness following surgery. The ongoing 6 participants at the time 

of writing this thesis have all completed BL, post-VLCD and 6 weeks PS. All 

remaining study dates are booked, with 3 participants due to complete in 

September 2024, 1 in October 2024 with the final visit for the final study participant 

booked for the start of December 2024. 6 of the 17 participants underwent RYGB 

and 11 of 17 underwent SG, a ratio of approximately 1:2.  

On recruitment to the study, participants were expected to participate over a 28 

week time period, but actual times ranged from 30 weeks to 50 weeks. On 2 

occasions, participants underwent the post-VLCD Visit and then had their surgery 

postponed; in these instances, the post-VLCD visit was not re-performed prior to 
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their new surgery data as the initial data collected still accurately represented their 

post-VLCD changes. 

3.7.1.1 BMI and BSA 

As expected, a significant correlation was seen between BMI and BSA (p < 0.0001, R 

= 0.61) for the study participants as shown in Figure 3.23 including all time points. 

 

Figure 3.23 - Correlation between BMI and BSA shown for all timepoints for each of 

the participants, Line of best fit and 95% confidence bounds shown 

Changes to BMI and BSA from recruitment across study visits over the time course 

of the bariatric surgery journey for each participant can be seen in Figure 3.24. No 

significant change was seen in either BMI or BSA from recruitment to the BL (-2 

week) MR visit. However, a significant decrease in BMI was seen from recruitment 

to post-VLCD (0 week) (p = 0.0052). For BMI and BSA a significant reduction was 

seen from recruitment to BL, 6 weeks PS and 24 weeks PS (all p < 0.0001). A 
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significant reduction was also seen between sequential time points for BL to post-

VLCD (p <0.0001 for BSA and BMI), post-VLCD to 6 weeks PS (p <0.0001 for BSA and 

BMI), from 6 to 24 weeks PS (p = 0.0002 and p = 0.0009 for BMI and BSA 

respectively) and also from BL to 6 and 24 weeks PS (all p < 0.0001). There was no 

significant correlation between initial BMI and the percentage reduction in BMI or 

BSA at any subsequent time point. BSA at the initial timepoint significantly 

correlated with percentage reduction at 24 weeks PS (p = 0.04). 
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Figure 3.24 – A) BMI across study visits shown for each participant. Legend for 

participants shown on the left. B) Boxplot of BMI across participants for each study 

visit and the % reduction from recruitment. C) Trend of recruitment BMI with % 

reduction at subsequent time points. D) BSA across study visits shown for each 

participant, E) Boxplot of BSA across participants for each study visit and % 

reduction from recruitment, F) Trend of recruitment BSA with % reduction at 

subsequent time points. Significant reductions are shown above the respective 

boxplots 
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3.7.2 Abdominal MRI Endpoints 

3.7.2.1 Accuracy of Automated Organ Segmentations 

In total, there were 62 MRI data sets across subjects and study visits that required 

masks of organs to be created using the nnU-NET models. These masks were 

visually inspected, and if required corrected for accuracy. For the liver masks, 11 

data sets required some form of correction (17 %); in 7 instances, a small section of 

the heart was included in the liver mask, and for 3 others a section of the liver was 

missing. For 1 dataset, the liver was segmented correctly; however, there was a 

region of hyperintensity on the T2* map, so a second mask was manually corrected 

for this dataset to remove this region for quantitative analysis. For the pancreas, 12 

masks were drawn manually from the mDIXON images as there was no eThrive scan 

acquired at early time points of the study. Of the automatically generated pancreas 

masks from the eThrive scan, 15 required manual correction (30 %). All spleen 

masks were successful, with none requiring manual correction (0 %). 8 of the SAT 

masks completely or partially failed and required manual correction (13 %).  

  



A b i  S p i c e r  
3 Investigating the Effects of Bariatric Surgery on Type II Diabetic and Pre-diabetic 

Patients 
3 . 7 Results 

P a g e  | 140 

 

140 | P a g e  
 

Organ 
Number of Masks 

Corrected 

Change in volume 
(Mean ±SD %) 

Increase Decrease 

Liver 11 6 ±6 14 ±10 

Pancreas 15 24 ±7 39 ±29 

SAT 8 79 ±21 - 

Table 3.6 - Details of corrected organ masks, number of masks correct and the mean 

and standard deviation percentage change in the organ volume of these data sets 

after correction. 

3.7.2.2 Liver 

A significant reduction was seen in liver volume and liver FFMRI from BL (-2 weeks) to 

all subsequent timepoints and from post-VLCD (0 weeks) to 6 and 24 weeks PS. 

Figure 3.26 shows visually the reduction in liver FF from BL to 24 weeks PS on the 

fat mDIXON images, with the liver changing from shades of grey to black as FF 

reduces.  
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Figure 3.25 – Fat mDIXON images from an example participant across each of the 4 

study visits. In the images fat is bright and water is dark. The time point and FF 

measured from the mDIXON scan and SAT volume are displayed below each of the 

respective images and shows the reduction over the course of the study. 

Results of liver FF from the mDIXON data from all participants can be seen in Figure 

3.26. 15 of 17 participants began with fatty livers (FF > 6.4 % (32)), and of the 12 

participants scanned to date at 24 weeks PS, only 2 continue to have fatty livers. 

From 6 to 24 weeks PS a significant change was seen in FFMRI between these time 

points, but for liver volume no significant change was seen. Liver T2* significantly 

increased from all time points to 24 weeks PS but no significant change was seen 

between any other time points.  
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Figure 3.26 - Liver mDIXON data, box plots Left - for absolute values of A) volume, B) 

FFMRI and C) T2*. Right - the percentage reduction from baseline. Significant values 

are shown above respective box plots 

Changes to liver T2, liver T1 MOLLI, and mean and FWHM B0 and mean B1 within the 

liver mask can be seen in Figure 3.27. No significant changes were seen in liver T2, or 

the B0 field in the liver mask. A significant decrease was seen in liver T1 MOLLI from 

BL and post-VLCD to 24 weeks PS. A significant increase was seen in B1 in the liver 

from post-VLCD to 24 weeks PS. No other significant changes were found in these 

liver measures.  
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Figure 3.27 – Box plots for Liver MRI measures. Left - absolute values of A) Liver T2, 

B) Liver T1 MOLLI, and C) mean and D) FWHM B0 in the liver, and E) B1 within the 

liver for each visit. Right - percentage reduction from baseline. Significant values are 

shown above respective box plots 
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3.7.2.3 Pancreas 

Results for pancreas volume, FF, T2*, T2 and T1 MOLLI are shown in Figure 3.28. All 

participants had a fatty pancreas at BL and at 24 weeks PS (FF > 6.2 % (68)). No 

significant change was observed in pancreatic volume, FF or T2. A significant 

increase was seen in pancreatic T2* from 6 to 24 weeks PS but not between any 

other time points. A significant increase was seen in pancreas MOLLI T1 from BL to 6 

and 24 weeks PS.  
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Figure 3.28 - Box plots for Pancreas MRI measures. Left - absolute values of A) 

Volume, B) FFMRI C) T2*, D) T2 and E) T1 MOLLI, for each visit. Right - percentage 

reduction from baseline. Significant values are shown above respective box plots 
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3.7.2.4 Spleen 

A significant reduction was seen in splenic volume from BL and post-VLCD to 6 

weeks PS, in splenic FF from BL to 6 weeks and 24 weeks PS and from 6 to 24 weeks 

PS, Figure 3.29. No significant change was seen in splenic T2*, T2 or T1.  

 

Figure 3.29 – Box plots for spleen MRI measures. Left - Absolute values for Spleen 

Volume, FF, T2*, T2 and T1. Right - percentage change from BL in these measures. 

Significant p values are next to respective boxplots 
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3.7.2.5 Subcutaneous Adipose Tissue (SAT) 

SAT volume significantly decreased from BL to 6 and 24 weeks PS (p = 0.0021 and 

0.0005, respectively) as well as from post-VLCD to 6 weeks PS (p = 0.01) and from 6 

to 24 weeks PS (p = 0.0056). There was no significant change in SAT volume from BL 

to post-VLCD at -2 weeks, as shown in Figure 3.30. 

 

 

Figure 3.30 - SAT volume at each time point and the percentage reduction from BL 

to post VLCD (-2 weeks), 6 and 24 weeks PS 
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3.7.3 Comparison of Liver FF Assessed with 1H MRS and 1H MRI  

For seven 1H MRS datasets, there was a scanner failure which led to the data being 

corrupted; resulting in these data sets not being available for analysis, all other liver 

1H spectra are included in this analysis.  

There was a strong agreement between the two methods (reduced number of 

peaks versus all peaks) of 1H MRS liver fat analysis (p < 0.0001, R = 0.99) as shown in 

Figure 3.31. Since the use of a reduced number of fat peaks was more robust, this 

method was chosen for comparisons and evaluation across time points. 

 

 

Figure 3.31 - Comparison of use of a reduced number of fat peaks versus all fat 

peaks in the quantification of FFMRS. The dotted pink line shows the best fit (R = 0.99, 

p < 0.0001, slope = 0.97) with the identity line shown in black. 
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Figure 3.32 shows the absolute FFMRS for all time points and the percentage 

reduction from BL across all participants. From evaluating the 1H liver MRS data, 14 

of 17 participants began with fatty livers (FF > 6.4 % (32)). A significant reduction in 

FFMRS was seen from BL to all subsequent time points and from 6 to 24 weeks PS, 

but no significance was seen from post-VLCD (-2 weeks) to 6 weeks PS (Figure 3.21).  

 

Figure 3.32 - A) Absolute liver MRS FF in %, B) Percentage reduction from baseline in 

liver FFMRS , significant p-values are displayed above their respective box-plots and C) 

Comparison of liver FFMRS and FFMRI , fit for all data shown in blue, fit for data with 

MRI FF above 10 % shown in pink and identity line shown in black, D) Bland-Altman 

of liver FFMRS versus liver FFMRI with line of best fit, 95% confidence bands shown as 

dotted lines at -4.5 % and 7.7 %. 
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A significant (p < 0.0001, R = 0.9) correlation was seen between liver FFMRS and liver 

FFMRI for the full dataset, Figure 3.32C. Note the non-zero intercept with FFMRI 

overestimating FF at low levels with clustering seen at values of FF < 10 %. When 

considering values of FF > 10 % for MRI a significant correlation was also seen. 

Figure 3.32D shows the Bland-Altman plot between FFMRS and FFMRI, with a bias 

seen for liver FF values below 10 %.  

3.7.4  Assessing Changes in Individual Participants 

The changes in individual participants in organ volume for liver, pancreas, spleen 

and SAT and BSA corrected organ volume across all time points can be seen in 

Figure 3.33. Changes in FF and T2* of the liver, pancreas and spleen for individual 

participants across time points can be seen in Figure 3.34. Table 3.7 shows a 

summary of the p-values of change over the time course of the bariatric study for 

BMI, BSA, the liver, pancreas, spleen and SAT.  
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Figure 3.33 - Changes to individual participants. Left - A) liver, B) spleen, C) pancreas 

and D) SAT volume and Right - the BSA normalised volumes. The legend shows the 

colours matching the participant numbers. 
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Figure 3.34 - Changes to individual participants FF for Ai) liver measured using MRS, 

Aii) liver measured using MRI, B) spleen, C) pancreas and Right - T2*. The legend 

shows the colours matching the participant numbers. 
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Table 3.7 – Heat map of significance values for MRI data. The key for colours and p-

values are shown on the right. 

3.7.5 Correlations Between Endpoint Measures 

Figure 3.35 shows a correlation matrix between BSA, BMI and MR endpoint 

measures illustrating any positive and negative relationships; what follows is then 

an evaluation of some of the significant correlations.  
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Figure 3.35- Correlation Matrice for BMI, BSA and MR measures for liver, pancreas, 

spleen and SAT. Top - p values, Bottom –correlation R values 



A b i  S p i c e r  
3 Investigating the Effects of Bariatric Surgery on Type II Diabetic and Pre-diabetic 

Patients 
3 . 7 Results 

P a g e  | 155 

 

155 | P a g e  
 

BMI and BSA significantly positively correlated with liver FFMRI, liver FFMRS, as well as 

with SAT volume, as shown in Figure 3.36. Note a higher strength of correlation of 

BMI with SAT as compared to BSA (BMI R = 0.87, BSA R = 0.56, both p < 0.0001). 

Interestingly, there was a significant reduction in the B1 delivery within the liver with 

increasing BMI and BSA, with BSA more strongly correlating with liver B1 compared 

to BMI (BMI R = 0.43 p = 0.0005, BSA R = 0.80 p < 0.0001), see Figure 3.36C. There 

was no significant correlation between liver mean B0 and BMI or BSA. However, 

there was a significant correlation between BSA and B0 FHWM, with a larger 

distribution of B0 measured in the liver at higher BSA (p = 0.024, R = 0.3), BMI did 

not significantly correlate with B0 FWHM. 

  



A b i  S p i c e r  
3 Investigating the Effects of Bariatric Surgery on Type II Diabetic and Pre-diabetic 

Patients 
3 . 7 Results 

P a g e  | 156 

 

156 | P a g e  
 

 

Figure 3.36 Correlation with BMI (Left) and BSA (Right) for A) Liver FF, B) SAT and C) 

B1. 95% confidence lines for fits are shaded for FF and shown as dotted lines for SAT 

and B1. 
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Both FFMRI and FFMRS significantly positively correlated with liver volume (both p < 

0.0001, R = 0.79 and 0.59, respectively) Figure 3.37B, and MOLLI T1 (p < 0.0001 R = 

0.58 and p = 0.0006 R = 0.47, respectively), with the MOLLI T1 being significantly 

increased at higher FF as shown in Figure 3.36C.  

A significant correlation was seen between FFMRI at BL and the percentage reduction 

at 6 and 24 weeks PS (p = 0.0002 and 0.0079, respectively), conversely no significant 

correlation was seen with FFMRS at BL and the percentage reduction at any time 

point Figure 3.37A.  

 

Figure 3.37 - Baseline FF compared to percentage reduction for Ai) FFMRI and Aii) 

FFMRS and the correlations between FFMRI /FFMRS with B) Liver Volume and C) MOLLI 

T1 
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The T2 measured using the GRASE scheme significantly correlated with B1 for all 

organs (all p < 0.0001), with a lower T2 measured for lower B1 delivery seen in 

subjects with higher BSA. There was no significant correlation of organ T2 with mean 

or FWHM B0.  

 

Figure 3.38 - Correlation of organ T2 with organ matched B1 delivered (shown as % 

of nominal B1). 
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3.8 Discussion  

This thesis chapter presents the use of MRI and MRS to study 17 participants over 4 

study visits across their bariatric surgery journey. Patients on the bariatric surgery 

waiting list for either RYGB or SG with prediabetes or T2D were recruited into the 

study. Participants were split into two arms: Arm A - the main study arm, and Arm B 

- a pilot arm. For Arm A, participants underwent a 3-hour mixed meal test followed 

by a 1-hour abdominal MRI session at each visit, whilst Arm B participants had a 1-

hour whole body MRI session at all visits with an additional 1-hour 31P liver MRS 

session at visits 2 and 3. Automatic segmentations performed on the abdominal 

mDIXON and eThrive were used to create masks of the liver, pancreas, spleen and 

SAT. These masks were then used to evaluate organ volume, and liver, pancreas and 

spleen masks were applied to quantitative maps. Investigations of changes to 

participants' BMI and BSA, as well as organ and SAT volume and organ FF, T2*, T1 

MOLLI, T2 and B1 and mean / FWHM B0 in the liver across visits, were made. 

3.8.1 Study Participants, BMI and BSA 

 The study dropout rate was low (19%, less than the allowed 25% dropout), and all 

withdrawals occurred after the first visit. The timeline for participation in the study 

was slightly longer than the estimated time of 28 weeks, with an average of 40 

weeks within the study, this was due to long and unpredictable surgical waitlists. 

Early in the study, BL visits were organised once the participant had been given a 

date for their surgery; however, some participants were being offered dates as little 
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as 3 weeks in advance and nearly immediately after beginning the VLCD. Hence, the 

scheduling was altered, and the organisation of BL visits was switched to be shortly 

after recruitment, leaving only the post-VLCD visit to be organised on short notice. 

This change in recruitment strategy led to a gap from recruitment to being given a 

surgical date and it is this which caused the extended participation timeline.  

3.8.1.1 BMI and BSA 

BMI and BSA changes across timepoints were comparable (p < 0.0001, R = 0.61). No 

significant changes occurred in BMI or BSA from recruitment to BL. Significant 

reductions in both BMI and BSA were seen between all other study visits. Initial BMI 

had no significant effect on the percentage reduction in BMI at any other time 

point, whilst initial BSA was significantly linked to percentage reduction at 24 weeks 

PS. Hence, BSA could be a better metric for predicting weight loss outcomes from 

bariatric surgery.  

3.8.2 Limitations in MRI and MRS Data Acquisition and Analysis 

This study assessed the changes in the liver, pancreas, spleen and abdominal SAT. 

For the 62 MRI data sets across subjects and study visits, a small number of data 

was missing or excluded from the results and statistical tests, as summarised in 

Table 3.8.  
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Participant 
Number 

Study 
Visit 

Data set Reason 

3 2 
B1 

Scan control parameter (SCP) incorrectly 
set 

T1 MOLLI 
Physiological simulator timing not set 

correctly 

5 1 
B0 

 SCP incorrectly set so phase data 
inaccurate  

T1 MOLLI Pancreas not included in image FoV 

5 3 All 
Not acquired due to adverse event from 

MMT 

9 2 FF & T2* 
Poor BH, motion preventing use of spleen 

data 
 

10 1 
T1 MOLLI 

B0 
B1 

Not acquired due to shortage of time 

11 2 
T1 Spleen not included in the image FoV 

MRS Scanner Failure 

11 4 MRS Scanner Failure 

12 3 FF Artefacts in the spleen FF map 

13 1 MOLLI T1 Spleen not included in image FoV 

17 
2 
3 

MRS Scanner Failure 

18 2 MRS Scanner Failure 

20 
2 
3 

MRS Scanner Failure 

21 3 All 
Time point missed due to complications 

from surgery 

Table 3.8 -Summary of the MRI data which was missing/excluded from data analysis 

The MRS data was corrupted for 7 data sets, although correct at the time of 

acquisition. The source of the scanner failure was investigated by Philips and found 

to be a bug previously reported, where when the database is nearly full and surplus 

data purged spectroscopy data is also deleted. For the MRS data analysis, it was 

shown that using a reduced number of peaks to assess the FF improved the model's 

robustness, and so this method was used for all datasets shown. 
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Key to the MRI analysis was the automatic segmentation of organs and SAT using 

the nnU-NET model, these were visually checked and overall successful. When the 

liver segmentation failed this was often due to the inclusion of a section of the heart 

or gallbladder and a missing liver region in the liver mask, probably due to the 

minimal contrast and close contact between the heart and liver. In these cases, 

manual correction of the masks was performed, with a number of datasets and 

changes in organ volume outlined in Table 3.6. The spleen was segmented 

accurately in all cases and required no correction. For the pancreas segmentation, 

an eThrive scan was introduced into the protocol to improve its segmentation which 

was poor on the mDIXON scan. The eThrive scan provided greater contrast between 

the pancreas and surrounding organs than the mDIXON, however, in a few subjects 

the eThrive contrast was also low. This low contrast, together with the size, 

elongated and tortuous shape and its shape variability across subjects resulted in 

the pancreas being the most challenging segmentation. For failed pancreas 

segmentations, the pancreas was correctly identified, but regions such as the tip of 

the pancreas, would be identified for one visit and not for others, leading to errors 

in volume change across visits. The pancreas had the largest number of datasets 

that needed correcting and the largest change in organ volume on correction of all 

organs, as shown in Table 3.6. The pancreas mask was then applied to the other 

scans (also collected in an expiration breath hold). However, it was noted that for a 

few subjects, the pancreas mask created on the eThrive did not overlay well when 

resampled into the mDIXON space due to the difference in breath-hold position. 
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Figure 3.39 shows an example of this, where the pancreas mask invades the liver 

and some visceral fat on the mDIXON image. Future work will investigate the 

realignment of the eThrive and mDIXON (with ongoing work assessing FLIRT in FSL) 

to prevent this error. To remove any visceral fat from the masks used in this work, 

boundary values were set to remove those voxels with very high FF values (FF < 

50%) that would likely be from visceral fat. Caution must be taken when choosing 

the boundaries so as not to exclude fatty tissue from the pancreas. Further work is 

required in this area and improvements to the accuracy of the pancreas 

segmentation. 

 

Figure 3.39 - Lightbox of pancreas mask overlayed on (top) eThrive and (bottom) 

mDIXON image 

Unlike for the liver, spleen and pancreas organs, the SAT masks were binary in their 

success with the nnU-NET model failing (leading to only very small sections of SAT 

being identified) for 8 data sets. This is shown by the large percentage change in SAT 

mask volume after correction in Table 3.6. These failures seemed participant-

specific, with 5 failed masks from 2 participants. It is unclear why SAT segmentations 

failed in these subjects as the contrast was high, and all of the SAT volume was 

included in the FOV; this is being investigated in future work.  
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3.8.3 Organ-Specific Changes over the Bariatric Surgery 

Journey 

This section provides an overview of the key changes identified in individual organs 

across the study visits during the bariatric surgery journey and compares these 

results to literature. 

3.8.3.1 Liver  

Despite the short duration of the VLCD, a significant reduction was still seen in both 

liver volume and FFMRI showing its effectiveness. No significant change was seen in 

liver volume from 6 to 24 weeks PS, however a significant reduction was seen in 

liver FFMRI. Significant changes were seen to liver FFMRS from BL to all subsequent 

time points and from 6 to 24 weeks PS but not from post-VLCD to 6 weeks PS (p = 

0.09). These changes in liver volume occur early in the surgical journey, with the 

VLCD before surgery being the predominant factor for causing fat loss, after which 

the liver has reached normal size and fat is being replaced with healthy tissue 

though these effects may continue into the early PS timeline. Changes to liver 

volume at 24 weeks PS were comparable to those previously seen in literature, with 

a mean reduction of 18% ± 7% seen in this study compared to a 8% and 26% change 

seen by Meyer-Gerspach et al. (2019) (51) and Hedderich et al. (2017) (50) 

respectively. The reduction in liver FFMRI
 from BL to 24 weeks measured in this study 

was slightly lower but within error of reductions seen in the literature. This study 

saw a mean decrease of 59% ± 20% from PS, with a 74% and 68% change seen by 

Meyer-Gerspach et al. (2019) (51) and Hedderich et al. (2017) (50) respectively.  
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Liver FFMRs and FFMRI correlated well. However, the FFMRI appeared to overestimate 

FF when true values are under 10%. This bias resulted in 15 participants being 

classified as starting the study with fatty livers (FF > 6.4%). according to the imaging 

data, but only 14 started according to spectroscopy data. This bias has been shown 

in other studies in the literature, such as the study of Hu et al. (52), despite 

methods being minimally different; for example, FFMRS is corrected for T2 decay in 

this work, but this was not performed by Hu et al. Hu et al. suggest that the 

assumption that the T2* of water and fat are equal in FFMRI maps is a possible source 

of the overestimation and that introducing T2* correction in FF could reduce this. As 

was discussed in Hu et al., imaging methods have some advantages over 

spectroscopy, requiring less expertise and allowing whole liver, spleen, and pancreas 

measures to be collected in a single breath-hold, whilst spectroscopy requires a 

minimum of a breath-hold per organ and samples only a small region making it 

insensitive to heterogeneous fat deposition.  

Liver T1 MOLLI showed a significant decrease from BL and post-VLCD to 24 weeks 

PS. It was shown by Mozes et al. (62) that T1 MOLLI is increased in the presence of 

increased fat and so this interaction is likely the cause of this finding, this is 

discussed further in Section 3.8.4.  

Liver T2* significantly increased from all time points to 24 weeks PS. This may be 

due to a reduction in the iron content, an effect of the decrease in FF or 

improvements in insulin sensitivity. Previous work from Au et al. (69) and Kosaryan 
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et al. (70)did not see a link between insulin sensitivity and liver T2* when comparing 

diabetic and healthy controls. However, it may be that their results are a product of 

inter-subject variations. Future work will investigate this link with the clinical blood 

measures taken in this study. 

3.8.3.2 Pancreas 

No significant change was seen in pancreatic volume over the study visits, Figure 

3.28, with mixed trends seen on an individual participant basis, Figure 3.33. 

Changes seen in individuals in pancreas volume may be artefacts of accurate 

masking (as described in Section 3.8.2), as although any visible issues were fixed the 

pancreas was difficult to identify and ensure all tissue was included in the mask. No 

significant change was seen in pancreatic FF, and all participants had a fatty 

pancreas at BL and at 24 weeks PS (FF > 6.2 % (68)). This may have been impacted 

by errors in the mispositioning of the masks and will be further explored.  

A significant increase was seen in pancreatic T2* from 6 to 24 weeks PS. Previous 

literature has shown pancreas T2* to correlate with beta cell function and insulin 

sensitivity, with non-diabetics having longer T2*’s than pre-diabetic and T2D 

participants (69,70). Hence it has been suggested that an increase in T2* is possibly 

a sign of the diabetic remission seen after bariatric surgery. No significant change 

was seen in pancreas T2. A significant increase was seen in pancreas T1 MOLLI from 

BL to 6 and 24 weeks PS. Previous literature from Noda et al. (71) has shown that 

pancreatic T1 reduces as insulin sensitivity improves, assuming the improvement in 
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insulin sensitivity seen previously in bariatric surgery group’s function (31,37) this 

study has inverse findings. However, T1 MOLLI is sensitive to FF and so changes in 

the IR SE-EPI T1 map which is insensitive to these effects will be explored in future 

work. Analysis of the blood measures taken will provide more insight into the 

correlation of these results with diabetic remission and improvement in insulin 

sensitivity. More work is needed to ensure the pancreas masks are overlayed 

correctly on quantitative maps and that the changes are not artefacts of the 

inclusion of other tissues or visceral fat.  

This work used segmentations of the whole pancreas in analysis. Literature suggests 

that the FF is uniform across the pancreas (72), whilst T2* has been shown to be 

significantly different between regions (head, body, tail), future work will explore 

separating the pancreas segmentations by region.  

3.8.3.3 Spleen 

A significant reduction in splenic volume was seen from BL and post-VLCD to 6 

weeks PS but not between any other timepoints any other time points, Figure 3.29. 

A significant reduction in splenic FF was seen from BL to 6 and 24 weeks PS and 

from post-VLCD to 6 and 24 weeks PS. It is likely that the reduction in FF is the 

driving factor reduction in volume. No significant change was seen in splenic T2*, T2 

or T1 MOLLI.  

 One participant (Participant 5) had a considerably larger spleen volume and lower 

T2* compared to other participants, FFMRI were within the normal ranges, Figure 
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3.33. It is possible that the large increase in this participant's spleen volume at 24 

weeks PS reduced the powering of the data, especially due to the lower number of 

data for this time point; however, upon inspection of the mask, the segmentation is 

correct. Once available the clinical blood data will be reviewed for this participant. 

3.8.3.4 Subcutaneous Adipose Tissue 

Significant reductions were seen for SAT volume from BL and post-VLCD to 6 and 24 

weeks PS and from 6 to 24 weeks PS, Figure 3.30. This is likely linked to the weight 

loss that is seen after bariatric surgery. Percentage reductions in SAT from BL to 24 

weeks PS were much lower than reported in the literature. This study showed a 20% 

± 12% reduction from BL to 24 weeks PS, whilst Hedderich et al. (2017) (50) saw a 

41% reduction in SAT volume for the same timeframe. Despite using the largest 

possible FOV (450 x 450 mm) for the mDIXON scan, regions of SAT were missing in 

the largest patients, Figure 3.25. This would lead to underestimations of the SAT 

volume, especially for the early visits and hence, underestimate percentage 

reductions. Methods used in this study included breast tissue in SAT volume 

estimations, this could also cause discrepancies in SAT volume between visits from 

differences in patient positioning. This could be mitigated in future work by 

reducing the region analysed to between two vertebrae in the spine, and exploring 

the methods suggested by Michel et al. (59) to overcome complete SAT estimations 

in datasets with insufficient size FOV to encompass the participant.  
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3.8.4 Correlations between MRI Measures 

Figure 3.35 showed a correlation matrix between measures across visits some of 

them have been explored in this thesis. 

BMI and BSA both significantly positively correlated with FF (FFMRI and FFMRS) and 

measured SAT volume for all timepoints, displaying the link between weight loss 

and reduction in liver fat and SAT volume, Figure 3.36. BMI showed a stronger 

correlation with SAT compared to BSA (R = 0.87 and 0.56. respectively). A negative 

correlation was seen for both BMI and BSA with the delivered B1 field, however, 

with BSA showing the strongest correlation (BSA: R = 0.80, p < 0.0001, and BMI: R = 

0.43 and P = 0.0005, respectively). This is likely due the BSA being a better indicator 

of the distance of the coil from the liver as BMI does not accurately represent 

weight distribution. This is an important consideration for quantitative MRI 

measures. No correlation was seen between mean B0 field in the liver and BMI or 

BSA however the distribution of the B0 FWHM significantly increased with BMI, 

suggesting improvement in shimming as the participants lose weight.  

FF was significantly correlated with liver volume; it is likely that the reduction of fat 

is what drives liver shrinkage. FF also significantly correlated with MOLLI T1, with a 

higher level of agreement seen from FFMRI, this effect was explored by Mozes et al. 

(62) The IR-SE-EPI T1 data to be analysed will highlight the degree this effect has had 

on the data presented. However, it is likely that the decrease seen in MOLLI T1 is an 

artefact of the reduction in FF and not a true reduction in T1. Future work will 

compare MOLLI T1 with the IR-SE-EPI data acquired.  
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T2 significantly correlated with B1 for all organs (all p < 0.0001), this effect was 

explored by Li et al. 2024 (53), and is plausibly countering any changes that may be 

occurring to T2 of the organs studied. Future work will use the B1 maps to correct 

quantitative imaging. 

BL values of FFMRI significantly correlated with the percentage reduction seen at 6 

and 24 weeks PS, however, no significant correlation was seen between FFMRS and 

percentage reduction at any time point (Figure 3.37). This may be due to variations 

in fat distribution throughout the liver which are not picked up by the small MRS 

voxel combined with inconsistencies in the voxel positioning.  

3.8.5 Future Work 

Steps for specific future work on the MRI measures analysed to date have been 

described and discussed above. Whilst some data sets from the study remain to be 

analysed, including the Diffusion Weighted Imaging (DWI) and Magnetisation 

Transfer (MT) data collected in Arm A, and future work will perform this. For the 

DWI data, this will include IVIM analysis in the pancreas, as this has been linked to 

beta cell function (54). The adipose MRS data has not been analysed and future 

work needs to be done to create a pipeline for this which will provide an insight into 

fat composition and their changes over time. Kidney T1 MOLLI and T2* data 

collected in both arms are yet to be analysed along with cardiac MRI data still 

including aortic flow measures from both arms and cine data from Arm B. 
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Pilot data on whole body mDIXON was collected in Arm B which provide a good 

visual aid for weight loss from participants, as shown in Figure 3.40 for a single slice 

at all four visits, where clear loss is seen for example around the hips. Future work 

will include automated segmentations of this data to estimate changes in the 

volume and FF of the leg and back muscles.  

 

Figure 3.40 - A slice of the Whole body mDIXON scan from participant BARI 13 at all 

4 time points. BMI and BSA are displayed at the bottom of the respective images. 

At the time of writing this thesis the clinical blood data was not available with ELISA 

(Enzyme-Linked ImmunoAssay) laboratory tests to be performed. Once blood 

results are available, the MR measures will be linked to plasma Glucagon, Ghrelin, 
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Glucose, GIP and GLP-1, Insulin, C-peptide and bile acids, and changes to the Area 

Under the Curve (AUC) in blood measures across the surgical journey will be 

investigated. HbA1c values from pre-surgery and 24 weeks PS will also give insight 

into changes in diabetic status. Comparisons between blood measures and MRI will 

allow for further insights to understand the changes within the body and the 

mechanisms behind diabetic remission. 

To date, the MR data is still blinded for the type of surgery each participant 

underwent. Therefore, no comparisons have been made between the two types of 

surgery. Of the 17 participants enrolled in this study, 6 have undergone RYGB, and 

11 have undergone SG. During this study, surgical protocols changed, and the NHS 

now heavily favours performing SG due to the reduced risk of complications, 

resulting in it being more difficult to recruit participants undergoing RYGB to this 

work. However, Dr Rebekah Wilmington and Professor Iskandar Idris believe the 

ratio of participants who underwent RYGB in this study is higher than the ratio 

undergoing RYGB in the clinic. It should also be noted that due to the higher risk of 

complication RYGB is often performed on patients with less complicated health 

conditions which may add bias to any comparisons made between surgical 

outcomes. 
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3.9 Conclusion 

 In summary, this work studied changes over the bariatric surgery journey and 

showed significant reductions in BMI, BSA and SAT volume. In the liver, significant 

reductions were seen in volume, FFMRI and FFMRS, T1 MOLLI from BL to 24 weeks, 

and significant increases in T2* and B1. In the pancreas, a significant increase was 

seen in T2*, and in the spleen significant reductions were seen in volume and FFMRI 

PS. There was good agreement between FF measured using MRI and MRS. 

Correlations were seen between BMI and BSA with FF (MRI and MRS), SAT volume, 

B1 and for BSA only with B0 FWHM. FFMRI at BL correlated well with percentage 

reduction at 24 weeks PS but FFMRS showed no correlation with percentage 

reduction at any time point. Liver FF (MRI and MRS) correlated with both liver 

volume and T1 MOLLI. 
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4 The Complexities of Measuring Liver 
Energetics using Phosporous-31 Magnetic 
Resonance Spectroscopy in people with 
different BMIs for studies related to obesity 

4.1 Overview 

This Chapter explores the effect of different RF pulses on surface coil acquisition 

using multinuclear Magnetic Resonance Spectroscopy (MRS) particularly for the 

liver. Computational simulations are compared to experimental data of signal drop 

off with distance from the coil from non-localised (13C) and localised (31P) 

acquisitions to determine the optimal RF pulse shape. These findings are then 

applied to two intervention studies, which use 31P Saturation Transfer (ST) 

experiments of ATP flux in the liver, one on the effects of consuming Inulin 

Propionate Ester and the other on Bariatric Surgery.  

Work from this chapter has been presented as a digital poster ‘Change in ATP flux 

after propionate ingestion in healthy volunteers Using 31P MRS Saturation Transfer’ 

at the International Society of Magnetic Resonance in Medicine, Toronto, 2023. 
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4.2 Introduction  

As discussed in the previous (Chapter 3), rates for metabolic disorders including 

obesity are rising globally. Multinuclear Magnetic Resonance Spectroscopy (MRS) is 

a developing field that shows great promise in investigating metabolic diseases. 

Previous studies have used multinuclear MRS to study healthy volunteers with great 

success, but the transition to patient studies poses challenges. Most commercially 

available coils still use single-loop designs where the B1 decay with depth into the 

body is a limiting factor. This is a particular problem in the study of obesity-related 

diseases where the Subcutaneous Adipose Tissues (SAT) may limit access to the 

desired organ. The purpose of this chapter is to explore the steps required to 

develop the experimental techniques used in vivo considering two studies, including 

the modelling of the transmit field produced and received signal collected by a 

single-loop coil, simulation of the excitation effects of block and Half-Passage 

Hyperbolic Secant (HPHS) Radio Frequency (RF) pulses and in vivo tests of signal 

changes with distance.  

This chapter discusses two pilot studies to investigate changes to Adenosine 

TriPhosphate (ATP) flux, one on Healthy Volunteers (HV) with normal BMIs to 

investigate the effect of consuming an Inulin Propionate Ester (IPE) and one in 

patients on the effects of bariatric surgery with obese BMIs.  
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4.2.1.1 Inulin Propionate Ester 

This chapter discusses a study on the effects of consuming an Inulin Propionate 

Ester (IPE) on ATP flux in the liver of HV with normal BMIs. Propionate is a short-

chain fatty acid produced naturally by the fermentation of dietary fibre in the colon. 

Propionate and its ingestion have been linked with lower cholesterol levels, 

increased satiety, altered hepatic metabolism and reduction in liver lipid content, 

and there is some evidence that enriching colonic propionate positively affects 

energy homeostasis and glycaemic control (75–78). Propionate is absorbed from the 

colon and moves through the blood to the liver, where ~90% of propionate is 

metabolised, after which very little is detectable in peripheral blood. However, the 

mechanisms by which the human liver metabolises propionate are poorly 

understood; although propionate has been shown to affect both gluconeogenesis 

and glycolysis, metabolic pathways which produce metabolites that are used in the 

TCA cycle and affect ATP flux rates (78), as discussed in Chapter 1.  

4.2.1.2 Bariatric Surgery 

The background for the bariatric study has been covered extensively in Chapter 3. 

Diabetic remission has been observed in multiple bariatric surgery studies 

(37,45,53,79). However, the mechanisms for the improved insulin sensitivity are 

unknown. Previous studies from Szendroedi et al. (80), Kupriyanova et al. (81) and 

Schmid et al. (82) have shown that phosphorous metabolites are linked to insulin 

sensitivity, though these studies observed differences between non-diabetic, pre-
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diabetic and diabetic groups. No literature was found investigating changes to 

phosphorous metabolites in individuals through diabetic remission. The goal of this 

study was to test the feasibility of Saturation Transfer (ST) experiments in obese 

individuals to investigate changes to phosphorus metabolites and ATP flux before 

and after bariatric surgery and assess the link between these markers and insulin 

sensitivity and diabetic remission.  

4.2.2 Measuring Metabolism using 31P MRS 

Using phosporous-31 (31P) spectroscopy it is possible to quantify the amount of 

Adenosine TriPhosphate (ATP) in the body. It was discussed in Chapter 1 that ATP is 

the body's energy currency. Measuring the concentration provides insight into a 

body's metabolism. This can be taken a step further, and the ATP production rate in 

cells can be measured using 31P saturation transfer experiments as discussed in 

Chapter 2.  

4.2.2.1 31P Experiments in Healthy Populations 

Initial studies and pilot data have often been acquired using Healthy Volunteers 

(HV), with a recruitment criterion which was a normal Body Mass Index (BMI) 

which, depending on race, is defined as BMI 18.5 – 24.9 kgm-2 (83). Schmid et al. 

2008 (18) investigated the T1 of phosphorous metabolites in the liver and used 31P 

saturation transfer experiments to assess ATP flux in HV. They scanned 15 HV with a 

mean BMI of 22.6 kgm-2 using a 3 Telsa MR scanner with a 100 mm single loop 

surface coil. They found that Pi and γATP in the liver had T1 values of 0.73 ±0.09 s 
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and 0.43 ±0.05 s, respectively, and k and flux rates of 0.30 ±0.02 s-1 and 29.48 ±1.79 

mMmin-1
 respectively (mean ±SD). 

4.2.2.2 31P Experiments in Obesity  

In obesity, the distance from the coil to the liver is generally increased due to the 

thickness of the Subcutaneous Adipose Tissue (SAT), Figure 4.1. Nadeem et al. (84) 

found that in a cohort of 384 subjects (Age: 16 – 60 years, 32 ±10 mean ±SD, BMI: 

12.1 – 61.5 kgm-2, 24 ±7 mean ±SD), BMI was related to the thickness of SAT using 

∆𝑆𝐴𝑇 (𝑚𝑚) =
𝐵𝑀𝐼 − 16.99

0.39
 

Equation 4.1 

where ΔSAT is the SAT thickness in mm at the belly button, Solga et al. (85) 

investigated factors that affected the success of liver fat measurements using 1H 

MRS along with 31P MRS in overweight and obese individuals with T2D. The intra-

rater repeatability for ATP was high (intra-class correlation coefficient (ICC) 0.83-

0.92), whilst the inter-rater reproducibility was good and decreased as BMI 

increased (average ICC = 0.65 and 0.58 for BMI <32.8 kgm-2 and >32.8 kgm-2 

respectively). The intrasubject variability was said to be high and no value is quoted. 

They found that obesity was the largest contributor to unsuccessful 31P acquisitions 

and that if the distance to the liver was over 60 mm, SNR was too low. 

 Assuming SAT thickness is uniform around the abdomen, then combining Equation 

4.1 with the findings of Solga et al. (85), participants with a BMI over 40 kgm-2 
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would have an SNR that is too low for analysis to be possible. Hence, the average 

bariatric surgery patient with a BMI of 50 kgm-2 would have a SAT thickness too 

great to produce adequate SNR (86).  

 

Figure 4.1 - Two data sets from a bariatric patient showing their BMI and SAT 

thickness as estimated using Equation 4.1 (87) 

Kupriyanova et al. (80) investigated the changes to phosphorous metabolites in the 

liver from early-stage T2D to five years after diagnosis; they found that there was a 

17% decrease in Pi concentrations but no change to γATP concentrations, the 

presence of NAFLD did not affect the Pi or γATP concentrations. It was noted that 

phosphorous metabolites were heavily linked to insulin sensitivity. This trend was 

also seen by Szendroedi et al. (81), who investigated the absolute concentrations of 

phosphorous metabolites in the liver in a T2D cohort compared to an age-weight-

matched cohort and a young-healthy cohort. Kupriyanova et al. (80) scanned 

patients prone and though the reason for this was not stated, this may have been to 
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reduce the distance from the liver to the surface coil. They found that the T2D 

cohort had 26 % and 23 % lower γATP and 28 % and 31 % lower Pi concentrations 

than the age-weight matched and young-healthy individuals, respectively. Pi 

concentrations were 0.96 ±0.06 mM, 1.33 ±0.13 mM and 1.41 ±0.07 mM for T2D, 

age-weight matched controls and young-health individuals, respectively.  

One study was found that had performed 31P saturation transfer experiments in a 

T2D cohort. Schmid et al. 2011 (82) used a 3 Tesla scanner with a 100 mm single 

loop surface coil to scan participants supine. A 30 mm 1D ISIS sequence for ST 

experiments and apparent T1 ST inversion recovery sequences were performed. 

Good quality data was acquired in 17 participants, 9 were T2D (BMI 26.9 ±3.4 kgm-

2), and 8 were HV (BMI 25.1 ±3.9 kgm-2). No significant difference was seen in the 

exchange rate constant (k) values between T2D and HV, Table 4.1. However, a 

significant difference was seen in the absolute concentration of Pi (T2D = 0.96 ± 0.19 

mM, HV = 1.38 ± 0.38 mM) and forward flux rate (p = 0.011 and 0.025, respectively). 

They found that the forward flux rate positively correlated with insulin resistance 

and negatively correlated with waist circumference and fasting plasma glucose. 

They did not report any difference in apparent T1 between the T2D and HV cohort or 

their previous work (18). Although this was a T2D cohort, participants fell into the 

normal to overweight and not obese BMI category. 
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Study 

Exchange Rate Constant, k  
(s

-1
) 

Forward Flux  
(mMs

-1
) 
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D

 

N
A
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D

 

N
A
SH

 

H
V

 

T
2
D

 

N
A
F
L
D

 

N
A
SH

 

Schmid et 
al. 2008 

(18) 

0.30  
± 

0.02  
   

0.49  
± 

0.03  
   

Schmid et 
al. 2011 (82) 

0.33  
± 

0.12 

0.28 
± 

0.07  
  

0.47 
 ± 

 0.2  

0.27 
 ± 

0.09  
  

Valkovic et 
al. (88) 

0.31  
± 

0.03  
 

0.30  
± 

0.05  

0.17 
 ±  

0.04  

0.39 
± 

0.05  
 

0.40  
± 

0.06  

0.18  
± 

0.07  

Traussnigg 
et al. (89) 

  0.3  0.2    0.3  0.21  

Table 4.1 – Exchange rate constant (k) and forward flux values from the literature.  

A study by Valkovic et al. (88) on obese individuals discussed the difficulty of low 

SNR at 3 Tesla and moved to 7 Tesla. The goal was to compare k and forward flux 

rates from Non-Alcoholic Fatty Liver Disease (NAFLD) and HV (n=7) with BMI ranges 

of 23.3–29.3 kgm-2 and 21.5–39.6 kgm-2, respectively. The participants in the NAFLD 

group were later further split into NAFLD (n=6) or Non-Alcoholic SteatoHepatitis 

(NASH, n=10) based on liver biopsy data. Phosphorous spectra were acquired using 

a 100 mm coil with participants positioned laterally. A 30 mm 1D ISIS sequence with 

block excitation and adiabatic inversion was used. It was found that participants 

with NASH had significantly lower k values than both other groups and that there 
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was an overlap in the k values for HV and NAFLD groups. Similarly, NASH 

participants had significantly lower forward flux rates than other groups, with 

NAFLD and HV having similar rates to each other. Values for k of HV measured were 

similar to those reported by Schmid et al. 2008 and 2011, with slightly lower 

forward flux rates, Table 4.1. 

 In a study from Traussnigg et al. (89) participants had either NAFLD or NASH with 

BMIs from each group being 27.3 ±5.2 kgm-2 and 31.4 ±4.1 kgm-2 (mean ±SD), 

respectively. Phosphorous spectra were acquired using a 100 mm coil with 

participants positioned laterally and the coil placed underneath them. Flux constant 

(k) values and forward flux rates significantly differed between the groups, p=0.003 

and p<0.001, respectively, Table 4.1. A correlation between forward flux rate and 

steatosis (measured using histology) was also seen (p=0.021).  

BMIs of the participants in the studies described above were lower than the average 

for bariatric surgery patients. Thus, the feasibility of ST experiments on a bariatric 

cohort remains questionable and requires investigation.  

4.2.3 The Effects of Radio Frequency Fields on the Sensitivity of 

Surface Coil Signals in MRS 

Surface coils are frequently used for MRS studies, but the signal from a surface coil 

drops off with distance from the coil, compromising MRS of organs at depth or 

where the SAT is thick. However, the RF pulses used can be optimised to try to 

reduce this effect.  
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In this section, the Biot-Savart model was used to simulate the RF magnetic field 

around a single-loop coil to produce sensitivity maps for MRS experiments using 

both Block and Half-Pass Hyperbolic Secant (HPHS) pulses. Experimental data 

collected on a small test phantom was used to test the simulation's results.  

4.2.3.1 Penetration depth 

Many multinuclear MRS experiments use single-loop surface coils. There are 

multiple possible reasons for this. Multinuclear MRS is a small field and even within 

expert sites, is likely to have a small user base. Single-loop coils are the simplest and 

cheapest to develop and build, particularly for groups which custom-build their own 

multinuclear coils. They can be used flexibly for various applications compared to 

birdcage coils. However, surface coils have disadvantages.  

The B1 drops off with distance from the coil, so single-loop coils have a penetration 

depth of 50-75% of their diameter (90). Current commercially available multinuclear 

spectroscopy coils generally range in diameter from 60 – 200 mm, with the most 

common being 140 or 150 mm (91,92). The effective penetration depth of the 140 

mm diameter 31P coil used at the Sir Peter Mansfield Imaging Centre (SPMIC) is 70 - 

105 mm. Equation 4.1 predicts that the thickness of the Subcutaneous Adipose 

Tissue (SAT) of a bariatric patient with a BMI of 50 kgm-2 would be ~84 mm (84). 
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This would mean that only ~21 mm of muscle and liver would be accessible to this 

140 mm diameter 31P coil. 

 

Figure 4.2 - Schematic of desired Field of View positioning for a 31P MRS saturation 

transfer in the liver. Note that the FOV misses the edge of the liver to reduce the 

visible muscle volume. 

For 31P saturation transfer experiments, localisation techniques are used to prevent 

contamination of PhosphoCreatine (PCr) in the spectra from the muscle, as this 

reduces SNR (17,18,93). The slice selective slab should be placed perpendicular to 

the coil to exclude muscle from the Field Of View (FOV). Due to the human body's 

geometry, the liver's edge is often clipped out of the FOV (Figure 4.2). This increases 

the distance from the coil to the liver, which reduces SNR in the Region Of Interest 

(ROI) and, in particular, limits the effectiveness of the automatic B0 shimming 

algorithm. The experimenter is left with a choice: to reduce the distance to FOV by 

including muscle and possibly improve the shim but contaminate the spectrum with 

signal from muscle, especially PCr which is not present in the liver, or maintain FOV 



A b i  S p i c e r  
4 The Complexities of Measuring Liver Energetics using Phosporous-31 Magnetic 

Resonance Spectroscopy in people with different BMIs for studies related to obesity 
4 . 2 Introduction 

P a g e  | 185 

 

185 | P a g e  
 

positioning requirements, which may lead to poor shimming. Initial studies showed 

that in larger patients, the coil failed to obtain spectra with adequate SNR, and 

optimisation is required to ensure adequate data was collected within this group 

(93). 

4.2.3.2 Pulse Type 

The effect of the B1 field on the magnetisation created and the signal detected 

depends on the pulse type used. Here, two types of excitation pulses were 

investigated: block pulses and Half-Passage Hyperbolic Secant (HPHS) pulses. Block 

pulses are sensitive to the inhomogeneity produced by a single-loop coil, while the 

frequency-modulated adiabatic HPHS pulse is less sensitive to B1 inhomogeneity. 

Block pulses are produced at a single frequency, generally designed to be on-

resonance with the spins that need to be excited. The Flip Angle (FA) of the pulse is 

directly proportional to the area under the pulse, so this makes the FA very sensitive 

to B1 inhomogeneities, such as those that occur with distance from a single-loop 

coil. Adiabatic pulses slowly sweep across a range of amplitudes (amplitude 

modulation) and frequencies (frequency modulation) to tip spins evenly across a 

desired bandwidth. As such, the off-resonance and variable tipping angle effects of 

an inhomogeneous B1 field are theoretically reduced (14,94). The most common 

form of adiabatic pulse used in MR follows a Hyperbolic Secant envelope and can be 

applied as a full passage sweep for inversion or a half-passage sweep for excitation. 

Despite the many potential advantages of the HPHS pulses, the studies previously 
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discussed often used block excitation pulses, probably due to the expertise needed 

for programming non-standard pulses and interpreting their response. 

This chapter combines simulations of the Biot-Savart law for the magnetic field from 

a single-loop with RF simulations of block and HPHS pulses to investigate the 

optimal acquisition parameters for an obese cohort. The simulation results were 

then compared to data from a small phantom used to test the model at 

approximately discrete depths (Section 4.3.4). Each pulse type was used in turn to 

acquire data from two healthy subjects with different BMIs at varying distances to 

assess the real-world outcomes. This was used to inform the design of two liver ATP 

flux intervention studies. One study investigated changes to ATP flux before and 

after the consumption of Inulin Propionate Ester (IPE) in HV with healthy BMI’s, and 

the other investigated changes to ATP flux before and after bariatric surgery in 

obese patients. 

4.3 Modelling the Effects of B1 Field Homogeneity on 

Multinuclear MRS  

In order to quantify metabolites from multinuclear MRS experiments, the effects of 

B1 inhomogeneities on the receive signal need to be corrected. This section 

describes the model used to simulate these effects and its experimental validation. 

Simulations were initially done to produce maps of the B1 field close to the coil, 

which were then converted to magnetisation based on the modelled pulse response 
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for the block and Half Passage Hyperbolic Secant (HPHS) pulses, respectively. The 

received signal was then determined by scaling the magnetisation maps according 

to the receive sensitivity profile. To validate the simulations, MR spectra were 

acquired from a small test phantom at varying positions close to the coil and 

compared with the modelled response, Section 4.3.4. Simulations described in this 

section were performed for 13C using a 13C labelled phantom for experimental 

validation. 

An overview of the workflow for the simulation is shown below in Figure 4.3: 

 

Figure 4.3 – Steps taken to calculate receive signal in simulations. 

4.3.1 Modelling the B1 near the Surface Coil 

B1 and receive sensitivity both decrease with increasing distance from the surface 

coil. For high resonance frequencies, the static approximation of a magnetic field is 

not applicable, and a full wave simulation is needed (conventional MRI above 1.5 T); 

however, due to the smaller gyromagnetic ratio of 13C and 31P, a static field 

approximation holds at 3 Tesla (95). Therefore, the magnetic field surrounding a 

single-loop surface coil can be calculated using the Biot-Savart equation:  

𝑑�⃗� =  
𝜇0

4𝜋
 
𝐼 𝑑𝑙  ×  �̂�

𝑟2
 

Equation 4.2 
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where 𝑑�⃗�  is the field produced at point P in space by the current element 𝑑𝑙 , 𝜇0 is 

the permeability of free space, 𝐼 is the current around the wire, �̂� is the unit vector 

pointing from the current element to P, and r is the distance to P from the current 

element as shown in Figure 4.4. 

 

Figure 4.4 - Components of the Biot-Savart Law 

Since 𝜇0, 𝐼 and 4𝜋 are all constants, the relative magnetic field can be modelled 

within a given volume around the coil and scaled according to a known B1. Hence, 

for equally spaced current elements, the magnetic field produced at each point in 

space will be proportional to the distance from the element to the point as follows:  

𝑑�⃗� ∝  
sin 𝜃𝑑𝑙𝑟  

𝑟2
 �̂� 

Equation 4.3 



A b i  S p i c e r  
4 The Complexities of Measuring Liver Energetics using Phosporous-31 Magnetic 

Resonance Spectroscopy in people with different BMIs for studies related to obesity 
4 . 3 Modelling the Effects of B1 Field Homogeneity on Multinuclear MRS 

P a g e  | 189 

 

189 | P a g e  
 

where sin 𝜃𝑑𝑙𝑟  is the angle between 𝑑𝑙  and �̂�, and �̂� is the unit vector perpendicular 

to the plane of 𝑑𝑙  and �̂� (Figure 4.4). 

Only RF magnetic field components perpendicular to the static field (B0) are 

relevant to NMR excitation or detection (B1), which can be determined by summing 

all the x and y components of the field at a given point over all current elements 

and finding the resulting vector magnitude. 

Simulations were modelled using the dimensions of the Pulseteq 13C coil (96,97), 

which had an in-plane elliptical shape and out-of-plane curvature: radius in x = 

75mm, radius in y = 83 mm, curvature depth = 10 mm, Figure 4.5.  

 

Figure 4.5 – Dimensions of the simulated coil.  

Fifty current elements 𝑑𝑙  were modelled around the loop, and each element’s 

contributions to the x and y components of the RF field at each point in space were 

calculated using 
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𝐵𝑥 = ∑𝑑𝐵𝑥,𝑖

50

𝑖=1

  𝐵𝑦 = ∑𝑑𝐵𝑦,𝑖

50

𝑖=1

 

Equation 4.4 

across a 100 x 100 x 100 voxel space where each voxel is 3 x 3 x 3 mm. The total 

field produced at each point (x,y) was then calculated using  

𝐵1 = √𝐵𝑥
2 + 𝐵𝑦

2 

Equation 4.5 

 

4.3.2 Modelling the Excitation Magnetisation for a given B1 

The transverse magnetization produced in a sample will be dependent on the B1 

values throughout the sample. Here, the response to a standard excitation block 

pulse and a HPHS pulse as described above was modelled. 

4.3.2.1 Block pulse 

For a standard on-resonance block pulse, the Flip Angle (FA) and transverse 

magnetisation (Mt) are determined as: 

𝐹𝐴 = 𝐵1. 𝛾. 𝑡𝑝 

Equation 4.6 

𝑀𝑡 ∝ sin(𝐹𝐴) 

Equation 4.7 
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Hence, the maximum transverse magnetisation occurs when the flip angle is π/2 

rads which approximately corresponds to the location of the maximum signal 

(assuming no tip angle wrapping). As such, determining the location of the 

maximum signal near the surface coil allows the scaling of the simulated B1 maps to 

give a π/2 rads FA at that location and subsequently calculations of the transverse 

magnetisation. This was found empirically by acquiring repeated MRS whilst varying 

the position of a small test phantom and determining the location of the maximum 

signal, these experiments are described further in Section 4.3.4. 

4.3.2.2 HPHS pulse 

Due to the non-linear relationship between the HPHS pulse response and B1, the 

exact B1 at each point in space near the coil needs to be determined. Because all 

power optimisation adjustments were switched off during multinuclear MRS, the 

location of the nominal input B1 for the π/2 rads block pulse on the scanner will 

correspond to the location of the nominal input B1 for the HPHS pulse (representing 

the peak amplitude of the HPHS amplitude modulation). Hence, the B1 maps can be 

scaled such that the location of the maximum received signal from the block pulse 

phantom experiment is equal to the nominal input B1 of the HPHS pulse. 

For frequency-modulated pulses such as the HPHS, the FA is not directly 

proportional to the B1 amplitude, and therefore, the FA response needs to be 

modelled. An RF simulator in MATLAB (Mathworks 2020b) was used to determine 



A b i  S p i c e r  
4 The Complexities of Measuring Liver Energetics using Phosporous-31 Magnetic 

Resonance Spectroscopy in people with different BMIs for studies related to obesity 
4 . 3 Modelling the Effects of B1 Field Homogeneity on Multinuclear MRS 

P a g e  | 192 

 

192 | P a g e  
 

the transverse magnetisation response on resonance for a HPHS pulse for varying 

B1, and a third-order polynomial was fitted.  

The transverse magnetisation maps of the HPHS were therefore determined by 

applying the fitted HPHS pulse magnetization versus B1 response curves to the 

scaled B1 maps. 

4.3.3 Estimating the Receive Sensitivity and Receive Signal 

The receive sensitivity near the surface coil is determined by Lorentz’s principle of 

reciprocity (98). As such, the receive signal is proportional to (and in phase with) the 

transmitted B1 at any point, P, around the coils. The final receive signal maps can, 

therefore, be calculated as the product of the transverse magnetization maps and 

the B1 field around the surface coil. 

4.3.4 Ex-vivo Validation using a Small Test Phantom 

To evaluate how well the Biot-Savart simulations worked, simulated data was 

compared to experimental MRS results. For the MRS experiments, a small test 

phantom containing 13C (Figure 4.6) was placed in the centre of the coil and 

gradually moved away from the coil’s surface. Data was then compared to a 

simulation of an extended cuboid designed to match the size of the phantom.  

4.3.4.1 Experimental Acquisitions 

Experiments were performed on the 3 Tesla Achieva using the Pulseteq 13C dual-

tuned surface coil, with an in-built labelled urea sample in the centre that is used as 

a reference for concentration values and positioning. The small test phantom used 
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in these experiments was a doped 13C sample in a small glass vial, shown in Figure 

4.6 (diameter = 10 mm, length = 30 mm).  

 

Figure 4.6 – Photo of 13C doped glycine small test phantom. 

Two large bottles (containing SpectraSYN™ 4) were placed on the coil's surface to 

ensure that enough proton signal was present for the scanner to run. The phantoms 

were moved away from the coil by placing padding between them and the coil. At 

each location, three scans were performed: 1. a survey scan for distance 

measurements, 2. A non-localised block pulse (TR = 1000, NSA = 32) and 3. A non-

localised HPHS pulse (TR = 1000, NSA = 128).  

Distance from the coil to the sample was measured on the images using ImageJ 

(87), the distance recorded was the distance from the urea to the doped sample.  
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Figure 4.7 - The position of the doped carbon small test phantom (containing 

labelled glycine) and Urea reference sample relative to the coil, large phantoms 

contain SpectraSYN™ 4. Pink arrows show the perpendicular distance measured, the 

back of the coil is outlined in yellow. 

The spectra were evaluated in JMRUI (99–101) using AMARES (Advanced Method 

for Accurate, Robust and Efficient Spectral fitting (102)) quantification. For the 

HPHS spectra, an extra Gaussian fit was used to aid in baseline correction, Figure 

4.8. 
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Figure 4.8 - JMRUI fits for aquisitons at 38mm from the coil. Left- Block pulse, Right- 

Hyperbolic secant pulse showing extra gaussian fit for basline correction. Reference 

peak from Urea sample are highlighted by the blue box. 

The amplitudes of the triplet of peaks produced by the doped sample were 

summed, and divided by the amplitude of the reference peak from the urea sample 

within the coil,  

𝑆𝑁𝑜𝑟𝑚,𝐸𝑥𝑣𝑖𝑣𝑜 = 
𝐴1 + 𝐴2 + 𝐴3

𝐴𝑅𝑒𝑓
 

Equation 4.8 

where 𝑆𝑁𝑜𝑟𝑚,𝐸𝑥𝑣𝑖𝑣𝑜 is the phantom's normalised sensitivity. 𝑆𝑁𝑜𝑟𝑚,𝐸𝑥𝑣𝑖𝑣𝑜 was then 

plotted against the distance from the coil and compared to the simulated sensitivity, 

𝑆𝑁𝑜𝑟𝑚,𝑆𝑖𝑚. 

4.3.4.2 Simulations of Extended Cuboid 

To compare simulations to experimental data the signal within a VOI of similar size 

needed to be evaluated at varying distances from the coil. For simplicity, the small 
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phantom used above was represented as an extended cuboid with dimensions 10 x 

10 x 30 mm in simulations, Figure 4.9.  

 

 

Figure 4.9 – A) Dimensions of ROI used in simulation. B) stack of 3D ROIs with 

respect to the point of nominal B1 (dark circle), non-reference regions (R) are shown 

in blue. C) Location of the centre of the ROI's and point of nominal B1 with respect to 

the coil. 

The B1 field at a point (Equation 4.5) was summed over the extended cuboid 

containing 275 pixels, representing the small phantom giving,  

𝐵1,𝑅𝑂𝐼 = √(∑𝐵𝑥,𝑖

275

𝑖=1

)

2

+ (∑ 𝐵𝑦,𝑖

275

𝑖=1 

)

2

 

Equation 4.9 
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where i corresponds to a count across sub voxels within the VOI representing the 

small phantom. This region was moved stepwise along the axis of the coil, as shown 

in Figure 4.9. These values of B1 were used to estimate the transverse magnetization 

for the block and HPHS pulse using the processes described above, and then the 

normalised signal was estimated to be compared to the measured values.  

4.4 Optimising Readout Pulse for 31P 1D ISIS 

Experiments 

After validation, the simulation was extended for 31P to determine the optimum 

pulse type needed for excitation in 1D ISIS Saturation Transfer (ST) experiments in 

participants with high BMIs. The results were confirmed using an in vivo experiment 

measuring SNR at varying distances to simulate a range of BMIs  

4.4.1 Pulse Shapes Considered 

The software and methods used for these simulations were identical to the previous 

section, adjusted to simulate the phosphorous coil's geometry and the RF readout 

pulses used in the 1D ISIS experiment on a wide-bore Philips Ingenia 3 Tesla MR 

scanner.  

The phosphorous coil has a radius of 70 mm and is flexible with no fixed curvature, 

hence for simplicity in the simulations, no curvature was used. For the Block pulse, a 

180o pulse of width 0.485 ms was simulated so the point of maximum 

magnetisation would be in the centre of the B1 profile. For the HPHS, a pulse width 
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of 5.42 ms with an RF limit of 59 μT was used. The bandwidth simulated was 4000 

Hz (-2000 to 2000 Hz). Schematics of the pulses used can be seen in Figure 4.10. 

Multinuclear MRS such as 31P and 13C use large spectral bandwidth with metabolites 

of interest often having a large range of chemical shifts. For these reasons, the off-

resonance effects of excitation need to be considered. The RF pulse simulator 

(described in Section 4.3.2.2) was extended to evaluate the off-resonance effects 

across the spectral bandwidth and used to evaluate the excitation profiles for 

varying B1 at the chemical shifts of Pi and γATP. 

Initially, the HPHS used a frequency sweep from -1170 Hz to 0 Hz (the default on the 

scanner), but this showed a signal void within the spectral bandwidth, so the sweep 

was extended to a range of 1500, 2000, and 2500 Hz. 

 

Figure 4.10 - Schematics of the (Top) Block and (Bottom) Half Passage Hyperbolic 

Secant pulses used in liver 1D ISIS simulations 
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4.4.2 Simulated 1D ISIS of the Liver 

For both RF pulses, methods matched those previously described, and the coil 

geometry matched that of the phosphorous coil.  

 

Figure 4.11 - Schematic of Liver ISIS slab simulation. (A) shows the relationship 

between the coil, ISIS slab and simulated liver. The centre of each ROI is shown 

along the bottom simulations Note the ROIs will overlap. (B) shows the dimensions 

of the simulated ROI.  

The simulated VOI was a rectangular approximation of the intersection of a 1D ISIS 

slab (used in SPMIC 31P experiments) with an average liver (VOI = 60 x 90 x 190 mm, 

Figure 4.11B) (103). The VOI was positioned at increasing distances from the coil, to 

match to distance from the coil to the liver for a range of BMIs (23 – 58 kgm-2), 

approximated using Equation 4.1, and assuming 15 mm of skin and ribcage (104), 

Table 4.2. 
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Distance from coil to the 
centre of ROI (mm) 

Approximate BMI 

(kgm
-2
) 

30 23 

57 33 

81 42 

120 58 

Table 4.2 - Distance to the centre of ROI in 31P 1D ISIS liver simulations and the 

corresponding BMI. 

4.4.3 Investigating the Effect of Depth in in vivo 31P MRS of the 

Liver  

To investigate whether in vivo 1D ISIS data followed similar trends to simulated and 

ex vivo data. Two participants of different BMIs were scanned using the block and 

optimised HPHS pulses, with lard packs used to increase the distance from the coil 

to the liver.  

4.4.3.1 Acquisition 

All scans were performed on a wide-bore 3 Tesla Ingenia scanner (Philips Medical 

Systems, Best, the Netherlands) using a 31P transmit–receive 140 mm diameter loop 

coil (Philips, Flex coil P-140). Two participants were scanned with BMIs of 24 and 

28.7 kgm-2.  

 At each distance, three scans were performed: a survey scan to determine the 

distance from the coil to the liver and two 31P MRS acquisitions, including a block 

excitation pulse scan (FA = 180, TR = 8000 ms, NSA = 60), and an HPHS excitation 
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pulse scan (TR = 8000 ms, NSA = 60). All acquisitions had a bandwidth of 4000 Hz, 

with 2048 sample points. Acquisitions were localised, Slab thickness = 60 mm, and 

the FOV was positioned parallel to the coil and avoided muscle.  

4.4.3.2 Analysis 

To measure the distance to the edge of the liver, the slice containing the two 

positioning markers built into the 31P coil was found, and the distance from the 

centre of these markers was measured perpendicularly to the edge of the liver using 

ImageJ (87), Figure 4.12. Each distance was measured three times on separate 

occasions to estimate reproducibility. The spacing between the coil markers and the 

edge of the coil was subtracted, and 30 mm was added (the distance from the edge 

of the liver to the centre of the ISIS slab) to all distances before plotting.  

 

Figure 4.12 - The different images show the measured distance from the coil 

markers to the edge of the liver. A - shows no lard packs added. B - shows the 

distance with one lard pack and C - with two lard packs 
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The spectra were analysed using an in-house MATLAB script that averaged all NSA. 

The user then phase-corrected the spectra before selecting the centre of each peak, 

and a Gaussian was fitted to each peak. 

The ratio of the inorganic phosphate (Pi) to γATP peak was calculated and used as a 

proxy for concentration to compare results from different pulse types and to 

understand any differences that appear in the Signal-to-Noise-Ratio (SNR) between 

participants. To compare SNR drop-off with distance, the SNR of the ratio of peaks 

(SNRRatio) was used in place of the SNR for either Pi or γATP. This is due to the area of 

individual peaks changing (due to ATP flux) whilst total area of the Pi and γATP 

remains relatively constant within a person. SNRRatio calculated using propagation of 

terms, 

𝑆𝑁𝑅𝑅𝑎𝑡𝑖𝑜 = 1

√(
∆𝑃𝑘2𝑃𝑘

𝑆𝑃𝑖
)
2

+ (
∆𝑃𝑘2𝑃𝑘

𝑆𝛾𝐴𝑇𝑃
)
2⁄
 

Equation 4.10. 

where ∆𝑃𝑘2𝑃𝑘 is the Peak-to-Peak noise in the spectra. SPi and SγATP are the areas 

under the Pi and γATP fitted peaks, respectively. SNRRatio was calculated at all 

distances for each participant for both pulse types and plotted against distance to 

evaluate change. 
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4.5 31P MRS in the Investigation of the effect of 

Interventions on Liver Function  

This section describes the experimental methods used in two different intervention 

studies investigating changes to ATP flux in the liver: one on the effect of ingesting 

an Inulin Propionate Ester (IPE) on participants with normal BMIs and one on the 

impact of bariatric surgery of patients with Type-2-Diabetes (T2D) or pre-diabetes. 

In both studies, 31P Saturation Transfer (ST) experiments were performed before and 

after an intervention, a comparison of the acquisition parameters can be seen in 

Table 4.3, the analysis techniques used were identical.  

Intervention 
Repetition 

Time 
(ms) 

Averages 

Excitation 
Pulse 
Angle 

(°) 

Saturation 
Pulse 
Angle 

(°) 

ISIS Slab 
Thickness 

(mm) 

Inulin 
Propionate 

Ester 
6100 200 90 100 30 

Bariatric 
Surgery 

Intervention 
8000 150 180 100 60 

Table 4.3 – Comparison of acquisition parameters from inulin propionate ester and 

bariatric surgery intervention studies. 
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4.5.1 Inulin Propionate Ester 

The procedures for this study were approved by the University of Nottingham’s 

Medical School ethics committee. Written consent was obtained from the 

volunteers by the author of this thesis. 

Eight Participants (Aged 24 – 38 years, no metabolic disorders) within the normal 

BMI range (BMI 20 – 25 kgm-2) were recruited, and informed consent was obtained. 

On the day of the study, participants arrived having fasted from 10 pm the previous 

night and underwent two MRS 31P ST experiments, one before (baseline) and one 

180 minutes after consuming 10g of an Inulin Propionate Ester (IPE) dissolved in 

100ml of water to allow time for transport to the colon (105) Figure 4.13. This study 

was titled the PROpionate METabobolism (PROMET) study. 

 

Figure 4.13 - PROMET Study Day Protocol 

All scans were performed on a Philips Achieva 3 Tesla (Philips Medical Systems, Best, 

the Netherlands) using a 31P transmit–receive 140 mm diameter loop coil (Philips, 

Flex coil P-140) placed over the bulk of the liver (confirmed by 1H scout images). 

Spectra were obtained using 1D ISIS slice selective sequence (block excitation, pulse 

angle = 900, slab thickness = 30 mm). In two of the data sets HPHS excitation was 

used. Initially, a scout spectrum was acquired to determine the frequency of the 



A b i  S p i c e r  
4 The Complexities of Measuring Liver Energetics using Phosporous-31 Magnetic 

Resonance Spectroscopy in people with different BMIs for studies related to obesity 
4 . 5 31P MRS in the Investigation of the effect of Interventions on Liver Function 

P a g e  | 205 

 

205 | P a g e  
 

saturation pulses used in the ATP flux experiment. Subsequently, two spectra were 

acquired – one with saturation of the γATP peak (applied at ~ -1.5 ppm) and one 

with saturation targeted equidistant on the opposite side of the Pi peak (applied at 

~ 13.5 ppm). Each ST experiment took approximately 20 minutes to acquire all 

spectra during free breathing (TR = 6100 ms, NSA = 200, saturation pulse angle = 

1000). 

4.5.2 Bariatric Surgery Intervention 

Two 31P MRS visits occurred, one after participants completed the Very Low-Calorie 

Diet (VLCD) but before undergoing bariatric surgery and a second 6 weeks post-

surgery, Figure 4.14. Where possible experiments occurred first thing in the 

morning, with participants arriving post-overnight fast. If participants could not 

attend morning scan sessions, measurements occurred after a minimum of an 8 

hour fast, and within each participant, measurements occurred at the same time of 

day.  

 

Figure 4.14 - Overview of study visits in bariatric surgery study, weeks around 

surgery shown in brackets. 31P MRS was performed at visits 2 and 3 as shown by 

blue arrows. 
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All scans were performed on a Philips Wide Bore Ingenia 3 Tesla (Philips Medical 

Systems, Best, the Netherlands) using a 31P transmit–receive 14-cm diameter loop 

coil (Philips, Flex coil P-140) placed over the bulk of the liver anteriorly as this was 

found to have the smallest distance to the liver when subjects were positioned 

supine. A short survey was performed to confirm the location of the coil with 

respect to the liver; if the coil was not positioned centrally, it was repositioned. 

Spectra were obtained using 1D ISIS slice selective sequence (excitation block pulse 

angle = 1800, slab thickness = 60 mm) a larger pulse angle was used compared to 

the healthy volunteer study to account for the increased distance from the coil to 

the liver. Initially, a scout spectrum was acquired to determine the frequency of the 

saturation pulses to be used in the ST experiment. Subsequently, two spectra were 

acquired – A saturated spectra where saturation was applied to the γATP peak 

(approximately at -1.5 ppm) and the unsaturated spectra with saturation targeted 

equidistant on the opposite side of the Pi peak (approximately at 13.6 ppm). Each ST 

experiment took approximately 20 minutes to acquire all spectra during free 

breathing (TR = 8000 ms, number of averages = 150, saturation pulse angle = 1000). 

Distance measurements from the surface of the coil to the edge of the liver were 

made using ImageJ (87) using the same methods described in 4.4.3.2. Due to the 

large size of the participants in this cohort, it was not always possible to visualise 

the fiducials as they were too close to the bore of the MR scanner. In these 

instances, the coil location was identified through the indent made in the adipose 

tissue; a central slice was approximated, and the distance from the coil surface to 



A b i  S p i c e r  
4 The Complexities of Measuring Liver Energetics using Phosporous-31 Magnetic 

Resonance Spectroscopy in people with different BMIs for studies related to obesity 
4 . 5 31P MRS in the Investigation of the effect of Interventions on Liver Function 

P a g e  | 207 

 

207 | P a g e  
 

the liver was measured. Finally, the participants' BMI were used in Equation 4.1 to 

estimate the distance to the liver, and this was compared to the distance measured 

using ImageJ (87) . 

4.5.3 Data Analysis 

Analysis was performed using an in-house MATLAB (2023b, Mathworks) script. 

Spectra were phase-corrected and baseline fitted before Gaussian fits were applied 

to each metabolite. The quality of the saturation was estimated using  

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (%) =  
𝑀0

𝐴𝑇𝑃− 𝑀𝑆
𝐴𝑇𝑃

𝑀𝑆
𝐴𝑇𝑃 ∙ 100 

Equation 4.11 

displayed as a percentage. Pi concentrations were estimated by referencing the Pi to 

the γATP peak area from the unsaturated spectra and assuming literature ATP 

concentrations (2.5 mmol/l (Schmid et al., 2008)) 

𝐶𝑜𝑛𝑐𝑃𝑖 (𝑚𝑀) =
𝑀𝑃𝑖

0

𝑀𝐴𝑇𝑃
0  × 2.5  

Equation 4.12 

the area of the unsaturated γATP peak is multiplied by three to estimate the total 

ATP. The αATP and βATP peaks are not used as they overlap with the Adenosine 

DiPhosphate peaks, which this can lead to overestimations of concentration. The 

exchange rate constant (k) was calculated using Equation 2.31 as described in 

Chapter 2, which was multiplied by Pi concentration to calculate forward flux (FATP). 

Values of k and FATP before and after interventions were plotted. 
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4.6 Results 

4.6.1 Signal response to RF excitation pulse for the Carbon-13 

coil 

First, maps produced for each stage of the conversion from B1 to signal maps will be 

examined. Then, simulated data will compare to experimental data. 

4.6.1.1 Simulated Maps of B1 and sensitivity 

The B1 profiles for the block and HPHS pulses are the same but scaled by different 

absolute B1 values; the receive sensitivity maps (not shown) have the same shape 

but are both normalized to unity at the point of maximum signal (Figure 4.15 and 

4.16). The magnetisation created by a block pulse drops off closer to the coil than 

for an HPHS pulse, which is mirrored in the received signal. For both the HPHS and 

block profiles the received signal drops off around 75 mm from the coil in z. 
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Figure 4.15 - Maps of Relative (A) B1, (B) Magnetisation and (C) Receive Signal 

simulated around a 150 mm single loop coil when using a block excitation pulse. 

 

Figure 4.16 -Maps of Relative (A) B1, (B) Magnetiaistion and (C) Receive Signal 

simulated around a 150 mm single loop coil when using a Half-Passage Hyperbolic 

Secant excitation pulse. 
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4.6.1.2 Comparison of Simulation and Phantom Data 

The variation in simulated and measured signal with depth generally agreed well, 

with the differences lying within the scatter. Again, the measured data confirmed 

that the block pulses did not give rise to a signal close to the coil and that the signal 

from both pulses converged at around 50 mm from the coil.  

 

Figure 4.17 – Simulated Sensitivity (SNorm,Sim - diamonds) and Measured Signal 

(SNorm,Ex-vivo - squares) for block (pink) and hyperbolic secant (blue) RF pulses at 

increasing distances in z. The dotted lines show third-order polynomial fits for the 

measured data.  
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4.6.2 Signal response to RF excitation pulse for the 31P coil 

4.6.2.1 Comparison of Pulse Types  

Figure 4.18 shows that the block pulse gave an even excitation profile across the 

range of B1 simulated. As expected for central resonance frequencies, the spins 

were over-flipped close to the coil. At the resonance frequency for the Pi and γATP, 

the relative magnetisation increased to a maximum at B1 = 50% (30uT) and began to 

fall as B1 increased.  

For the HPHS pulse, as expected, the relative magnetisation varied significantly with 

spectral frequencies. Relative magnetisation did not reach the maximum at the 

resonant frequency for Pi at any relative B1 value, Figure 4.19.  
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Figure 4.18 –Block Pulse - (A) map of variation in relative magnetisation with B1 (as 

a percentage of the maximum B1 = 60μT) and off-resonance frequency. The 

horizontal and vertical lines indicate the positions of profiles shown below, and in 

particular, the vertical lines indicate the resonant frequencies of inorganic 

phosphate (Pi) and γATP. (B) Profiles across the maps in A showing variation in 

magnetisation with frequency for B1 = 25%, 50% and 93% (C) Profiles across the 

maps in A showing variation in magnetisation with B1 for resonant frequencies of 

inorganic phosphate (Pi) and γATP. 
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Figure 4.19 – Half-Passage Hyperbolic Secant Pulse - map of variation in relative 

magnetisation with B1 (as a percentage of the maximum B1 = 59μT) and off-

resonance frequency. The horizontal and vertical lines indicate the positions of 

profiles shown below, and in particular, the vertical lines indicate the resonant 

frequencies of inorganic phosphate (Pi) and γATP. (B) Profiles across the maps in A 

showing variation in magnetisation with frequency for B1 = 25%, 50% and 93% (C) 

Profiles across the maps in A showing variation in magnetisation with B1 for 

resonant frequencies of inorganic phosphate (Pi) and γATP. 
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As the starting value for the frequency sweep increased, the signal void moved 

further off resonance, and the plots of relative magnetisation against off-resonance 

frequency became more even at all B1 values (Figure 4.20). The maximum achieved 

relative magnetisation at the resonance frequency for Pi decreased as the range of 

the frequency sweep increased. 

 

Figure 4.20 - Effect of changing the starting value of the frequency sweeps for a 

HPHS pulse. Top- map of magnetisation variation with B1 and off-resonance 

frequency, Middle- line plots at three different B1 values showing relative 

magnetisation changing with off-resonance frequency and Bottom – the change in 

relative magnetisation with B1 at the frequency off the Pi and γATP Peak.  
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4.6.2.2 Simulations for VOIs corresponding to liver 

Close to the coil, the HPHS pulse gave a much larger simulated signal than the block 

pulse, and as the distance from the coil increased, the simulated sensitivity for 

HPHS and block pulses became similar. Figure 4.21. 

 

Figure 4.21 - Simulated receive signal relative to a reference region for a ROI 

matched to a liver slab used in 1D ISIS experiments. Blue and pink represent results 

for Half Passage Hyperbolic Secant and block simulations, respectively. 

4.6.3 Experimentally Measured Variation in SNR with Distance 

in vivo 

Spectra were all of good quality, and the fits were good upon visual inspection. The 

HPHS pulse introduced a dephasing of the βATP peak in the spectra, Figure 4.22.  
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Figure 4.22 - Example fits for Top – Half Passage Hyperbolic Secant and Bottom - 

Block pulse acquisitions. The pink dashed line shows is drawn at the same height on 

both spectra to show the difference in scale of the received signal. In the bottom left 

of each plot, the bold blue region represents the section of noise used in SNR 

calculations. 
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The average ratio of peaks (Pi/γATP) measured using block pulse compared to the 

HPHS was higher, but with only two participants, no statistical significance can be 

determined, Figure 4.23. At all distances, the SNRRatio was higher for the HPHS than 

that for the block pulse. Close to the coil the difference in SNRRatio between the 

HPHS and block pulses is greater and the difference between the two pulses 

decreased as the distance to the coil increased.  

 

Figure 4.23 - Left – Mean and standard deviation of Pi ratio to γATP for HPHS and 

block excitation pulses for all distances. Right - The change in SNRRatio with distance 

for both excitation pulse types. For both, the slimmer participant (participant 1, BMI 

= 24 kgm-2) is represented by triangles, and the larger (participant 2, BMI = 28.7 

kgm-2) is represented by circles. As with previous graphs, pink and blue represent 

data collected using HPHS and block excitation pulses, respectively. 
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4.6.4 Saturation Transfer Experiments  

4.6.4.1 Inulin Propionate Ester 

All participants completed the protocol and spectra had good SNR with well-

resolved phosphate metabolite peaks Figure 4.24. During the ST experiment, the 

γATP peak was well saturated, the mean saturation percentage (reduction in γATP) 

was 386 ±130 %. No significant change was seen in group mean k and FATP pre- and 

post-IPE consumption, though individual changes varied in direction Figure 4.25. The 

mean and standard deviation values for Pi concentration, k and FATP, along with 

respective p values, can be seen in Table 4.4, no significant change (p < 0.05) was 

seen in any of the measures. 
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Figure 4.24 - Example of Fits for PROMET 31P MRS. Top - unsaturated spectra and 

Bottom - Saturated Spectra. The dashed purple horizontal line is at the same 

abundance on both spectra to show difference in the peak heights. 
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Timepoint 

Exchange 
Rate 

Constant, k  

(s
-1
)  

Inorganic 
Phosphate 

Concentration 
 (mM) 

Forward Flux 
Rate 

(mMs
-1
) 

Baseline 0.51 ±0.3  5.92 ±2 2.88 ±1.7 

Post IPE 
Consumption 

0.54 ±0.2  6.64 ±1  2.5 ±1.5 

Significance 
(p-value) 

0.79 0.45 0.22 

Table 4.4 – Exchange rate constant, inorganic phosphate concentration and forward 

flux rate for the PROMET study. Measures are mean ±SD 

 

Figure 4.25 - Left - k and Right - FATP values at baseline and 180 minutes post IPE 

consumption. Purple and pink dashed lines represent individual participants' results 

from block and HPHS acquisitions, respectively. Group average and SD shown in blue 
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4.6.4.2 Bariatric Surgery  

Of the six recruited to this study, one dataset was incomplete due to a scanner 

failure; all other participants had data acquired pre- and post-surgery. Spectra were 

all of acceptable SNR for analysis. Of the ten datasets analysed, one had equal 

saturation to HV (successful saturation), and for two participants, the saturation 

failed. Excluding the successful saturation, the average saturation percentage was 

24 ±36 %. Examples of fits for each saturation instance (successful, average and 

failed) can be seen in Figure 4.26. The saturation quality significantly decreased with 

distance to the liver (R = 0.63, p = 0.05), Figure 4.27. 
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Figure 4.26 - Spectra and fits from the bariatric surgery study. Top - successful 

saturation of γATP peak, Middle - an example of the average saturation seen in this 

cohort, Bottom - a failed saturation. Areas under the peak for Pi and γATP are 

displayed on each graph. Dashed lines are at the same height across a row to assist 

in understanding the drop in signal. 
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Figure 4.27 - Saturation percentage with distance. The blue point represents the 

dataset with successful saturation.  

Pi concentrations increased by 21 ±13 % after surgery. Group mean Pi 

concentrations were 2.4 ±0.7 mM and 3.0 ±1 mM pre- and post-surgery, 

respectively. In a one-tailed t-test, a significant increase was seen in the Pi 

concentration from pre-surgery to post-surgery (p = 0.03), Figure 4.28. 

 

Figure 4.28 - The concentration of Pi measured pre- and post-surgery. Left- Group 

means are shown as horizontal lines, and the p-value is displayed above the graph. 

Right-paired results are shown using connecting lines, group mean, and standard 

deviation also displayed.  
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Distance estimated from Equation 4.1 correlated well with measured distance (R = 

0.84, p = 0.002), a bias were distance estimated using Equation 4.1 overestimated 

compared to measured distance.  

 

Figure 4.29 – Comparison of distance to liver estimated using Equation 4.1 and 

measured. Left – Plot of estimated Vs. measured distance, line of identity shown.  

Right- Bland-Altman showing the overestimation of the estimated distance to the 

liver compared to measured distance. 
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4.7 Discussion 

The use of surface coils for multinuclear liver MRS studies is complex due to the 

interactions between the transmit and receive profiles and varying depths of the 

liver from the coil. 

This chapter used simulations and experimental data to investigate the effects of 

different RF pulses and the B1 drop-off on multinuclear MRS acquisitions. Initial 

investigations used simulations of unlocalised 13C experiments and compared the 

results to data acquired on a small phantom. Simulations were then performed to 

mimic 31P 1D ISIS acquisitions, and these were compared to data acquired in vivo on 

two participants. The results of these experiments were used to optimise excitation 

for Saturation Transfer (ST) acquisitions for two intervention studies, one performed 

on Healthy Volunteers (HV) with normal BMIs (BMI < 25 kgm-2) and one on bariatric 

surgery patients with obese BMIs (BMI ≥ 35 kgm-2). 

4.7.1 Localised and Non-Localised Multinuclear Spectroscopy 

The increased signal close to the coil from an HPHS may cause issues in non-

localised acquisitions. For example, although the amount of glycogen stored in the 

muscle is much lower than in the liver, high receive sensitivity close to the coil may 

make any muscle glycogen contribute a large proportion of total signal in the 

spectrum. The over excitation is shown in Figure 4.8, where an extra gaussian fit 

was needed to account for a broad peak on the baseline of the spectra. This 



A b i  S p i c e r  
4 The Complexities of Measuring Liver Energetics using Phosporous-31 Magnetic 

Resonance Spectroscopy in people with different BMIs for studies related to obesity 
E r r o r !  R e f e r e n c e  s o u r c e  n o t  f o u n d . E r r o r !  R e f e r e n c e  

s o u r c e  n o t  f o u n d .  
P a g e  | 226 

 

226 | P a g e  
 

additional peak is possibly from the HPHS pulse exciting the carbon in the plastic of 

the coil. However, the excitation produced by a block pulse can lead to over-flipping 

of the spins and, hence, low transverse magnetisation being created close to the 

coil, as seen in Figure 4.15. This could be advantageous for non-localised 

acquisitions such as those used in 13C measurements of the liver to prevent 

contamination of signals from the skin, SAT and muscle in the spectra.  

HPHS pulses produced a high signal close to the coil, but this dropped rapidly with 

distance. However, the net signal produced by the block pulses was reasonably 

constant over the range of depths required for liver spectroscopy in both normal 

(18 – 25 kgm-2) and high BMI (> 35 kgm-2) subjects. Therefore, in particular, if the 

distance from the coil to the tissue of interest is likely to vary during a subject’s 

participation or across subjects (due to a large range of BMIs), a block pulse will 

provide a more consistent SNR. Also, using a block pulse allows for more direct 

control over the point of maximum excitation by changing the FA, as described in 

the following Section. 

4.7.1.1 Optimised Flip Angle Block Pulse 

It is possible to optimize the FA for the block RF pulse based on the distance to the 

VOI and the simulated signal profiles. As an example, in the bariatric study 

described above in Section 4.5.2, the FA was optimised to give a maximum signal of 

80 mm from the coil's surface, based on the average BMI of bariatric surgery 

patients and Equation 4.1. However, steps could be performed to optimise the FA 
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per participant, based on the distance from the coil to the edge of the liver 

measured from MRI at the start of a given study visit, and adjusting the scaling of 

the B1 map to determine the value that gives maximum signal at the required 

depth.  

Equation 4.1 provides a useful tool for estimating subcutaneous fat thickness from 

BMI in participants prior to study visits, which could be useful in improving the 

workflow if optimisation is to be performed. However, in this work, it was found 

that Equation 4.1 overestimated the distance to the liver Figure 4.29. This is 

probably due to the participant demographic used to develop Equation 4.1 having a 

low BMI on average (mean 24 ± 7 kgm-2) or because this study's measurements of 

SAT thickness were taken at the liver and not the belly button. Hence, 

measurements taken from survey scans should be used in FA optimisation steps. 

4.7.1.2 Half-Passage Hyperbolic Secant Pulses 

When using the default settings from the MR scanner, the HPHS was found to have 

a signal void near the centre of the B1 profile; this could reduce the measured signal 

from any metabolite in the affected frequency range (-1000 to -500 Hz). Upon 

investigation, this depended on the frequency sweep. As the range of the frequency 

sweep was increased from 1170 Hz to 2500 Hz the signal void shifted further down 

the negative frequencies Figure 4.20. This process created a more consistent profile 

of relative magnetisation across the spectral bandwidth. However, the maximum 

achieved relative magnetisation at the resonance frequencies for the Pi and γATP 
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peaks was reduced, Figure 4.20. Hence, it was noted that an HPHS was unlikely to 

be optimal for acquisitions for these experiments. 

4.7.2 Comparison of Simulations and Experimental Data 

The shape of the plots for HPHS and block pulses were similar across the 13C and 31P 

simulations. In both simulations, at larger distances from the coil (> 50 mm), the 

simulated received sensitivity was similar for block and HPHS pulses (Figure 4.17 

and Figure 4.21). At smaller distances, the simulated received sensitivity for the 

HPHS pulse was much larger than the block pulses due to the block pules 

overexciting the spins closer to the coil (Figure 4.17). For the 13C experiments, the 

simulated received sensitivity followed the experimentally measured signal. 

However, it is worth noting that since the simulations assumed the maximum signal 

at the 90° degree point, without taking account of receive sensitivity, the B1 scaling 

was adjusted to ensure that the maximum signal was achieved at the same points 

experimentally and in simulation.  

In vivo measurements of SNR with distance performed using 1D ISIS showed similar 

trends to the simulations and 13C phantom measurements. The measured SNR at 

smaller distances (closer to the coil) was much higher for HPHS pules compared to 

block pulses, but at larger distances (> 80 mm from the coil), the SNR was similar 

between HPHS and block pulses Figure 4.23. It is difficult to draw any conclusions 

about the difference in the ratio of peaks measured using block and HPHS pulses 

when the sample size is so small, but differences may be expected due to the to the 
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off-resonance effects (at the frequencies of the Pi and γATP) displayed in the heat 

maps of Figure 4.19 and Figure 4.18. 

In this work, the Pi concentration is calculated using Pi and γATP ratios and literature 

values of concentration. Future work should investigate the use of an external 

reference sample for 31P for evaluating absolute concentration, as was done for the 

13C.  

One assumption made during this process was that loading on the B1 profiles had 

minimal effects. This is a reasonable assumption in the case of multinuclear MRS, 

where a simple coil geometry is used, and tissue is present under the full sensitive 

region of the coil. However, the previous chapter (Chapter 3) demonstrated the 

effect of BMI on the B1 profile, probably due to loading effects and interactions 

between tissues and the field. Future work should investigate the implication this 

has on simulated models.  

4.7.3 Intervention Studies 

4.7.3.1 Inulin Propionate Ester 

This was a pilot study to investigate the effect of IPE ingestion on FATP. All peaks 

were well resolved and easily fitted. ST experiments were successful with γATP 

peaks well saturated (saturation percentage 386% ±130 %), allowing for calculations 

of k and FATP. No significant change was seen in group mean k and FATP values post-

IPE consumption compared to baseline. Individuals showed varying directions of 
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change, k increased for 4 and decreased for 4 participants, and FATP increased for 3 

and decreased for 5 participants post-IPE consumption Figure 4.25.  

Two of the ST experiments used HPHS pulses as the participants were recruited, and 

experiments were performed prior to the above data being complete; future 

participants' data were acquired using block RF excitation pulses. Concentration, k 

and FATP values from the HPHS data were similar to those from block pulse Figure 

4.25. Concentration values seen in this study were approximately three times higher 

than literature for HV (this study baseline = 5.92 ±2 mM, literature = 1.38 ± 0.38 mM 

(93)), k values were slightly higher than literature (this study baseline = 0.51 s-1, 

literature ~ 0.31 s-1) and FATP values were approximately six and a half times higher 

than literature (this study baseline = 2.88 mMs-1, literature ~ 0.45) (17,18,82). The 

discrepancy between FATP from this study and literature is clearly a product of the 

increased concentration and k values measured.  

Although there was no significant change in group FATP, individual participant 

changes varied in direction. This may be due to physiological variations between 

individuals, the small sample size or the experimental design. For instance, 

physiological differences may have led to participants metabolising the IPE at 

different rates. The blood data has yet to be analysed, but when it is, it might 

resolve this issue when the MRS results are compared to the blood measures at 

each time point, as information can be gained on whether participants had 

metabolised the IPE. It is also possible that the methodologies used in this study led 
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to the null result as participants arrived, fasted, and then continued to fast for a 

further 180 minutes. Little is known about the effect of a prolonged fast on FATP, and 

it is possible that FATP being maintained across this extended fast is due to the 

consumption of IPE. A better design to investigate the effect of IPE consumption 

may be to have a randomised multiday trial. Where participants arrive fasted, water 

only on one day and consume IPE on another, with a week washout in between. 

This would control the fast duration as a factor affecting FATP. It would also be 

possible to do multiple MRI scans around the 180 minute time point to ensure that 

gastric transit time is less of a factor in the results.  

4.7.3.2 Bariatric Surgery  

The single dataset with successful saturation was acquired early in the study prior to 

a scanner upgrade. Unfortunately, the upgrade then changed the scanner behaviour 

so that incomplete or failed saturation was seen in the remaining datasets. 

Removing the pre-upgrade data point from the analysis revealed a strong trend 

between the distance from the coil and the degree of saturation achieved Figure 

4.27. The work of this chapter has focused on the importance of optimising the 

excitation pulse for surface coil experiments, but this result highlights the need to 

optimise the ST pulse too.  

It was important to note that a PCr (phosphocreatine) peak is seen in the spectra, 

which is a metabolite not present in the liver. The presence of this peak in the 

spectra suggests that localisation failed as PCr is expected in muscle. It is likely to be 
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due to the operator moving the slab too close to the coil, as this leads to better 

shimming. This needs further investigation to determine the balance of this 

tradeoff. However, an alternative approach would be to use surface shim coils. 

Percentage changes in Pi concentration were similar to the difference seen 

between a T2D and age-weight matched cohort from Szendroedi et al. (80) (this 

study = 21 ±13 %, Szendroedi et al. = 28 %). Concentrations of Pi were around 

double literature values (this study = 2.4 ±0.7 mM and 3.0 ±01 mM pre- and post-

surgery, respectively, literature ~ 0.96 mM and ~1.4 mM for T2D and HV, 

respectively (80,93)). These results further the hypothesis from Szendroedi et al. 

(80), Kupriyanova et al. (81) and Schmid et al. (82) that phosphorous metabolites 

are linked to insulin sensitivity. Unfortunately, no blood measures were taken for 

this group, so this hypothesis cannot be tested in this data. A significant increase in 

Pi concentration was seen pre-surgery to post-surgery, from a one-tailed t-test, p = 

0.03. This implies that changes to FATP may occur due to bariatric surgery, likely 

linked to the diabetes remission seen in bariatric surgery patients (Chapter 3). 

Despite the issues with ST, this study shows the feasibility of performing ST 

experiments on a large cohort using a single-loop surface coil if the correct 

optimisation is performed. 

Inorganic phosphate concentrations measured in both studies described above 

were two to three times higher than previously measured in literature.  There are 

likely to be multiple factors that have led to this discrepancy.  A source of error may 
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be the fitting of the spectra. All fitting was performed using in-house MATLAB code 

which fitted all peaks, future work may look at optimising the prior knowledge to 

improve the fits of overlapping peaks, this problem can be exacerbated by motion 

(such as respiration, Chapter 5) and poor shimming (discussed above). From Figure 

4.24 it can be seen that when the saturation pulse was applied to the γ-ATP peak 

the signal for the majority of the spectra is reduced, this issue is not as prevalent in 

Figure 4.26 due to optimisation of the bandwidth of the saturation pulse in the 

more recent bariatric surgery intervention study. 

4.8 Conclusions 
Simulators are useful tools for understanding the B1 effects of a surface coil. In 

combination with an RF simulator, they are powerful tools for creating an optimised 

sequence. Great agreement was seen between the simulated data and 

experimental data from a small test phantom. Throughout the experiments, a block 

excitation pulse was shown to be better than an HPHS excitation pulse, due to its 

more consistent excitation profile and the ability to optimise the 90° point for 

different distances. Large deviations are seen between the literature and the data 

from the intervention studies in this chapter. The bariatric study further displayed 

the link between insulin sensitivity and 31P metabolites, and the feasibility of a 31P 

saturation transfer study in a morbidly obese cohort was shown. Future work 

should explore using a saturation pulse with a narrower bandwidth, explore 

changing the power of the saturation pulse to improve effectiveness in an obese 
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cohort. Work should be done to improve the fitting of the peaks within the spectra 

to reduce errors from overlapping peaks.  
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5 Influence of Free-breathing Respiration 
Effects on Magnetic Resonance 
Spectroscopy 

5.1 Overview  

With metabolic disorders such as Type-II-Diabetes (T2D) on the rise globally, non-

invasive tools for understanding the body's metabolism, such as multinuclear 

Magnetic Resonance Spectroscopy (MRS), are vital for research. Many multinuclear 

MRS experiments require a high Number of Signal Averages (NSA) that are acquired 

during free breathing rather than respiratory triggered to reduce scan times. It has 

been suggested by previous literature that respiratory motion could lead to line-

broadening effects due to the movement of tissue through B0 field. In this chapter, 

1H MRS is used as an analogue of multinuclear MRS to assess the effects of 

respiration on spectra and corroborate the results with B0 field effects using imaging 

methods. 

 

This work was presented as a digital poster at the International Society of Magnetic 

Resonance in Medicine, London (2022) and Toronto (2023) as ‘Investigating the 

effects of free-breathing on in vivo MRS in the liver at 3T’ and ‘Characterising the 

effect of free-breathing on abdominal MR Spectroscopy and impact on x-nuclei 

spectra’ respectively. 
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5.2 Introduction  

As a participant breathes freely, the respiratory cycle introduces motion and B0 field 

shifts in the MR acquisitions, particularly for measurements collected in the 

abdomen. Across different points in the respiratory cycle, the volume of air in the 

lung changes and this can lead to susceptibility changes in surrounding tissues, 

altering B0 homogeneity and causing the dephasing of signals. Abdominal MR 

measures are often collected using respiratory triggering or with breath-hold 

acquisitions to prevent movement which can appear as ghosting in images or signal 

contamination from tissue outside the Volume of Interest (VOI) in Magnetic 

Resonance Spectroscopy (MRS) data.  

Multinuclear MRS of the liver using 13C or 31P measures are increasingly being used 

to understand the body’s metabolic process and characterise diseases such as 

Diabetes (106–111). However, in multinuclear MRS, multiple averages are needed 

due to the low natural abundance of nuclei (see Chapter 2, Table 2.1), so spectra are 

typically acquired during free breathing. Although articles have discussed the issues 

that arise from free-breathing acquisitions, for example, Schmid et al. (2008) (7), 

there are no publications which quantify the impact of free-breathing on liver 

spectra. 

This chapter describes the effect of respiratory motion on MRS measures by 

collecting 1H MRS and B0 field measures over the respiratory cycle. The results from 

1H liver MRS are then related to multinuclear liver MRS measures. 
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5.2.1 Measuring Respiratory Motion 

During inspiration, the chest wall moves ‘up and out’, and the diaphragm moves 

down, causing the lungs to expand and the liver and other abdominal organs to 

move down. On expiration, the chest wall relaxes, and the diaphragm moves up, 

causing the lungs to shrink and the liver and abdominal organs to move up. The liver 

moves approximately 20 mm with each respiratory cycle, with healthy adults 

typically taking a breath 12 - 20 times per minute (112). 

Two methods are mainly used to assess respiratory motion in MR experiments: an 

intrinsic navigator signal or using additional hardware such as a respiratory bellows. 

The respiratory bellows uses a small air-filled pillow which is strapped to the 

participant, often using a Velcro belt. The pressure in the bellows changes during 

the respiratory cycle as it is compressed between the body and a belt. A navigator 

signal measures the displacement of the diaphragm from the signal in an MR image, 

as shown in Figure 5.1. Both methods have benefits and pitfalls. The respiratory 

bellows can only sense changes, not an exact position, and this method can be 

sensitive to where the bellows is placed. For example, if it is placed on the chest 

wall and not over the diaphragm, it will detect less motion and, hence, be less 

effective. However, the respiratory bellows can obtain a continuous signal without 

interrupting the MR acquisition and can be used when the diaphragm is not in the 

imaging Field Of View (FOV).  

A navigator requires an acquisition window to be performed within the imaging 

sequence, which will marginally extend acquisition times, to detect the position of 
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the tissue and, hence, trigger the acquisition to the same spatial position of the 

organs even with incomplete breaths. In the example respiratory trace shown in 

Figure 5.1, the pink arrows show breaths that are at a lower amplitude than others. 

In these instances, the bellows will still trigger an acquisition upon expiration 

despite the liver being in a different physical position.  

 

Figure 5.1 - Left - Example of navigator window positioning: blue shows the position 

of the liver at expiration (bottom of bellows trace), pink shows maximum inspiration 

(top of bellows trace) and purple shows the liver position for incomplete breaths. 

Right - example of respiratory bellows trace, pink arrows show incomplete breaths. 

5.2.2 Correcting Respiratory Motion Effects in MRS  

In Magnetic Resonance Imaging (MRI) motion results in distinct ghosting artefacts, 

hence motion correction has been widely researched since the 1980s (113–116).  

In MRS, the effects of motion are not as obvious. Nevertheless, contamination of 

signal from neighbouring tissues will occur if the MRS voxel is placed close to an 

organ boundary (partial voluming), which can lead to results differing between 

acquisitions dependent on the point at which they are acquired within the 
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respiratory cycle. This effect can be somewhat alleviated by increasing the Number 

of Signal Averages (NSA), as contamination is likely to occur inconsistently across 

repeats, hence contamination effects are minimised with high NSA (117).  

Beyond motion causing differing partial voluming effects, the effect of the variation 

in the B0 field in the tissue of interest across the respiratory cycle on the spectra 

must also be considered. Studies have looked at reducing the effects of motion in 

liver MRS either during the data acquisition or in post-processing. Bolan et al. (118) 

measured the frequency shift across the respiratory cycle in the breast 1H MRS and 

MRI at 4 Tesla. They showed spectral frequency shifts of 23 ±5 Hz and a 10 - 20 Hz 

shift measured from B0 maps at the centre of the breast tissue between inspiration 

and expiration, with larger shifts measured nearer the lung at the chest wall. On a 

subset of their data, they performed MRS analysis with and without frequency 

correction and showed that in 25% of the uncorrected data, the metabolite of 

interest was undetectable. Concentration values measured from corrected and 

uncorrected data were similar, but errors were smaller in frequency-corrected data 

(118).  

Noworolski et al. (119) used post-processing to correct the effect of respiratory 

motion in liver MRS. The study acquired 128 Water-Suppressed (WS) and 8-Non-

Water-Suppressed (NWS) single-voxel spectra (TR = 2500) on 132 subjects, split into 

three groups of HV, participants with Non-Alcoholic Fatty Liver Disease (NAFLD) and 

those who were HIV-positive. Two approaches were used to correct the effects of 

respiratory motion. In Approach-1, spectra were individually phase-corrected before 
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being frequency-shifted using the (residual) water peak. Approach 2 used individual 

phase correction and outlier removal, with spectra with water peaks that were 

more than 50% different from the median being eliminated before individual phase 

correction and further analysis. Spectra were averaged in both approaches, and 

total fat/water ratios were calculated using WS fat and NWS water estimates. They 

found that SNR increased on average 11-fold using individual phase correction. By 

removing the outlier spectra, the normalised fat/water ratios differed by more than 

5% in 11% of subjects, with no significant differences in the change between groups 

(119). 

Hock et al. (120) attempted to use a navigator window for respiratory gating in 1H 

MRS at 3 Tesla. Three sequences were run: one with no navigator (no-nav, scan 

duration ~5 minutes), one with a navigator used after shimming and water 

suppression to trigger acquisitions (partial-nav, scan duration ~7 minutes), and one 

using a navigator to trigger the preparation steps and during data acquisition (full-

nav, scan duration ~8 minutes). For experiments using the navigator, a 5 mm gating 

window was used with the navigator placed at the top of the liver on the edge of 

the diaphragm; the navigator sequence was repeated approximately 10 times per 

second to evaluate whether the liver was within the gating window. Results showed 

a significant reduction in the Full Width Half Maximum (FWHM) of the 

unsuppressed water peak from no-nav to partial-nav, no-nav to full-nav and from 

partial-nav to full-nav (p = 0.016, p = 0.018 and p = 0.047, respectively). The Signal 

to Noise Ratio (SNR) of the water and lipids peak(s) was 14 ± 8 (no-nav), 19 ± 9 
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(partial-nav) and 20 ± 8 (full-nav), with a significant difference from no-nav to full-

nav (p = 0.018) (120). A 60% increase in the scan time for the full-nav compared to 

no-nav sequence achieved a 42% increase in SNR; if this extra scan time had instead 

been used to collect more averages, this would have only provided a ~26% increase 

in SNR (using 𝑆𝑁𝑅𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 ≈ √𝑁𝑆𝐴2/𝑁𝑆𝐴1, where NSA1 and NSA2 are the Number 

of Signal Averages used in the two experiments), hence using the navigator is 

superior to increasing the NSA. However, this estimation of gain in SNR only applies 

to normally distributed noise and increasing the NSA will likely worsen line-

broadening. 

5.2.3 Multinuclear MRS  

Multinuclear MRS has limitations of lower SNR, which stems from the inherent 

properties of the nuclei. For example, Phosphorous-31 (31P) or Carbon-13 (13C) both 

have lower relative sensitivity compared to 1H (0.066 and 0.016 respectively, Table 

2.1 in Chapter 2), and whilst 31P has a similar natural abundance to 1H, 13C has a 

natural abundance of 1.108%, and both have a lower biological abundance than 1H, 

making it very difficult to achieve sufficient SNR from a single acquisition for either 

of these nuclei. Therefore, in multinuclear MRS experiments, large NSA are typically 

performed, with 13C liver glycogen measurements requiring NSA in the range of 896 

– 12,800 (19,121–123) and 31P liver ATP measurements requiring NSA of ~200 

(124,125). Furthermore, 31P has a long T1, and hence, scans require long repetition 

times (TR), further increasing the scan duration. The respiratory triggering methods 

used in 1H MRS would, therefore, not be feasible for these nuclei, as they would 
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result in acquisitions of over 1 hour, or it would take nearly 100 breath-holds to 

acquire a 31P dataset. Therefore, multinuclear MRS experiments are often 

performed free-breathing. The effect of respiratory motion on 1H MRS was 

discussed above, but the effect of this on multinuclear MRS has not been 

quantified.  

To adequately assess the effect of respiratory motion on MRS, it is necessary to have 

spectra of good quality, high SNR, and short acquisition times. Therefore, in the 

work described in this chapter, 1H MRS is used to study respiratory motion as an 

analogue for multinuclear MRS, and the spectral frequency results are corroborated 

with B0 field maps. 

5.3 Methods 

In the experiments in this chapter, proton (1H) MRS is used as an analogue for 

multinuclear MRS due to its high Signal-to-Noise Ratio (SNR) and short acquisition 

times, allowing the collection of many spectra within a single breath cycle. In post-

processing, the time course of dynamic free breathing 1H spectra is encoded into 

timepoints across the respiratory cycle using the trace from the respiratory bellows. 

Dynamic B0 maps are also acquired during both free breathing (B0(t)) using a phase 

mapping technique, as well as at inspiration and expiration breath-hold. Since 

imaging data is collected with a surface coil, the magnitude signal is weighted to 

account for variations in the B1 profile, and this weighting is applied to dynamic B0 
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maps to estimate a field offset when free-breathing, which can be compared with 

spectral frequency and linewidth changes.  

5.3.1 Acquisition  

Seven participants, aged 23 - 30 years, with Body Mass Index (BMI) ranging from 21 

to 30 kgm-2, were scanned on a Philips 3 Tesla Achieva system (Philips Medical). To 

replicate the non-localised acquisitions commonly used in multinuclear MRS 

experiments, MRS data were acquired using the butterfly 1H quadrature loop inside 

the 13C surface RF coil (Pulseteq, Surrey). The surface RF coil was strapped to the 

participant's abdomen so that it moved with them as they breathed, thus reducing 

potential B1 changes contaminating the measurements of B0 effects. The surface coil 

was placed centrally over the bulk of the liver, and the position was confirmed by a 

free breathing 1H survey scan. If it were found that the surface coil was not 

positioned centrally over the liver, it was repositioned, and the survey repeated).  

During the post-processing the spectra were to be labelled by position in the 

respiratory cycle, the rate of acquisition of the spectra was a key consideration, and 

the breathing cycle needed to be continuously monitored using the respiratory 

bellows. For this, a respiratory belt was placed over the diaphragm and held against 

the participant using a Velcro strap. For each participant, a time series of free-

breathing 1H spectra were collected with 1800 1H spectra obtained during a ~10 

minute free-breathing acquisition (non-localised, pulse acquire TR = 350 ms).  

To study respiratory-induced field offsets, 1200 single slice single echo Fast-Field 

Echo (FFE) images with magnitude and phase data saved were obtained during free-
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breathing. The slice positioning was taken perpendicular to the centre of the coil 

(marked with a labelled urea sample) and then optimised to ensure the large area 

of the liver in the Field of View (FOV). The acquisition time was 532 ms, which 

allowed multiple acquisitions within a breathing cycle.  

Finally, standard dual-echo FFE (TE/ΔTE = 2.3/2.3 ms, 12 slices) scanner-generated 

B0 maps and related magnitude images were acquired on inspiration and expiration 

breath-holds. These data sets were collected using the 1H decoupling coil of the 13C 

surface coil to compare to the free-breathing B0 shifts and the Q-body coil for lung 

volume analysis. 

5.4 Analysis 

5.4.1 Free-breathing MRS and MRI Data 

This section covers the data analysis of the 1800 free-breathing spectra and 1200 

dynamic images. 

5.4.1.1 Spectral Analysis  

Spectra were phase corrected individually in JMRUI (99–101) and AMARES 

(Advanced Method for Accurate, Robust and Efficient Spectral fitting (102)) was 

used for quantification of the water peak central frequency (fpeak), linewidth 

(FWHM) and peak area (amplitude), as illustrated in Figure 5.2. The results were 

imported to MATLAB (MathWorks, 2020b). The time series of the water peak 

frequency (fpeak(t)), FWHM (FWHM(t)) and amplitude (A(t)) were generated and 

overlaid on the respiratory bellows signal. For one participant, the respiratory 
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bellows consistently failed (in this case the participant was asked to take a deep 

breath, and the bellows temporarily worked before failing again) leading to gaps in 

the respiratory bellows data; data collected in these gaps could not be encoded 

with the respiratory cycle and, hence, were excluded from the analysis. For each 

participant, a ~100 dynamic section of the respiratory bellows data without any 

time gaps was selected and the signals Fourier transformed to investigate the 

oscillation frequencies in the respiratory cycle. 

 

Figure 5.2 - Measurements calculated using AMARES in JMRUI shown for an 

example spectrum. The central frequency of the water peak (fpeak) is shown in blue, 

the FWHM in pink and the Amplitude in yellow and the approximate baseline fit is 

shown in green. 

5.4.1.2 Image Analysis 

The goal is to find the expected phase of the unlocalised data. The image analysis 

pipeline needed to account for the fact that the data is collected with a surface coil 
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by weighting the phase from the pixels within the sensitive region of the coil.  The 

intensity of voxels in the magnitude image within the liver depending on the 

distance of a given voxel from the surface coil, as shown schematically in Figure 5.3. 

Hence, the magnitude images can be used to weight the pixels of the phase data. 

 

Figure 5.3 - A simplified schematic showing two different locations marked by X in 

the liver which is represented by the blue triangle. The purple semi-circle represents 

the B1 field from the surface coil shown in pink. 

The image analysis pipeline for the dynamic free-breathing magnitude and phase 

time series is shown in Figure 5.4.  

The magnitude images (Figure 5.4A) were first normalised,  

𝑤(𝑥, 𝑦, 𝑧, 𝑡) =  
𝐼(𝑥, 𝑦, 𝑧, 𝑡)

𝐼𝑀𝐴𝑋
 

Equation 5.1 

where I is the intensity value of the voxel, IMAX is the maximum intensity value 

across the image for the entire time series and w is the normalised intensity value 

for that voxel (taking a value between 0 and 1). The sensitivity at each voxel in the 

liver and, hence, its relative contribution to the spectra is approximately equivalent 
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to the relative signal intensity in the magnitude images. Therefore, the normalised 

magnitude time series w(t) (Figure 5.4D) was used to weight the B0 data from the 

liver. The free-breathing time series of phase images (ϕ(t), Figure 5.4B) were 

unwrapped (126,127) (Figure 5.4E) and a weighted phase evolution time series was 

then computed (w(t)ϕ(t),Figure 5.4F). Areas containing Subcutaneous Adipose 

Tissue (SAT) were masked out, by manually drawing a mask image in MRIcron 

(NITRC, v1.0.20190902), as they do not contribute to the water signal peak Figure 

5.4C. A stack of line profiles through the liver on the weighted phase maps across 

dynamics was created to visually inspect the effect of respiration (Figure 5.4G).  

 

Figure 5.4 - Analysis of free-breathing imaging data showing a slice from the (A) 

magnitude and (B) phase timeseries. The magnitude data is (D) normalised giving 

𝑤(𝑡) and multiplied by the (E) unwrapped phase (ϕ(t)) to generate (F) a weighted 

phase time series before (C) a mask is applied. The purple line in (F) shows a five-

pixel wide line profile used in (G) to plot the time course of the weighted phase data 

(𝑤(𝑡)𝜙(𝑡)) within the liver, which can be seen to be modulated by the respiratory 

cycle. 
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The maps of weighted phase evolution (w(t)ϕ(t), Figure 5.4F) were then converted 

to a time series of weighted field offsets B0(t) using 

𝐵0(𝑡) =
∑(𝑤(𝑡)𝜙(𝑡)) 

𝑇𝐸 ∑𝑤(𝑡)
 

Equation 5.2 

The time series B0(t) was also overlaid on the time series from the respiratory 

bellows, to provide a comparator to the frequency shift measured from the spectral 

analysis. In addition, both signals were Fourier transformed. 

5.4.1.3 Comparison of Imaging and Spectral Data 

Spectral fpeak(t) and imaging B0(t) datasets were binned into inspiration and 

expiration phases. From the assessment of the respiratory cycle, 

inspiration/expiration was defined as peaks and troughs of more than 30% above or 

below the mean peak height, respectively. Any points greater than two standard 

deviations above the mean were discarded to remove outlying deep breaths. 

Moving subtractions (inspiration – expiration) were used to compute the mean 

shifts fpeak(t), FWHM, amplitude and B0(t) during free-breathing.  

5.4.1.4 Assessment of Coil Position 

When analysing the magnitude and phase images from the dynamic data, it became 

clear that the coil's position with respect to the liver was linked to the outcomes. As 

is seen in Figure 5.5, if the surface coil is positioned too high on the torso, the liver 

moves into the FOV on inspiration. However, if the surface coil is placed lower down 

on the torso, the liver moves out of the FOV on inspiration. 
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Figure 5.5 - Coil position with respect to the liver. The liver position at inspiration is 

shown in purple, and expiration in blue. A) shows the case when the surface coil is 

placed high on the torso and B) when the coil is placed low on the torso. 

To assess the volume of the liver visible to the surface coil, the magnitude images 

were viewed in FSLeyes, FSL (FMRIB Software Library) and crosshairs placed on the 

image at the top of the liver dome when it was at its highest (expiration) and lowest 

(inspiration) point. The change in the liver volume visible to the coil was then 

visually estimated.  

5.4.2 Breath-hold Analysis 

During the time series data analysis, it was noted that respiratory amplitude varied 

greatly between individuals. Those B0 maps taken using the 1H decoupling coil were 

used to compare field offsets at the assumed maximum displacement, between 

inspiration and expiration. B0 maps taken using the body coil were used to evaluate 

changes in lung volume between inspiration and expiration for each participant.  

Figure 5.6 shows the image analysis pipeline for the B0 maps taken with the 1H 

decoupling coil. For inspiration and expiration, the magnitude images were 

normalised (Equation 5.1), and a mask was applied to remove the adipose tissue 
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(mw) (mask created in MRIcron, NITRC, v1.0.20190902). Phase wrapping was visible 

on multiple B0 maps. To resolve this, the raw B0 maps were reverted to phase, which 

were unwrapped (126,127), and the images were then converted back to B0 maps. 

The unwrapped B0 maps were multiplied by the normalised magnitude data, and 

finally, an average value for field offset across the map was computed,  

𝐵0,𝑤(𝑉𝑂𝐼) =  
∑(𝐵0,𝑈𝑁 ∙ 𝑚𝑤)

∑𝑚𝑤
 

Equation 5.3 

where B0,UN is the unwrapped data and B0,w(VOI) is the final computed value.  

 

 

Figure 5.6 –Example analysis of the Top - expiration and Bottom - inspiration 

breath-hold B0 maps taken using the 1H decoupling coil, shown for the central slice. 

A) shows the masks and magnitude data used to generate B) the masked, 

normalised magnitude data (mw) which is multiplied by C) the unwrapped B0 map to 

generate D) the weighted field offsets. 
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To evaluate lung volume (VL), the magnitude images from the Q-body expiration and 

inspiration breath-hold B0 maps were segmented (3-class segmentation in FAST 

(FMRIB's Automated Segmentation Tool), FSL) for lung cluster identification Figure 

5.7. These masks were then quantified for lung volume in MATLAB (MathWorks, 

2020b). To calculate the change caused by respiration, inspiration values were 

subtracted from expiration values to give ΔB0,w(VOI) and ΔVL. As the direction of 

the change in B0 is less important in this case than the magnitude |𝛥𝐵0,𝑤(𝑉𝑂𝐼)| was 

plotted against ΔVL.  

 

Figure 5.7 -Central slice of the multi-slice Q-body (Top) magnitude images from B0 

mapping for expiration and inspiration and (Bottom) the corresponding lung mask. 
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5.5 Results 

Six out of the seven participants had complete data sets; for one participant 

(Participant 3), the respiratory bellows failed for several intervals. All spectra had 

good SNR (Figure 5.8) and were able to be successfully analysed in JMRUI (99–101).  

 

Figure 5.8 - Example of 1H spectra collected during free-breathing including a close 

up showing the shift of the water peak. Alternate acquisitions are displayed to 

prevent crowding of the image, legend shows acquisition number. 

5.5.1 Dynamic MRS and Imaging Data 

For all participants, the time series from the respiratory bellows and water peak 

frequency fpeak(t) time series were found to oscillate at a similar primary frequency 

as shown by the Fourier transform (Figure 5.9), and as participants breathed in fpeak 

increased. Mean free-breathing spectral shifts between expiration and inspiration 

ranged from 10 – 31 Hz. Figure 5.10 shows a similar correspondence of the time 

series of the imaging field offset with the respiratory bellow, with imaging field 
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offset values ranging from 6 – 31 Hz across participants. Only 3 of 7 data sets are 

displayed as unfortunately the physiological data files were lost due to a theft of the 

device they were stored on, and this data could not be retrieved from the scanner 

at such a later time. Figure 5.11 compares the frequency shift measured between 

expiration and inspiration using the spectral water peak frequency and the imaging 

field offset. 
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7 

Figure 5.9 – Left- alignment of each participant’s respiratory bellows trace and 

spectra water peak frequency (fpeak(t)) and (right) the Fourier transform showing 

matched primary frequency. 
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Figure 5.10 - Alignment of three participants’ respiration trace and the field offset B0 

(t) measured from the dynamic imaging, the Fourier transform shows an overlap in 

the primary frequency. Participant one shows consistency with chaotic breathing, 

participant 2 shows consistency with rhythmic breathing (displayed by narrow FFT) 

and participant 3 shows agreement even with shallow breathing. The dynamic 

timings varied based on if the data monitoring window was open or closed during 

the acquisition. Unfortunately, the physiological data files were lost in a theft and 

the scanner decommissioned, hence the reduced number of participants presented. 
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Figure 5.11 – Left - Frequency shift measured between expiration and inspiration 

using the imaging field offset (B0(t)) and spectral water peak frequency (fpeak). Right 

– Bland-Altman showing the slight bias of spectroscopy measuring larger shifts. 

Figure 5.12 and Figure 5.13 show the alignment of the FWHM and amplitude, 

respectively with the respiratory bellows trace and matched Fourier transforms. 

Figure 5.14 shows the MRS shifts in FWHM and amplitude between expiration and 

inspiration. Mean shifts in FWHM ranged in magnitude from 0.48 to 31 Hz, with 

standard deviations ranging from ±1 to ±9 Hz. For participants 1, 4, 5, and 7 FWHM 

shifts were negative (decrease in FWHM on inspiration compared to expiration). For 

participants 2, 3, and 6 shifts were positive (increase in FWHM on inspiration 

compared to expiration). Mean amplitude shifts ranged in magnitude from 0.14 to 

2.7 au with standard deviations in shift ranging from ±0.2 to ±0.8 au. For amplitude, 

positive shifts (increase in amplitude on inspiration compared to expiration) were 

seen for participants 3, 5 and 6. In contrast, negative shifts (decrease in amplitude 

on inspiration compared to expiration) were seen for participants 1, 2, 4 and 7. 

Table 5.1 summarises for all participants the direction of the shift for in MRS 



A b i  S p i c e r    
5 Influence of Free-breathing Respiration Effects on Magnetic Resonance 

Spectroscopy 
5 . 5 Results 

P a g e  | 257 

 

257 | P a g e  
 

frequency shift, amplitude and FWHM as well as liver volume in the sensitive ROI of 

the surface coil. 
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Figure 5.12 - Left- alignment of each participant's respiratory bellows trace, and 

spectra water peak FWHM and (right) the Fourier transform showing matched 

primary frequency. 
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Figure 5.13 - Left- alignment of each participant's respiratory bellows trace and 

spectra water peak amplitude and (right) the Fourier transform showing matched 

primary frequency. 
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Figure 5.14—Left: Shift in the amplitude of the water peak between inspiration and 

expiration shown as a percentage of the average height for all peaks. Right: Shift in 

the FWHM of the water peak between inspiration and expiration. 

 

Table 5.1 - Summary of changes to MRS frequency, amplitude, FWHM and liver 

volume visible to the surface coil on inspiration. 
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5.5.2 Breath-hold Data 

The B0 maps collected on inspiration and expiration showed consistently larger field 

shifts than the free-breathing data, with field shifts of 16 - 113 Hz, this field shift 

correlated with the change in lung volume between inspiration and expiration 

across all participants (Figure 5.15). 

 

 

Figure 5.15 - Field shift seen in B0 maps between expiration and inspiration breath-

holds plot against the change in lung volume, with the fit having a correlation R = 

0.87 and p = 0.023 
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5.6 Discussion  

This study investigated the effect of free-breathing acquisitions in 1H MRS to study 

the impact on the spectral shift of the water peak and compare this to imaging field 

offsets. All spectra had good SNR and adequate fits when assessed. Results of this 

work can then be used to understand the influence of free breathing in multinuclear 

MRS for which a large NSA of datasets must be collected to increase SNR. 

5.6.1 Free-Breathing Spectral and Imaging Data  

5.6.1.1 Frequency shift with Free-Breathing 

The shifts in spectral resonant frequency (fpeak) and imaging field offsets followed 

the respiratory cycle with good agreement for all participants, with a maximum shift 

during free breathing of 31 Hz (0.24 ppm). This magnitude of change is similar to 

that reported by Bolan et al. (118) (here, field shifts range 10 – 31 Hz for Bolan et al. 

23 ± 5 Hz). The field offsets from the created B0 maps (B0(t)) were mostly smaller 

than those of the spectral frequency shifts; this is likely to be caused by using a 

single-slice B0 map rather than volumetric dynamic field maps. An optimal 

experiment would be to obtain a 3D multi-slice B0 scan; however, this would not be 

able to be acquired in a short enough period to encode multiple timepoints within 

the respiratory cycle.  
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5.6.1.2 FWHM 

The MRS measure of FWHM represents the linewidth of the water peak. For all 

participants, there was agreement between the central frequency of the Fourier 

transformations of the time course of FWHM and the respiratory trace; from this, it 

can be inferred that respiration is causing the fluctuations in the FWHM. 

Participants 2, 3 and 6 whose FWHM increased with inspiration, had lower average 

frequency shifts in the B0(t) maps (shifts ~10 Hz), whilst participants 1, 4, 5 and 7, 

whose FWHM decreased with inspiration, had larger B0(t) shifts over 15 Hz (Figure 

5.11). Although the amount of shift seen in the FWHM is linked to the range of 

phase within the FOV, the direction of the shift will predominantly be determined 

by any movement of the liver as the average value is dependent on the weighting of 

the signal from the coil sensitivity profile in these experiments.  

In Table 5.1, the direction of the change for amplitude and FWHM are the same for 

all but two participants. It could be that for these two participants, the increase in 

liver volume within the FOV, which would cause the increase in amplitude, is 

bringing in areas of the liver that were poorly shimmed which could cause a 

decrease in the FWHM, as illustrated schematically in Figure 5.16. 
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Figure 5.16 - The coil is represented in pink, and its B1 field is in blue. For the liver 

(purple), darker regions are better shimmed, and the lighter region represents the 

areas of large field offsets. In this case, upon inspiration, the large offsets will move 

into the areas of higher sensitivity, which, when weighted, could introduce larger 

variations in FWHM. 

Although placing the coil lower on the ribs may reduce the amount of the liver in 

the FOV, it may improve the quality of the signal, this may be beneficial in free-

breathing acquisitions where a single shim is performed. This is because the top of 

the liver, next to the lung, often has the largest range of phase, and hence, by 

reducing the amount of this area in the FOV, the FWHM should be reduced with 

minimal loss to amplitude. 

5.6.1.3 Amplitude 

For some participants, the peak area (or amplitude) measured by AMARES 

increased with inspiration; for others, the peak area decreased with inspiration. 

However, for all participants, there was an agreement between the central 

frequency of the Fourier transformation from the spectral amplitude time series 

(A(t)) and respiratory trace, implying that respiration was responsible for the 
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fluctuations in amplitude. Amplitude changes are caused by the amount of visible 

signal (i.e. the liver moving in and out of the FOV) as well as intravoxel dephasing 

(linked to FWHM). For participants 1, 2, 4, and 7, the spectral amplitude decreased 

with inspiration; upon inspection of the dynamic phase images, it can be seen for 

these participants that the liver was moving out of the FOV.  

For participants 3, 5 and 6, the spectral amplitude increased with inspiration, and it 

was seen that the liver was moving into the FOV with inspiration for these 

participants. Although the predominant effect appears to be the liver moving up or 

down in or out of the FOV, it can also be seen in some of the participants that the 

liver was being compressed due to inspiration (Figure 5.17). Due to the B1 drop-off 

of the surface coil used, it is difficult to see the full morphometry of each liver. Still, 

some of the liver's volume is likely moving deeper into the central abdomen, 

reducing the available signal. Although each participant's images were visually 

inspected, future work should consider quantifying the change in visible signal using 

morphometric analysis.  
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Figure 5.17 - Another case of liver movement with respiration in addition to those 

shown in Figure 5.5. Here on inspiration (purple) the liver moves further in from the 

coil and compresses, whilst on expiration (blue), the liver is closer to the coil and 

larger 

5.6.2 Breath-hold Imaging data 

The difference in the field offset between the inspiration and expiration B0 maps 

correlated well with the change in lung volume. The maximum field shift seen in the 

breath-hold B0 data was three times larger than the maximum shift seen in the free-

breathing B0 data. For 3 of the 7 participants, the shifts measured using breath-

holds were larger than any shift measured in the dynamic data. This is probably 

because during the breath-hold scans, people took deeper breaths compared to 

free-breathing causing greater movement of the liver.  

The dynamic B0 data showed examples of deep breaths, where the shifts were 

larger than the rest of the time series, these data points were removed as outliers 

to prevent exaggerated dynamic shift estimations.  

5.6.3 Implications for Multinuclear Spectroscopy 

This study used 1H MRS to quantify the measured effects of free breathing and this 

allows such effects to be related to multinuclear MRS where acquisitions are often 



A b i  S p i c e r   
5 Influence of Free-breathing Respiration Effects on Magnetic Resonance 

Spectroscopy 
 5 . 6 Discussion 

P a g e  | 267 

 

267 | P a g e  
 

performed free breathing. The simplest way to understand these effects on 

multinuclear MRS is to convert the shift in Hz (∆𝐻𝑧) caused by free breathing to a 

shift in the universal ppm scale (∆𝑝𝑝𝑚) (as the shift measured in Hz for one atomic 

species is not equivalent to the same Hz shift seen in another). This conversion is 

performed using,  

∆𝑝𝑝𝑚 =
∆𝐻𝑧 ∙ 106

𝛾 ∙ 𝐵0
 

Equation 5.4 

where γ is the gyromagnetic ratio of a nuclei. Shifts seen in 1H MRS in this project 

ranged from 10 – 31 Hz, equivalent to 0.08 – 0.24 ppm. At 3 Tesla, 31P metabolite 

linewidths range from 0.34 - 0.73 ppm (21) and 13C range from 1 – 2 ppm, meaning 

shifts of 0.24 ppm during free-breathing could cause significant line broadening. 
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5.7 Conclusion 

Frequency shifts observed in this study within the liver were 10 – 31 Hz from 

dynamic MRS and imaging data. This shift from free breathing could cause a 0.24 

ppm shift in spectra, which would cause dramatic line-broadening effects in 

multinuclear spectroscopy. Future work should confirm the effect of respiration on 

FWHM and amplitude using respiratory-triggered acquisition and frequency 

alignment for both 1H and multinuclear applications. The spatial variations in the 

field map over the respiratory cycle, reported here, could be used to design 

dynamic shim coils.  
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6 Variability in Carbon-13 Magnetic 
Resonance Spectroscopy Measurement of 
Liver Glycogen in Healthy Children 

6.1 Overview 

The reproducibility and repeatability of liver glycogen measured in children using 

natural abundance Carbon-13 (13C) Magnetic Resonance Spectroscopy (MRS) is yet 

to be established. Ensuring that the results are reproducible and repeatable and 

understanding the source of variability is crucial in all studies. However, since 

children are a complex cohort to recruit and scan, it is even more vital that the 

variability in the measured values is quantified. Repeatability applies to data 

collected in the same place with the same instrument using the same rater to 

analyse the data. In contrast, reproducibility refers to the degree of agreement 

when performed by different individuals with different instruments.  

This chapter investigates the variability of Liver glycogen measurements in children 

and builds on previous work in adults. This work aimed to compare variations seen 

in children to adults, assess the impact of using different observers, and evaluate an 

in-house automated algorithm for analysis. 
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6.2 Introduction 

Glycogen plays a vital role in the body as an energy storage molecule. In the 

postprandial state, higher blood glucose levels trigger insulin release, and the 

process of converting glucose to glycogen for storage begins (128). The liver and 

skeletal muscles store most of the body’s glycogen, with the liver having the largest 

glycogen concentration. Liver glycogen is the only direct contributor to blood 

glucose regulation as skeletal muscle stores are used as local energy sources during 

exercise and are only used to regulate blood glucose levels in extended periods of 

fasting via indirect processes (129). For a more in-depth explanation of glycogen 

storage and production mechanisms and its role in the body, see Chapter 1. The role 

of glycogen storage in metabolic disorders suggests that it would be valuable to 

have a tool to measure changes effectively without the need for invasive biopsies, 

13C MRS provides such a tool.  

The accuracy and repeatability of 13C MRS measurements of glycogen concentration 

was evaluated by Taylor et al. (130) in 1992, where the glycogen concentration of 

skeletal muscle was measured using 13C MRS and compared to that measured by 

muscle biopsies. The values from each method correlated within subjects 

(p<0.0001); seven of the eight subjects’ glycogen concentrations agreed within 9.3 

mM between methods (87 ±28 mM by MRS  88 ±28 mM biopsy), and the 

intrasubject Coefficient Of Variation (COV) was higher for biopsy than MRS. The 

study concluded that 13C MRS could provide accurate, repeatable, non-invasive 
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measurements of glycogen concentrations. Since then, 13C MRS has been widely 

used as a tool for measuring skeletal muscle and liver glycogen concentrations 

(97,106,123,131–133).  

13C glycogen measurements are challenging, particularly in the liver, due to low 

natural abundance, wide acquisition bandwidth and low gyromagnetic ratio. With 

such a wide spectral bandwidth, attempts to optimise the baseline fit for the 

entirety of the spectra can cause sub-optimal fitting in local regions. The low natural 

abundance and low relative sensitivity mean that 13C spectra have low Signal-to-

Noise Ratio (SNR) and the glycogen doublet is often the smallest resolved 

metabolite peak in the spectra, dwarfed by lipids and glycerol. Therefore, a large 

Number of Signal Averages (NSA) are needed to detect adequate signal, which 

requires the use of free breathing acquisitions (as described in Chapter 5). All these 

issues compound to complicate phase correction and peak fitting of 13C spectra. 

Manual analysis from experts is generally considered necessary to ensure good fits 

and despite the variability introduced, manual analysis has been considered the 

gold standard. The measured COV of liver glycogen concentrations using non-

localised MRS acquisitions in healthy adults can be seen in Table 6.1. This study 

looked at the reproducibility of manual analysis, comparing manual analysis from 

two raters with automatic analysis using previously acquired and published data of 

13C liver spectroscopy in children (123).   
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Study 
Glycogen 

Concentration 
(mM) 

 
Longitudinal 

Intrasubject COV (%) Intersubject 
COV (%) 

Number 
of 

subjects 
  Fasted Postprandial 

Stephenson 
et al. (97) 

  
35     12 

Bawden et 
al. (131) 

217   
32   17.5 5 

Buehler et 
al. (106) 

140  
  14.6   8 

Table 6.1 - Literature values of liver glycogen concentrations and the coefficients of 

variation using non-localised MRS acquisitions in healthy adults.  

If measurements of glycogen concentration cannot be reproduced, that is, different 

institutions and research centres cannot replicate the results, or if they are not 

repeatable, i.e. cannot be replicated by the same system on the same day, then this 

affects both the number of subjects needed to power future studies and the ability 

of 13C MRS to evaluate the effectiveness of interventions. 

6.2.1 Uses of Carbon-13 Magnetic Resonance Spectroscopy in 

Children 

As children are a difficult cohort to recruit and compliance with long and 

complicated protocols is minimal, there is little information on the repeatability and 

reproducibility of data from this group. Few studies have investigated liver glycogen 

levels in children, and previous literature has focused on understanding Type I 

Diabetes (T1D) using 13C MRS. Matyka et al. (109) investigated daytime 

accumulation of liver glycogen in six children aged 7 - 10 years with T1D. The 

healthy controls' liver glycogen concentrations post-overnight fast was 178 mM 
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(120-203 mM). Flück et al. (134) investigated fasted and fed glycogen stores in 

children and adolescents using 19 T1D subjects with age-matched healthy controls; 

liver glycogen concentrations were not quantified but given as relative values 

compared to an external acetone signal after coil sensitivity corrections.  

There are currently no published studies investigating the variability of glycogen 

measures in children.  

6.2.2 Sources or Variability  

Although 13C MRS is the only non-invasive method available to quantify liver 

glycogen, there are many sources of variability, arising not only from the subjects’ 

biology (differences in physiology, compliance, and day-to-day variations) but also 

from the system used to collect data (field strength and RF coil) and the analysis 

approaches (differences in software packages and rater opinions).  

6.2.2.1 Subjects 

Within a group of subjects, there will be different physiologies, for instance, 

between sex and across age. As a person ages, their physiology will change 

throughout the body, including the cardiovascular, endocrine, and gastrointestinal 

systems (135). However, changes happen rapidly at a young age. Children aged 6 – 

12 years are beginning to develop their physical and mental capabilities; in children 

aged 9 – 11 years, their muscles are developing to improve strength and balance, 

with girls maturing faster (136,137). These differences lead to intersubject 

variations. There are also intrasubject variations caused by many factors. Variations 
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in measurements taken on the same day can be caused by diurnal physiological 

changes or the spectral shift caused by respiration (see Chapter 5). These factors 

also affect measurements taken on different days but are compounded by factors 

such as differences in subject positioning. Also, a lack of compliance with the 

protocol can cause intrasubject variations, for instance, a fast not being followed or 

a tailored meal being fully consumed on one visit but not on another. Some of these 

issues can be mitigated, narrow age ranges can be used in young cohorts, deviations 

from protocol can be noted, and study timings can be kept consistent across visits. 

6.2.2.2 The System 

Inhomogeneities in the B0 field in an MR scanner can lead to the Region Of Interest 

(ROI) experiencing a slightly different magnetic field if a subject is not positioned 

consistently, causing the spectral peak to shift. Most multinuclear MRS experiments 

are performed using single-loop surface coils (the B1 fields produced by such RF 

coils has been discussed in depth in Chapter 4). If the surface coil is placed more 

laterally in one acquisition and more anteriorly in another, different amounts and 

types of tissue will be within the excitation volume, which will cause the signal to 

vary. In the case of non-localised acquisitions, this can cause differences in the 

measured peak areas. However, this does not pertain to samples fixed to the 

surface coil, such as external references. Mitigations of these effects are attempted 

through training operators on coil positioning, shimming of the B0 field, and 

assessing coil position using survey scans. 
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6.2.2.3 Analysis 

Software packages for spectroscopy analysis tend to be designed and optimised for 

data acquired in the brain. They, therefore, do not account well for the nuances of 

abdominal acquisitions (respiratory motion, larger volumes of interest and surface 

coil sensitivity) and multinuclear MRS data (low SNR, baseline corrections).  

Spectral analysis requires a high level of expertise to establish an analysis protocol 

and train other raters to analyse data. During preprocessing, spectra need to be 

phase corrected, apodised, frequency aligned and baseline-subtracted, and each 

step may require user input to varying degrees. With so many steps, it is easy to see 

how variability can be introduced during preprocessing if different raters are used 

(inter-rater variability) or even within a rater (intra-rater variability). Having only a 

single rater may reduce the variation, though this is not always possible with 

longitudinal studies. Both inter-rater and intra-rater variations can be alleviated 

through automatic analysis. However, there has been a lack of standardisations in 

acquisition protocols, leading to many groups creating bespoke analysis packages 

for their data, and often, each study and the ‘black box’ nature of some of the 

automatic pipelines may lead to unexpected errors in baseline corrections and 

fittings. The output may often be considered unreliable and still require manual 

quality assurance.  

The aim of this study is to investigate the repeatability and reproducibility of 13C 

MRS measures in children, to understand the effects of changing the rater on study 
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results, and to evaluate the agreement between automatic and manual analysis 

methods.  

6.3 Methods 

Prepubescent children attended two study visits more than 5 days apart. At each 

visit, 13C MRS was used to measure liver glycogen levels. Spectra were analysed, and 

glycogen concentrations were quantified by a newly trained rater (Rater1), an 

experienced rater (Rater2) and using an in-house spectral analysis algorithm written 

in MATLAB (MathWorks, 2020b). Each rater (excluding automatic analysis) analysed 

the data three times to assess intra-rater variability. Automated results were 

compared with the average values for each rater to determine inter-rater variability. 

The results within each visit were used to determine intersubject variability and 

between visits to determine intrasubject variability. 

The procedures were approved by the University of Nottingham’s Medical School 

ethics committee (426-1911). Written consent was obtained from the volunteers 

and their legal guardians. The protocol for the more extensive study is registered on 

www.clinicaltrials.gov (reference NCT04278209). 

6.3.1 Study Design 

Twenty-four healthy children aged 8-12 years participated in this study, recruited 

through social media and traditional media advertisements. Subjects were screened 

as part of a more extensive study, Astrid et al. (123). Inclusion criteria were normal 

BMI (5th to 85th percentile) and no health conditions; exclusion criteria included 
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food allergies to the test drink used in Astrid et al. (123). Each subject attended two 

visits (V1 and V2) separated by a minimum of 5-days; each visit involved consuming 

a tailored meal at home 3 hours before an evening session for assessment of 

glycogen concentrations (~2000 hrs, denoted with subscript PM) followed by an 

overnight fast and a morning session for assessment of glycogen concentrations 

(~0800 hrs, denoted with subscript AM). The timeline of participation can be seen in 

Figure 6.1.  

Tailored meals were adjusted to each subject’s dietary preferences using a 4-day 

diet diary; each meal provided 35% of the child’s daily caloric intake (60% of energy 

from carbohydrates, 20% protein, and 20% fat) (123).  

 

Figure 6.1 - Study participation timeline 

6.3.2 Spectra Acquisition 

Subjects were scanned supine, with data collected on a Philips 3 Tesla Achieva MRI 

system scanner (Philips Medical Systems, Best, the Netherlands) using a 150 mm 

rigid single-loop 13C surface coil with integrated butterfly 1H decoupling channels 

(Pulseteq, Surrey), Figure 6.2. A 13C-labeled urea sample positioned in the centre of 

the coil was used to confirm the RF coil position and as an external reference signal 
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(~176ppm) to scale the measured signals. Each session lasted approximately one 

hour.  

During each session, three scans were performed: first, a survey to ensure coil 

positioning, secondly a ~5 minute MRS experiment to measure the reference signal 

for scaling; and finally, a ~15 minute liver glycogen MRS experiment. Spectra were 

obtained using an unlocalised pulse-acquire sequence with narrow bandwidth and 

pencil beam shimming. Localisation to the liver was obtained through the RF coil’s 

sensitivity profile. Hence, if it were found that the RF coil was not positioned 

centrally over the liver, it would be repositioned, and the survey scan re-run. 

Spectral acquisition parameters for the reference signal (long TR required due to 

slow T1 recovery) and liver glycogen (shorter TR chosen due to glycogen's fast T1 

recovery, allowing for more averages within the timeframe) MRS sequences are 

given in Table 6.2.  

MRS Purpose 
TR 

(ms) 

Flip 
Angle 
(°) 

Bandwidth 
(Hz) 

Sample 
points 

NSA 

Reference Signal 1500 25 7000 1024 20 

Liver Glycogen 280 95 7000 1024 3072 

Table 6.2 – MRS scan parameters 

To improve compliance in this young cohort, subjects were given periscope glasses 

to watch a video of their choice. The video was projected onto a screen at the end 

of the bore from outside the magnet hall. Headphones and earplugs were provided, 

but it was found that the headphones compressed the glasses against the subject’s 
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head, causing discomfort. To prevent this, participants were informed that 

headphones could be removed after the survey was complete for the duration of 

the quiet spectroscopy sequences if they kept the earplugs in their ears (Figure 6.2).  

 

Figure 6.2 – A) and B) schematic of coil placement with respect to the liver. C) 

Experimental setup and subject positioning.  

6.3.3 Spectral Analysis 

All spectra were manually and automatically analysed using in-house MATLAB 

(MathWorks, 2020b) scripts. Due to the wide bandwidth of 13C MRS at 3 T, first-

order phase correction was required, which introduced a periodic baseline 

fluctuation that required correction during analysis. Both manual and automated 

analysis methods used a sixth-order polynomial fit for baseline correction. 
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6.3.3.1 Manual Analysis 

Spectra were first automatically apodised (15 Hz), phase corrected to an initial 

estimate (-28° zero-order correction for both spectra, 1.12 degrees/ppm and 2.4 

degrees/ppm first-order correction for reference and Liver glycogen spectra, 

respectively), and the baseline fitted based on spectral regions with no signal. 

Spectra were then displayed to the user for manual adjustments, as shown in Figure 

6.3. Users could move the selected baseline regions to ensure no peaks were 

present and optimise the zero/first-order phase correction.  



A b i  S p i c e r  
6 Variability in Carbon-13 Magnetic Resonance Spectroscopy Measurement of Liver 

Glycogen in Healthy Children 
6 . 3 Methods 
P a g e  | 281 

 

281 | P a g e  
 

 

Figure 6.3 - 13C spectra showing (Top) Liver glycogen and (Bottom) Reference 

Spectra before manual input. Coloured vertical lines and shaded regions show areas 

used for baseline fitting, with the baseline fit shown as a dotted yellow line on both 

spectra. Above each spectra are the corrections applied and the acquisition 

parameters, which are updated as the user modifies the spectra. 
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Once satisfied, depending on the analysis being performed, the user selected the 

centre of either the reference peak (~176 ppm) or either side of the glycogen 

doublet peaks (~101.5 ppm) to create a spectral region. For liver glycogen fitting, a 

zoomed-in window of the region appeared, and the user was prompted to select a 

region of baseline on either side of the doublet and select the centre of each peak. 

Gaussian fits were applied to the peaks, with initial linewidth estimation of 0.2 ppm 

(Figure 6.4). A Gaussian fit was also applied to the external reference (13C Urea) 

signal.  

 

Figure 6.4 - Example fits of glycogen peaks made using manual analysis by Rater1: 

dashed vertical lines represent the centre of the peak selected by the rater, and solid 

vertical lines represent the regions chosen by the rater for baseline fitting.  
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6.3.3.2 Automatic Analysis 

Using the automatic MATLAB (MathWorks, 2020b) script written by Dr. Stephen 

Bawden, initial apodisation and phase correction estimates were applied as with 

manual analysis. For glycogen spectra, zero-order phase corrections were adjusted 

by cycling through values from -90° to 90° whilst first-order corrections were cycled 

from -0.32 to +0.32 degrees/ppm of the starting estimate (starting estimates were 

1.12 degrees/ppm and 2.4 degrees/ppm for the reference and liver glycogen 

spectra, respectively), finding the point of least difference between the baseline and 

spectral fit. Next, to find and fit the glycogen doublet, the script searches for 

maximum values along the ROI before searching for a baseline; these values were 

then used as initial estimates for Gaussian fitting.  

For the external reference spectra, the script searches the region within the spectra 

where the external reference maximum peak is expected to be found. From the 

maximum, the spectra were tracked on either side to find a minimum (the 

baseline); these values were used as initial estimates for a Gaussian fit. As with the 

manual analysis (described in 6.3.3.1), the width of the peaks was automatically 

estimated from the fit by searching for data points on either side of the peak that 

returned to the baseline. 

6.3.3.3 Concentration Calculations 

For scaling across acquisitions, the signal from the glycogen peaks was normalised 

to the external reference signal. Though these relative values may be adequate for 
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basic variability analysis within subjects with similar loading, for the larger study, 

comparisons to literature and applications in the wider community, it was necessary 

to quantify the absolute concentration of liver glycogen. The method for conversion 

to concentration is outlined here. Absolute concentrations were estimated by 

comparison with a 200 mmol/l (mM) liver glycogen phantom (1.1 litres). Hence, 

liver glycogen concentration was evaluated using, 

𝐺𝑙𝑦 (𝑚𝑀) =  
𝑆𝑖𝑛−𝑣𝑖𝑣𝑜

𝑆𝑝ℎ𝑎𝑛𝑡𝑜𝑚
∙
𝛽𝑝ℎ𝑎𝑛𝑡𝑜𝑚

𝛽𝑖𝑛−𝑣𝑖𝑣𝑜
∙ 200𝑚𝑀 

Equation 6.1 

where S is the scaled glycogen signal in the phantom (Sphantom) and in vivo (Sin-vivo). A 

Biot-Savart static field model (similar to that described in the Chapter 4) was used to 

estimate the different B1 effects on the received signal between the phantom 

(βphantom) and in vivo cases (βin-vivo). 

6.3.4 Repeatability and Reproducibility  

Two raters performed the spectral analysis. Rater1 was the author of this thesis, 

who was new to the analysis methods but familiar with spectroscopy techniques. 

Rater2 was Dr. Stephen Bawden, who is experienced in spectral analysis, wrote the 

automatic analysis package, created the conversion pipeline for liver glycogen 

concentration used in this study, and trained Rater1. Each rater repeated each 

analysis three times, whilst automatic analysis was computed once.  

Intra-rater reproducibility was evaluated only for the manual analysis. The average 

of each rater’s repeats was used for inter-rater, inter-subject and intra-subject 
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variations. This study assesses variability in two ways: as a percentage variation 

(where a lower percentage is more desirable) or using the Intra-class Correlation 

Coefficient (ICC) computed using (IBM SPSS Statistics, V29, Armonk, NY: IBM Corp) 

as a value between 0 and 1, where less variation is seen as the ICC value approaches 

1. 

Percentage variation was calculated using two methods for inter-subject and intra-

rater variations, 

𝐶𝑂𝑉𝑆𝑇𝐷 (%) = 𝜎
𝑚⁄   

Equation 6.2 

where 𝜎 is the standard deviation and 𝑚 is the mean of measurements. For intra-

rater variations, COVSTD was only evaluated for manual analysis. It was calculated for 

every measurement at all time points, and then the values were averaged to obtain 

one value per rater. COVSTD is not recommended for use with two values as it 

underestimates variation (138). Instead, a method here denoted as COVVAR, is 

suggested, 

𝐶𝑂𝑉𝑉𝐴𝑅 (%) =  √
1

𝑁

(𝑉1 − 𝑉2)2

2𝑚2
  

Equation 6.3 

where V1 and V2 are the glycogen concentrations from Visits 1 and 2 respectively, N 

is the number of subjects in the group and m is the mean glycogen concentration of 

the two visits. COVVAR was therefore used to measure intra-subject variability.  
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A two-way mixed ICC calculation was also used to test intra-subject, intra-rater and 

inter-rater variability. All ICC values were tested for absolute agreement which 

reduces the ICC value if a trend of agreement is seen in the datasets even if there 

were systematic differences present.  

6.4 Results 

6.4.1 Compliance 

Compliance with the MR scan protocol was good; child subjects remained still 

during acquisitions, reported to have complied with fasting requirements and 

consumed tailored meals as instructed. Spectra had good SNR, with all data sets 

being acceptable for analysis. Fits were of good quality; examples of the whole 

spectra from Figure 6.4 after corrections are shown in Figure 6.5.  

 

Figure 6.5 - Full spectra for one subject. Dark blue regions on spectra show the 

overlay of the glycogen fits shown in Figure 6.4. This is shown for the morning (AM) 

and the afternoon (PM) sessions for Visit 1 and Visit 2. 
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Liver glycogen concentrations ranged from 257-742 mM, 251-675 mM, and 263-705 

mM for Rater1 and Rater2 and automatic analysis at TPM and 184-538 mM, 186-508 

mM, and 180-509 mM for these three measures at TAM respectively (Figure 6.6). 

 

Figure 6.6 – Average Liver glycogen concentrations from both raters (Rater1 was 

newly trained by Rater2) and automatic analysis for all visits and time points. 

Whiskers show the full range of data, the box expands from the 25th to 75th 

percentile, and the central line represents the median value. 

6.4.2 Inter- and Intra-subject Variability  

The results of the variability measures can be seen in Table 6.3. Inter-subject 

variability ranged from 20 – 31 % depending on the rater and timepoint. Intra-

subject variations were smaller, ranging from 19 – 24 % depending on the rater and 

timepoint. 
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 Visit 1 Visit 2  
PM AM PM AM 

Rater1 Inter-subject (%) 23 22 24 24 
Rater2 Inter-subject (%) 22 25 26 27 

Automatic Inter-subject (%) 20 23 31 27 
 PM Session AM Session 

Rater1 Intra-subject (%) 21 17 
Rater2 Intra-subject (%) 18 19 

Automatic Intra-subject (%) 19 19 
Rater1 Intra-subject ICC 0.34 0.67 
Rater2 Intra-subject ICC 0.70 0.67 

Automatic Intra-subject ICC 0.66 0.74 
 All Timepoints 

Rater1 Intra-rater (%) 11 
Rater2 Intra-rater (%) 5 

Automatic Intra-rater (%) NA 
Rater1 Intra-rater ICC  0.93 
Rater2 Intra-rater ICC  0.99 

Automatic Intra-rater ICC  NA 

Inter-rater ICC 0.96 

Table 6.3 – Variability in measures, the first section shows the inter-subject 

variability for Visit 1 compared to Visit 2 for evening (PM) and morning (AM) scan 

sessions. The second section shows the intra-subject variability for evening (PM) 

sessions compared to morning (AM). The final section shows the intra- and inter-

rater variability across all visits and timepoints. 
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6.4.3 Inter- and Intra-rater Variability  

A good correlation was seen between raters and automatic analysis, Figure 6.7, with 

p<0.0001 and R values of 0.85 and 0.91 for Rater1 and Rater2, respectively. The 

Bland-Altman plots also seen in Figure 6.7 show little bias between across any of 

the rater combinations. 

  

Figure 6.7 – A) Comparison of liver glycogen concentration measured by two raters 

to automatic analysis, Rater1 is shown in pink and Rater2 is shown in blue. B) 

comparison of Rater1 and Rater2 average liver glycogen concentrations for all 

measurements. For both identity line (purple) and line of best fit(s) plotted with 

intercept set to 0, shaded regions display 95% confidence bounds. C shows the 

bland-altmans for i) Rater1 and Rater2, ii) Rater2 and automatic analysis and iii) 

Rater1 and automatic analysis.
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6.5 Discussion 

This study investigated the repeatability and reproducibility of 13C MRS (which offers 

the only non-invasive method to evaluate liver glycogen concentrations) in children.  

6.5.1 Glycogen Concentrations 

Fasted and fed liver glycogen concentrations measured in this study were larger 

than those found in a previous study in children by Matyka et al. (109) (180 - 538 

mM compared to 120 - 203 Mm, respectively). However, it is hard to draw 

conclusions about the accuracy due to the low sample size (n = 6) and the small 

amount of literature on in vivo liver glycogen stores in children, which makes the 

expected range uncertain. 13C MRS measurements in adults tend to differ across 

studies, and a similar variation may be expected here. This study used a longer TR 

than prior literature to study glycogen (TR = 280 ms compared to 150 ms previously) 

to ensure full relaxation of the signal. The discrepancy between this study's values 

for liver glycogen and previous literature in children may arise from conversion to 

absolute concentration, as the MR properties of the calibration phantom differ from 

liver tissue, causing systematic inaccuracies. This would explain why both raters and 

automatic analysis have high agreement (implying correct peak fitting) but disagree 

with the literature.  

For healthy adults, literature values of liver glycogen fasted concentrations range 

from 146 mM up to 247 mM, and postprandial concentrations range from 170 mM 

to 375 mM using non-localised methods (106,131,139–141). Glycogen stores 



A b i  S p i c e r  
6 Variability in Carbon-13 Magnetic Resonance Spectroscopy Measurement of Liver 

Glycogen in Healthy Children 
6 . 5 Discussion 

P a g e  | 291 

 

291 | P a g e  
 

decrease during fasted periods, with liver glycogen decreasing more rapidly than 

skeletal muscle. Awad et al. showed a 29% and 57% decrease in liver glycogen 

concentrations as measured with 13C MRS after 12 and 24 hour fasts respectively, 

whilst no change was seen in calf muscle glycogen concentrations (142).  

The difference between values quoted in this chapter and those quoted in Astrid et 

al. (123) are likely due to the bulk conversion factor used to obtain glycogen 

concentration in this chapter whilst the Astrid et al. used individual B1 corrections 

for each subject.  The discrepancy with literature does require further investigation, 

however, without liver biopsy data, the values of derived liver glycogen cannot be 

validated. Relative intra-subject changes and inter-subject variability remain 

accurate despite possible systematic shifts in liver glycogen concentration. 

6.5.2 Subject Variability 

Compliance with the MR protocol could be attributed to watching the video during 

the scan, as it may have prevented fidgeting from boredom. Showing a video during 

scanning also allowed the children to discuss their interests with researchers, which 

helped them feel more comfortable and relaxed in the new environment.  

Intra-subject ICC values showed moderate agreement, with only one measure 

showing poor agreement (Rater1 TPM), and variability was similar (21 ±2 %) for TPM 

and TAM across all raters. Reproducibility was better than that seen in adults for 

fasted measures (21% for this study compared to ~34% literature average) and 

worse for the post-tailored meal condition (21% for this study compared to 14% in 
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the literature). Tailored meals were consumed within a similar time frame before 

scanning in this study as literature. However, the caloric values and make-up varied 

considerably due to the energy requirements of subjects. Literature-tailored meals 

were 1/6 of the daily carbohydrate intake (50% of daily calorie intake); this study’s 

tailored meals used mixed energy sources. Having a more varied, larger meal could 

have led to different eating patterns and gastric emptying, which may be the source 

of the larger variability seen in this study. However, the similarity in intra-subject 

reproducibility seen for TPM and TAM suggests that providing a tailored meal is 

adequate for ensuring reproducibility where an overnight fast may not be possible 

before 13C MRS measurements.  

The intra-subject ICC value for Rater1 TPM was much lower than other measured 

despite the similar range seen on the boxplots. The heatmaps shown in Figure 6.8 

display the larger standard deviations within participants measured by Rater1 for 

TPM compared to TAM despite the similar ranges in concentration. 



A b i  S p i c e r  
6 Variability in Carbon-13 Magnetic Resonance Spectroscopy Measurement of Liver 

Glycogen in Healthy Children 
6 . 5 Discussion 

P a g e  | 293 

 

293 | P a g e  
 

 

Figure 6.8 - Heatmap of standard deviations in Rater1’s measurements for TPM and 

TAM 

Inter-subject variations were similar to intra-subject variations, with values of inter-

subject variations equal to or slightly larger than intra-subject variations, as 

expected.  

Inter-subject reproducibility was similar across all time points and raters (23 ±3 %). 

No one rater had consistently larger values than another, suggesting that 

physiological differences between subjects may be the largest source of variability. 

It is not possible to compare inter-subject variation directly with inter-rater 

variations due to the different analysis methods. However, the intra-subject ICC 

values showed less agreement than the inter-rater ICC value, and intra-subject COV 

was smaller than inter-subject COV. From this, it can be reasoned that the effect of 

changing raters is smaller than the variability between subjects.  
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6.5.3 Rater Variability 

Despite the complexity of the analysis, intra-rater ICC values display excellent 

agreement for Rater1 and Rater2 (0.93 and 0.99, respectively), demonstrating the 

robustness of the analysis method. The expertise of Rater2 compared to Rater1 is 

shown clearly in the data. Rater2 had a COVSTD less than half that of Rater1 (5% and 

11%, respectively), displaying the need for adequate training and quality control 

measures. In a small field such as multinuclear MRS, there is a limited amount of 

people with the necessary expertise and time to write analysis packages, analyse 

data, train new raters, and quality check fits. This highlights the need for robust 

automatic analysis.  

Across all analysers (Rater1, Rater2, and automatic analysis), the inter-rater ICC 

value (0.96) suggests excellent agreement. Although expertise is still needed to 

develop and adjust automatic analysis pipelines, it saves time and, in this study, 

produces similar results to manual analysis whilst removing the intra-rater 

variations. 

The slopes in Figure 6.7 can also be used as an analogue for inter-rater agreement, 

with a slope of 1 implying perfect agreement between two raters. The closest 

agreement was seen between Rater1 and the automatic analysis (slope = 0.958, R = 

0.85), followed by Rater1 with Rater2 (slope = 0.948, R = 0.95), and the least 

agreement was seen between Rater2 and automatic analysis (slope = 0.915, R = 

0.91). Although Rater1 and automatic analysis show the highest level of agreement 
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when evaluating the slope of the line of best fit, this pairing also had the smallest R-

value, showing a lower confidence level in the fit. This is likely due to the higher 

variability in the Liver glycogen values reported by Rater1.  

6.5.4 Powering Future Studies 

The measures of variability found in this study provide essential knowledge for 

designing future research in children. A sample size and a predicted effect size can 

be calculated from this data. For example, Kishore et al. investigated changes to 

liver glycogen following an overnight fast in both euglycemic (average blood sugar) 

and hypoglycaemia (low blood sugar) conditions for diabetic and healthy 

individuals. Participants attended a session following a 14 hour overnight fast; for 

the healthy individuals under euglycemic conditions, liver glycogen concentration 

dropped from 316 ± 14mM to 234 ± 10mM after a 120-minute fast and insulin and 

dextrose infusions, as measured using 13C MRS (143). Based on this data, assuming 

a similar drop would be seen in children, a sample size of 5 would be needed to 

measure a statistically significant change (two-tail t-test, power = 0.8, alpha = 0.05, 

effective size = 2.08, calculated using G*Power). Power analysis on this study 

comparing TPM and TAM using a two-way matched pairs t-test would require a 

minimum sample size of 6 (assuming power = 0.8, alpha = 0.05, effective size = 1.63) 

i.e. you would need 6 children to get a statistically significant result when 

investigating the effects of an overnight fast on liver glycogen.  
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6.6 Conclusions  

These novel MRS techniques must be made accessible to complex populations such 

as children. This study successfully showed the feasibility of using 13C MRS to 

investigate liver glycogen stores in children robustly. The complete study (Astrid et 

al. (123)) showed that long fasting periods were tolerated in most cases, and the 

feasibility of measuring liver and muscle glycogen concentrations is critical to 

investigating metabolic disorders. Liver glycogen concentrations were higher than 

previously measured in literature for children but were not unreasonable when 

considered against the range of values measured in adults. Rater changes do 

introduce variations; however, these are minimal compared to intra-subject and 

inter-subject variations. Rater variations can be mitigated using automatic analysis, 

which showed consistent agreement with the raters. Overall, liver glycogen 

measurements in children were found to be reproducible across visits and raters.  



A b i  S p i c e r  
8 References 
P a g e  | 297 

 

297 | P a g e  
 

7 Conclusion 

This thesis optimises 1H, 13C and 31P MRS measures and applies these methods 

alongside 1H MRI for metabolic and functional approaches to study obesity with 

respect to bariatric surgery in adults and glycogen stores in children. 

Chapter 3 provides one of the most comprehensive MR studies on bariatric surgery 

patients recorded, collecting multiparametric 1H MRI and MRS data in the abdomen 

across their surgical journey. Measures were collected before treatment, following a 

Very-Low Calorie Diet (VLCD), which precedes surgery, and at 6 and 24 weeks post-

surgery, and show significant changes across the surgical journey. Specifically, 

participants’ liver, spleen and Subcutaneous Adipose Tissue (SAT) volume were 

shown to decrease throughout participation in the bariatric study, with significant 

reductions for each from baseline to 6 weeks post-surgery and from post-VLCD to 6 

weeks post-surgery, whilst pancreas volume remained constant for the duration of 

participation. Changes in liver and spleen volume positively correlated with changes 

in their respective organ Fat Fraction (FF). Liver FF was measured using MRI (FFMRI) 

and MRS (FFMRS), with measures generally showing good agreement, although a bias 

was seen with FFMRI overestimating FF < 10%. For the liver, a significant decrease in 

FF was shown between all timepoints (excluding FFMRS from post-VLCD to 6 weeks 

post-surgery). Splenic FFMRI decreased significantly from baseline and post-VLCD to 6 

and 24 weeks post-surgery. Change in organ volume significantly correlated with 

BMI (for liver and SAT) and BSA (for liver, spleen, and SAT). The change in FF 
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significantly correlated with BMI (for liver, spleen, pancreas and SAT) and BSA (for 

liver, spleen and SAT).  

Data from Chapter 3 also highlighted inter-dependencies in MRI measures. Liver FF 

(MRI and MRS) positively correlated with liver T1 MOLLI, with a significant decrease 

in liver T1 MOLLI from baseline and post-VLCD to 6 and 24 weeks post-surgery. Prior 

work has shown the dependence of liver T1 MOLLI on FF, and in future work the 

liver T1 MOLLI measures will be compared to the accompanying fat-suppressed 

inversion recovery spin-echo echo-planar T1 measures collected in Arm A 

participants to determine if the changes seen are purely related to the influence of 

fat on the MOLLI readout, or whether additional inflammation is present which 

reduces across the study visits. Secondly, as the BMI and BSA of patients changed it 

was clear to see a negative correlation with the delivered B1 (with the nominal B1 

field increasing across the study as participants BSA and BMI decreased). This is 

particularly important to quantitative MR measures, which, if not accounted for, can 

lead to alterations in metrics such as relaxometry. For example, here a significant 

correlation of organ T2 with B1, with higher (over-estimation) T2 at lower B1 due to 

stimulated echo effects, highlighting the need to correct for B1 in future planned 

analysis.  

Future work will analyse the remaining data collected in this bariatric study to 

evaluate if any changes occur in kidney T1 and T2* measures associated with renal 

inflammation and oxygenation changes in bariatric patients, as well as to determine 

whether cardiac output is altered data. On completion of the study, differences 
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between the two (Roux-en-Y Gastric Bypass and Sleeve Gastrectomy) surgical 

groups will be assessed, though this comparison may be limited by the small 

number of Roux-en-Y Gastric Bypass (n = 6) compared to Sleeve Gastrectomy (n = 

11). On completion of blood analysis, MRI and MRS data will be compared to 

measures of blood glucose, Plasma GLP-1, GIP, Ghrelin and Bile Acids, C-Peptide and 

Insulin which may give valuable insight into the mechanisms behind diabetic 

remission. 

In Chapter 4, the effect of block and Half-Passage Hyperbolic Secant (HPHS) RF 

excitation pulses for liver MRS acquisitions using a single-loop surface coil were 

described. Simulations were performed to evaluate the expected received signal of 

non-localised acquisitions and a 1D ISIS in a liver for 31P; similar trends were found 

for empirical data from phantoms and in vivo measurements of SNR with distance. 

Block pulses were found to be robust and practical for in vivo use in liver 

spectroscopy and, hence, were used in the two intervention studies. Results from 

the 31P MRS IPE intervention study showed no significant changes in the exchange 

constant (k), ATP forward Flux or inorganic phosphate (Pi) concentration before and 

after consuming IPE. Variations in k and ATP flux were seen across individuals, and 

future work will assess the correlation of the 31P MRS results with blood measures 

of IPE. For the bariatric study, a significant increase in Pi concentration was seen 

after bariatric surgery, which has been previously linked to insulin sensitivity. 

However, saturation failed, and it was not possible to measure the k or forward flux. 

Future work should be aimed at developing a tool to provide the optimum 

saturation pulse amplitude for groups with different SAT thicknesses. 
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Chapter 5 explores the impact of free-breathing on the line broadening of 1H liver 

MRS acquisitions; this is of importance to multinuclear liver MRS which must be 

collected free breathing due to its lower SNR requiring many signal averages as to 

be collected in a given time period. Using free breathing 1H liver MRS, shifts in the 

water peak’s central frequency (fpeak), Full-Width Half Maximum (FWHM) and 

amplitude were evaluated and compared to shifts measured using dynamic imaging. 

Frequency shifts due to respiration were shown to range from 0.08 to 0.24 ppm (10 

– 31 Hz), a level which could also cause significant line broadening altering peak 

shapes in 13C and 31P spectra. For example, in Chapter 6, initial estimates of 

Gaussian linewidths of 13C glycogen peaks were 0.2 ppm, within the level of the 

respiratory changes reported. This respiratory shift is also relevant to the 31P MRS 

data collected in the bariatric surgery study which used a saturation pulse width of 

20 Hz, (0.38 ppm). It is possible that if the saturation pulse is not targeting the 

central frequency of the chosen peak well, then during respiration the target peak 

will move out of the saturation window reducing its efficiency. Future work should 

explore the effects of respiration on the efficiency of such saturation transfer 

experiments. Future work using 1H and multinuclear MRS should explore binning 

the data into inspiration and expiration phases using the respiratory cycle trace, 

since averaging within bins to improve SNR should provide sufficient SNR to perform 

peak alignment across bins before averaging inspiration and expiration data. If 

proven, this method could then be implemented into the automatic MRS analysis 

pipeline shown in Chapter 6. 
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Chapter 6 studies the reproducibility of 13C liver glycogen stores in healthy children. 

Data for liver glycogen concentrations post-tailored meal and post-overnight fast 

from two visits were evaluated by two raters and an automatic analysis pipeline. 

Intra-subject reproducibility was similar to previous literature on adults and was 

better for fasted measures than post-tailored meals. Inter-subject variations were 

similar across raters, implying that the driving force for this measure is the large 

variability across children's metabolism. There was excellent agreement of the 

automatic analysis with the two raters showing promise for of such automated 

analysis for future longitudinal studies or clinical applications.  

Pre-clinical 13C MRS studies have shown interesting differences in glycogen between 

healthy, diabetic and non-alcoholic fatty liver-diseased models, and it would be of 

interest to use the methods shown in this thesis study to investigate such liver 

glycogen storage in humans, as well as to study longitudinal changes in a similar way 

to the bariatric surgery intervention study performed in Chapter 3.  

In summary, this thesis has demonstrated novel research into the standardisation of 

1H MRS and multinuclear MRS acquisition and analysis measures, including the 

study of the effects of varying B0 and B1 fields on measures. MRS measures have 

been applied together with imaging at a system level to study obesity. This 

represents the first step in making multinuclear MRS a clinically viable tool for 

understanding metabolism.  
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9.1 Bariatric Study - MRI CRF - Arm A 

 

Sir Peter Mansfield Imaging Centre 

Imaging CRF for Bariatric 

Surgery Patients. 

Main study Arm 

Participant Number:…………………….. 

MRI Volunteer Number: …………………………… 

Case Report Form 

IRAS: 295253 

Ethics: 21/WA/0387 

School of Physics 

Participant Number Date of Visit  
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___/___/____ 

dd/mm/yyyy 

Visit Day  

Patch 

Quilt_H Patch. 

Exam Card 

SPMRIUseres -> Abi -> 

BAR_proton_abdo 

Study Protocol  

MRI Proton Time Started:  

 

Scan  Complete Any comments 

Yes No 

Scout Scan    

mDIXON    

Preparation tab 

Echo phase determination = OFF 
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Plan MOLLI scan to ensure pancreas 

coverage in Geo4 

This will set the position of the next few scans 

T2*    

B1 and B0 

mapping 

   

 

Preparation tab 

Echo phase determination = ON 

Scan tab 

GRE echo scale = -1 

T1 mapping    

Pancreas eThrive    

General tab 

Physiological Simulation = ON 

RR = 2  

Heart rate = 60 

Scan tab 
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GRE echo scale = 1 

MOLLI     

 

 

General tab 

Physiological Simulation = OFF 

Proton 

Spectroscopy 

   

Diffusion 1 

 

   

Scan tab 

Dynamic Noise Scan = noRFnoGR 

DWI reversed    

Scan tab 

Dynamic Noise Scan = no 

T2 mapping 

 

   

Magnetisation 

Transfer 
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Preparation tab 

Echo phase determination = OFF 

Kidney T2*    

Preperation tab 

Echo phase determination = ON 

General tab 

Physiological Simulation = ON 

RR = 2  

Heart rate = 60 

Kidney MOLLI     

General tab 

Physiological Simulation = OFF 

Arterial Flow    

Optional Cardiac 

Card.  

   

End of MRI       Completion time: 

 

Print Name Here ____________________ 
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Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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9.2 Participant Information Sheet -Bariatric Study – Arm 

A 

Category A: Participant Information 
Sheet 

Diabetes or Pre-diabetes Remission and Surgery 

(Final version 4.0: 23/01/2023) 

 

Title of Study: Effects of Very-Low 
Calorie Diet and Bariatric Surgery in 
Patients with Type 2 Diabetes Or Pre-
diabetes 
You are being invited to participate in a research study. It is important for you to 

understand why the research is being done and what it will involve before you 

decide whether to take part. Please read this information carefully, and discuss it 

freely with others should you feel necessary. If there is anything which remains 

unclear, or requires further explanation, please ask us. Please do not rush this 

decision. Thank you in advance for reading this thoroughly. 

This study is occurring as part of 2 PhD students’ research projects at the University 

of Nottingham. The Primary Investigator is Penny Gowland of the University of 
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Nottingham, and the Chief Investigator is Iskandar Idris of Royal Derby hospital and 

the University of Nottingham  

What is the purpose of the study?  

The purpose of the study is to develop further understanding of how the Very Low-

Calorie Diet and your scheduled surgery will impact upon your diabetes or pre-

diabetes. We will be assessing how, and why, these changes occur and ultimately 

this information will inform future research prospects and could potentially expand 

available treatment options. This study will be done alongside your standard 

treatment that you receive for your bariatric surgery. It will use Magnetic Resonance 

Imaging (MRI) to take pictures of your abdomen, chest and legs, and Magnetic 

resonance Spectroscopy to analyses the makeup of these parts of your body. Blood 

tests will also be done to see your response to glucose.  

Why have I been Invited?  

You have been invited because you either have a history of type II diabetes or pre-

diabetes and are about to undergo either Sleeve Gastrectomy or Roux-en-Y Gastric 

Bypass surgery. We are inviting 23 participants like you to take part. 

Do I have to take part?  

It is entirely your decision whether you wish to take part. If you do decide to take 

part you will be given this information sheet to keep and be asked to sign a consent 
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form. If you decide to take part you are still free to withdraw at any time and 

without giving a reason. This would not affect your legal rights 

 

 

   

What will happen to me if I take part?  

If you wish to take part, you will undergo further screening to make sure that you 
don’t have any metal within you, any mechanical life supporting devices such as a 
pacemaker or other medical implants such as cochlear implants or 
neurostimulators. If you know this to be the case already, please let us know as you 
may not be able to take part due to risks associated with the MRI machine.  
 
If you are receiving this document, a member of your usual care team has already 

contacted you, over the phone about the study. 

For this study you will need to take part in an hour-long screening session in person 

and 4 experimental sessions, each lasting around half a day. During the screening 

session a member of the team will check that you are suitable and you still wish to 

participate, answer any questions and book your first experimental session. We will 

do our best to align this session with your routine ERAS appointment, however this 

may not always be possible. The first session will be before you start your Very Low-

Calorie Diet (also known as the Liver shrinkage diet), the next session will be just 

before your surgery, the third session will be 6 weeks after surgery and your final 

session will be 4 months after surgery. You will have to be fasted for these sessions 

to allow us to test your glucose tolerance, which will be done using blood tests. You 
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must be fasted for a minimum of 8 hours before you arrive. You will also need to 

avoid alcohol consumption and strenuous exercise in the preceding 24 hours, and 

consume no caffeine for 18 hours before arriving. The fasted period must include 

water only, the fast will be broken with your arrival at the Sir Peter Mansfield 

Imaging Centre at the point of the commencement of the Mixed Meal Test whereby 

you will be provided with a nutritional shake.To reduce the fasting period, all tests 

and scans will be scheduled to take place in the morning.  

Please note that during the morning of the study days you will be advised not to 

take paracetamol. 

Please also note that we will provide a nutritional bar (which also suits the calorie 

requirements of your Very Low Calorie Diet), this bar will be given following the 

completion of the Mixed Meal Test and prior to your time in the MRI scanner. 

 

For Study Day 1, which is prior to your Very Low Calorie Diet commencing, you are 

welcome to bring an additional home-prepared lunch for after the MRI session if 

you wish to do so. 

 Here is a diagram to help make this process clearer: 
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Figure 1: Diagram outlining the study.  

 

During each of these experimental sessions we will take multiple blood samples to 
establish your glucose response. After all your blood tests are done you will undergo 
MRI scanning. We will take a picture of your legs and body, this will give us data to 
understand changes in the composition of your organs.  
 
For the Blood Tests:  
We will perform a mixed meal test to measure your body’s response to nutrition. 
Prior to drinking you will have a cannula (tube) inserted into either your arm or 
hand to aid in drawing blood. 15ml of blood will then be taken (about a tablespoon) 
as a fasted measurement. You will then be given a choice in flavour of a nutria 
Fortisip (except chocolate) and be asked to drink all 200ml. Blood sampling will take 
place at 15 minutely intervals for the duration of 3 hours. Between draws the hand 
or arm will be placed in a warm box. 
 
The blood samples will be taken to a lab down the corridor to be processed and 
stored temporarily. By the end of the following working day the samples will be 
transported to the medical school for longer term storage until we have collected 
enough samples for bulk transfer to the Royal Derby Hospital for analysis.  
 
For the MRI and MRS:  
You will be asked to remove coloured contact lenses and to change into light 
clothing (we have a changing facility and will provide scrubs for you to wear). You 
will then be taken through to the MRI scanner where a flexible pad (to collect the 
signal) will be placed over your body alongside a small cushion to monitor your 
breathing. We may put some sticky pads and wires on your chest or a small clip on 
your finger to measure your heartbeat. To maximise your comfort during the scan, 
we may place foam pads around you.  
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The bed will move into the scanner, you will be asked to lie very still, and the 
scanning will start. The scanner makes a lot of noise so you will be provided with 
headphones and earplugs to reduce the sound level. At all times you will be in 
verbal contact with the scanner operator and will be given a buzzer to press in case 
you want to ask the operator to come into the scanner hall.  
 
Our scanner is larger than the average MRI scanner, but if you are very 
claustrophobic, that is you feel uncomfortable and panicked in a small, closed 
environment, you may not wish to take part in this study. You will have 1 MRI 
sessions just over 1 hour long, your total time in the scanner will be no longer than 
1 hours and 30 minutes and you will be given breaks if needed. You can bring music 
or other things to listen to if you wish.  
 

Can I ask questions about the research project?  

Yes, we will to the best of our ability answer any questions which you have related 
to the research project. 
 

What equipment is used?  

This study uses a Magnetic Resonance Imaging (MRI) Scanner. This scanner uses a 

very strong magnetic field to create a detailed image of the structure of your 

organs, it is also the same machine we use for the Magnetic Resonance 

Spectroscopy. This does not involve any X-rays or other ionising radiation. We will 

also use a cannula to collect blood samples during the study session, rather than 

putting in new needles every time as this reduces the risk of infection.  

What are the possible risks of taking part?  

MRI is considered to be a safe imaging technique. There are no known risks or side 

effects except that in less than 5% of people you might experience a very slight 

twitching or tingling in the hands or feet (caused by peripheral nerve stimulation). 
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This is not dangerous but may be disconcerting. The scan can be stopped if this 

occurs and has become uncomfortable. In some very rare cases, being in the 

magnetic field may induce temporary dizziness. In the event you experience any of 

these, you are free to withdraw from the study should you wish to. Although there 

is no evidence to suggest it is dangerous, as a precaution we will not include any 

women who are pregnant, or who have a reason to believe they may be.  

Going near to the strong magnets that are used in MRI machines can be dangerous if 
someone has a pacemaker (as it can alter the way it works) or someone has metal clips 
(that are sometimes used in surgical procedures) inside them; the clips can move if they are 
around soft tissue such as around blood vessels or in the brain. To avoid this risk, we will 
ask you about any surgical procedures that you may have had, or any metal implants inside 
your body and it is important that this information is disclosed to researchers. You will not 
be recruited for this study if there is a chance that you have metal inside your body. Please 
note, fixed metal braces (retainers) are not a problem.  
 

The scanner can be loud when it collects images and this sound varies depending on 

the type of image we are collecting. You will be given headphones and earplugs to 

help reduce this sound. If you are very claustrophobic, that is you feel 

uncomfortable and panicked in a small, closed environment, it may be best for you 

to decide not to take part in this study at all. Remember, you can withdraw from the 

study at any point without giving a reason, this will not affect your standard care. 

Contacting Your GP – Abnormalities in Scans  

The Sir Peter Mansfield Magnetic Resonance Centre is not a clinical diagnostic 

facility and the scans we collect are not the same as scans collected by doctors for 

medical purposes. The pictures will not usually be looked at by a radiologist (a 

doctor qualified to find abnormalities in scans), so this test does not replace any 
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tests that your doctor thinks might be needed. It is therefore unlikely that we would 

detect anything unusual or irregular on the images, even if they were present. 

However, if we suspect that there is something abnormal on your scan, we will ask a 

specialist to review it. If we did find anything abnormal on your scan the investigator 

would arrange for an appropriately qualified doctor, from the NHS Trust to look at 

them. That specialist doctor would contact your GP to explain the situation, so that 

your GP could then advise you. 

 

What are the benefits of taking part?  

We cannot promise the study will help you but the information we get from this 
study may help inform future studies and help us better understand and improve 
treatment of diabetes and pre-diabetes. You will have the knowledge that you have 
made a contribution to our understanding of science and may gain some general 
better understanding of your own body. However, there are no direct health 
benefits for you by taking part in this study. 
 

Will my travel expenses be covered?  

For your research participation there will be a total inconvenience fee of £80 

comprised of £20 for each experimental session. This money is to assist with 

expenses incurred as part of your participation, such as travel expenses. Car parking 

vouchers can be provided in addition to this, so that you don’t incur any parking 

expenses if you are travelling by car. 

If you live over 20 miles away from the University of nottingham main campus we 

are able to cover for standard milage for attending experimental sessions.  
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What happens at the end of this study?  

The results of this study may be used for educational purposes, for scientific 
publications, to inform clinical practice or for further studies, or a combination of all 
four. Scans are anonymised when they are collected and will presented in such a 
way that volunteers cannot be identified wherever they are used. 
 
 

Can I withdraw from the study and what happens if I do?  

Yes. 
Your participation is voluntary and you are free to withdraw at any time, without 

giving any reason, and without your legal rights being affected. If you withdraw we 

will no longer collect any information about you or from you but we will keep the 

information about you that we have already obtained as we are not allowed to 

tamper with study records and this information may have already been used in some 

analyses and may still be used in the final study analyses. To safeguard your rights, 

we will use the minimum personally identifiable information possible. 

 

Who knows I am taking part?  

Members of the study team at the University of Nottingham will know that you are 

taking part in the study and authorised individuals from the sponsor or its affiliates 

who see personal data when monitoring the conduct of the research. All other data 

are identified only by a code (as described further down in ‘Anonymised Research 

Data’), so anyone outside of the study team looking at this information cannot 

identify you directly.  
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We will not contact your GP to inform him/her that you are going to take part in this 

study. However, as previously mentioned, if we did find anything abnormal on your 

scan the investigator would arrange for an appropriately qualified doctor to look at 

them, who will then contact your GP to discuss a care plan if needed. 

What will happen to the study Results?  

The collective results from the study will be discussed with research collaborators at 
Leicester University, Glenfield hospital, Medical Research Council, Biomedical 
Research Centre and presented national or international conferences to allow 
findings to be shared with other researchers. Results will also be used to design 
future research. 
 
Your coded data may be shared with journals, experts or other scientists to verify 
the quality of results or to allow our data to be used as part of larger studies in the 
future. However, you will not be identified in any shared data, report or publication. 
Your data will also be used for Abi Spicer’s and Rebekah Wilmington’s PhD theses. 
You are welcome and invited to request a copy of the results, just ask a member of 
the team! 
 

Confidentiality – Who will have access to the data?  

We will follow ethical and legal practice and all information about you will be handled 

in confidence. 

 

If you join the study, we will use information collected from you [and your medical 

records] during the course of the research. This information will be kept strictly 

confidential, stored in a secure and locked office, and on a password protected 

database at the University of Nottingham. Under UK Data Protection laws the 

University is the Data Controller (legally responsible for the data security) and the 

Chief Investigator of this study (Prof Iskandar Idris) is the Data Custodian (manages 
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access to the data). This means we are responsible for looking after your information 

and using it properly. Your rights to access, change or move your information are 

limited as we need to manage your information in specific ways to comply with 

certain laws and for the research to be reliable and accurate. To safeguard your rights 

we will use the minimum personally – identifiable information possible. 

 

You can find out more about how we use your information and to read our privacy 

notice at: 

 

https://www.nottingham.ac.uk/utilities/privacy.aspx.  
 

The data collected for the study will be looked at and stored by authorised persons 

from the University of Nottingham who are organising the research. They may also 

be looked at by authorised people from regulatory organisations to check that the 

study is being carried out correctly. All will have a duty of confidentiality to you as a 

research participant and we will do our best to meet this duty. 

 

Where possible information about you which leaves the Sir Peter Mansfield Imaging 

Centre will have your name and address removed and a unique code identifier will be 

used so that you will not be recognised from this data. However, sometimes we need 

to ensure that we can recognise you to link the research data with your medical 

records so in these instances we will need to know your name and date of birth. We 

will also need this information if we need to follow up your medical records as part 
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of the research, where we may need to ask the Government services that hold 

medical information about you (such as NHS Digital, the Office for National Statistics, 

among others) to provide this information to us. By signing the consent form you 

agree to the above. 

 

Your contact information will be kept by the University of Nottingham for 12 months 

after the end of the study so that we are able to contact you about the findings of the 

study and possible follow-up studies (unless you advise us that you do not wish to be 

contacted).  

This information will be kept separately from the research data collected and only 

those who need to will have access to it. All other data (research data) will be kept 

securely for 7 years. After this time there will be secure disposal of your data. During 

this time all precautions will be taken by all those involved to maintain your 

confidentiality, only members of the research team given permission by the data 

custodian will have access to your personal data. 

 

In accordance with the University of Nottingham’s, the Government’s and our 

funders’ policies we may share our research data with researchers in other 

Universities and organisations, including those in other countries, for research in 

health and social care. Sharing research data is important to allow peer scrutiny, re-

use (and therefore avoiding duplication of research) and to understand the bigger 

picture in particular areas of research. Data sharing in this way is usually anonymised 
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(so that you would not be identified) but if we need to share identifiable information 

we will seek your consent for this firstly and ensure it is secure.  

Data collected during the study will be looked at and stored by authorised persons 

from the University of Nottingham, Royal Derby Hospital and Glenfield Hospital who 

are organising the research. Only a limited number of people involved in this 

research are allowed to see your personal records at this institution. 

In addition, authorised persons from the Medical Research Council, the University 

of Nottingham and the Biomedical Research Council (the sponsors) or its 

representatives will also look at the data collected during the study, including your 

personal data held at the University of Nottingham. This is required to allow 

auditing and/or monitoring of the information to check that the research is being 

carried out correctly. Access to personal data will be by arrangement with the lead 

investigator at the University of Nottingham and we will make sure your data is kept 

strictly confidential until it is destroyed. Moreover, your identity will not be 

disclosed in any reports arising from the research, or documents that leave the 

study centre. 

Anonymised Research data  

Research data includes all the measurements that we make on you in the course of 

the study, for example, age, height, weight, MR images, dietary intake. To help 

maintain your privacy, you will be assigned an identification code (for example P01 

for participant number 1), and this code will be used instead of your name on all 

study documents. We will save all the MRI images/recordings and electronic 



A b i  S p i c e r  
9 Appendix 

 
P a g e  | 348 

 

348 | P a g e  
 

research data using this code, so that none of the data will have your real name or 

other individual identifiers associated with them. 

The data will be stored at the University for 10 years after publication or public 

release of the research findings.  

We would like your permission to use this anonymised data (including the MR 

images) in future studies, and to share your data with other researchers in other 

universities and organisations both inside and outside the UK for research in health 

and social care. Sharing research data is important to allow other scientists to check 

our methods, avoid unnecessary duplication of experiments, and allow studies to be 

combined thereby providing more general answers to scientific questions. Personal 

information that could identify you will not be shared with other researchers and 

will never be included when results are made public. 

Identifiable Personal Data  

Identifiable, personal data (such as name and address) will be stored confidentially 

in a locked cabinet within a locked office and in a secure location at the Sir Peter 

Mansfield Imaging Centre. This data will be on a password protected secure 

database that is only accessible by a very limited number of administrative staff who 

have no access to the scientific data whatsoever. This information will be held by 

the Chief Investigator (Dr Iskandar Idris) and the Sir Peter Mansfield imaging Centre. 

The Sir Peter Mansfield Imaging Centre enters all participant data onto a secure 
database, which is password protected and supported/maintained by Information 
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Services at the University. Any paperwork, such as paper consent/screening forms 
are locked in fireproof cabinets with only limited people having access. 
 
The research team at the University of Nottingham will access this personal data 

whilst the project is being carried out to enable them to contact you. This 

identifiable, personal information will be kept separately from the coded research 

data and will not leave the study site. 

Documents that contain personal information, will be kept securely by the research 

team at the University of Nottingham for 10 years after the end of the study. 

You have the right to view and access your personal data and have the right to 

erase, limit the processing of it, or lodge an objection on the processing of this 

identifiable data. 

If you are happy for us to do so, we may use your personal data to contact you after 

the study is finished to let you know the results and possible follow-up studies. 

How will the University keep my data Private?  

Under UK Data Protection laws the University is the Data Controller for the data and 

documents held at their site, and Dr Iskandar Idris is the Data Custodian (manages 

access to the data). This means we are responsible for looking after your 

information and using it properly. Your rights to access, change or move your 

information are limited as we need to manage your information in specific ways to 

comply with certain laws and for the research to be reliable and accurate. To 

safeguard you and your rights we always use the personally – identifiable 

information as little as possible. You can find out more about how we use 
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information and to read our privacy notice at: 

https://www.nottingham.ac.uk/utilities/privacy.aspx/  

  
 

Who reviewed the study?  

All research involving people is looked at by an independent group of people, called 
a Research Ethics Committee, to protect your interests. This study has been 
reviewed and given a favourable opinion by the Faculty of Medicine and Health 
Sciences Research Ethics Committee (Reference number:21047). This research study 
has been given a favourable opinion by Wales REC 4 
 

Who is organising the study?  

This study is a collaboration between the Royal Derby Hospital, The University of 

Nottingham and Glenfield Hospital in Leicester as part of a PhD student project. 

This study is organised by Professor Iskandar Idris (Royal Derby Hospital, University 

of Nottingham UoN). Other Members of the team include: Miss Abi Spicer (UoN), Dr 

Rebekah Wilmington (UoN), Dr Stephen Bawden (UoN), Professor Guruprasad Aithal 

(UoN), Professor Susan Francis (UoN), Professor Penny Gowland (UoN) and 

Professor Gerry Mcann (University of Leicester, Glenfield Hospital).  

This study was co-funded by Medical Research council, the University of Nottingham 

and the Biomedical Research Council. 

What if something goes wrong?  

https://www.nottingham.ac.uk/utilities/privacy.aspx/
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If you have a concern about any aspect of this project, please speak to the 

researchers Abi Spicer (abi.spicer@nottingham.ac.uk +447714239831) or Rebekah 

Wilmington (Rebekah.wilmington@nottingham.ac.uk) or Penny Gowland 

(penny.gowland@nottingham.ac.uk +44 (0) 115 95 14754), or the Chief lnvestigator 

Iskandar Idris (iskandar.idris@nottingham.ac.uk) , who will do their best to answer 

your query. The researchers should acknowledge your concern within 24hrs and 

give you an indication of how they intend to deal with it. 

If you remain unhappy and wish to complain formally, you can do this by contacting 

the FMHS Research Ethics Committee Administrator, c/o The University of 

Nottingham, Faculty PVC Office, B Floor, Medical School, Queen’s Medical Centre 

Campus, Nottingham University Hospitals, Nottingham, NG7 2UH. E-mail: FMHS-

ResearchEthics@nottingham.ac.uk. If you do not feel comfortable contacting the 

Research Ethics Committee Administrator then an alternative would be to contact 

the Patient Advice and Liaison Service (PALS) for Nottingham University Hospitals 

who can provide you with confidential advice, support and information on health-

related matters. Contact PALS on 08001830204 or email PALS@nuh.nhs.uk.  

 

Do you have any further questions?  

If you have any further questions, please ask the person who gave you this 
information sheet or contact Abi abi.spicer@nottingham.ac.uk .  
 
 
This research study has been given a favourable opinion by Wales REC 4 
 

mailto:abi.spicer@nottingham.ac.uk
mailto:Rebekah.wilmington@nottingham.ac.uk
mailto:penny.gowland@nottingham.ac.uk
mailto:iskandar.idris@nottingham.ac.uk
mailto:FMHS-ResearchEthics@nottingham.ac.uk
mailto:FMHS-ResearchEthics@nottingham.ac.uk
mailto:PALS@nuh.nhs.uk
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Thank you for considering taking part in this study. Our research depends entirely on 
the goodwill of potential volunteers such as you. If you require any further 
information, we will be pleased to help in any way we can. 
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9.3 Screening and Study Day CRF – Bariatric Study Arm A 

 

 

Sir Peter Mansfield Imaging Centre 

 

 

 

 

 

 

 

Screening and test visit CRF for 

Bariatric Surgery Patients. 

31P Arm 
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Participant Number:…………………….. 

 

 

MRI Volunteer Number: …………………………… 

 

 

 

 

Case Report Form 
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IRAS: 295253 

Ethics: 21/WA/0387 

 

School of Physics 
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Participant Number 

 

   

 

Date of Visit 

 

___/___/____ 

dd/mm/yyyy 

 

Screening Visit 
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Participants Demographic 

Date of Birth 

 

___/___/____                      Age years                    

dd/mm/yyyy 

Height 

 

Weight 

 

Waist 

Circumference 

              cm  

 

              kg 

 

              cm 

 

Body Mass Index (BMI) 

 

             Kg/m2 

Diabetic  

Medication 

Type/Brand Name 

 Advice Given  

HbA1c / date taken  

Inclusion Criteria (If the answer is NO please comment below) 

Is the Patient listed for Roux-en-Y Gastric Bypass 

or Sleeve Gastrectomy at Derby Hospital? 

Yes  No  

Is the Patients BMI over or equal to 35kg/m2 Yes  No  

Is the Patient between the ages of 18 and 70 

years? 

Yes  No  
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Does the Patient have type 2 diabetes or 

Prediabetes? 

Yes  No  

Can the Patient give informed consent? Yes  No  

Exclusion Criteria (If the answer is YES please comment below) 

Is the Patients BMI greater than 50kg/m2  Yes  No  

Does the Patient have Liver Cirrhosis? Yes  No  

Does the Patient have any MR 

contraindications?  

Yes  No  

Using waist Circumference or the MR hoop, is 

the patient unlikely to fit in the MR scanner? 

Yes  No  

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 1 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments: 

 

 

 

 

 

 

 

 

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 2 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments: 

 

 

 

 

 

 

 

 

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 3 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments: 

 

 

 

 

 

 

 

 

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 4 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Participant Number 

   

 

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Study Status 

Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments: 

 

 

 

 

 

 

 

 

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Did the Participant complete the study?  

 

If no, complete below 

Yes  No  

 

Date of withdrawal:                  ___/____/_____ 

                                  dd/mmm/yyyy 

 

At whose Request did the Participant withdraw?  

 Participant  

 Investigator 

 Sponsor 

 Participants GP 

 Other (Specify) __________________________________________ 

 

Primary Reason for withdrawal due to… 

 Problems tolerating MRI  

 Failure to comply with requirements of protocol 

 Serious illness  

 Withdrawal of consent 
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 Other (Specify) __________________________________________ 

 

 

 

Print Name Here ____________________ 

 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 

Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

Investigation Statement 

Investigation Statement 

 

To the best of my knowledge, I can confirm that I have made every reasonable 

effort to ensure that the data presented in this Case Report Form are true, 

complete and accurately reflect the study conduct. 

 

 

Print Name Here ____________________ 
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Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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9.4 Screening and Study Day CRF – Bariatric Study Arm B 

 

 

Sir Peter Mansfield Imaging Centre 

 

Screening and test visit CRF for 

Bariatric Surgery Patients. 

31P Arm 

 

Participant Number:…………………….. 

MRI Volunteer Number: …………………………… 

 

 

 



A b i  S p i c e r  
9 Appendix 

 
P a g e  | 372 

 

372 | P a g e  
 

 

Case Report Form 

 

 

 

IRAS: 295253 

Ethics: 21/WA/0387 

 

School of Physics 
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Participant Number 

 

   

 

Date of Visit 

 

___/___/____ 

dd/mm/yyyy 

 

Screening Visit 
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Participants Demographic 

Date of Birth 

 

___/___/____                      Age years                    

dd/mm/yyyy 

Height 

 

Weight 

 

Waist 

Circumference 

              cm  

 

              kg 

 

              cm 

 

Body Mass Index (BMI) 

 

             Kg/m2 

Diabetic  

Medication 

Type/Brand Name 

 Advice Given  

HbA1c / date taken  

Inclusion Criteria (If the answer is NO please comment below) 

Is the Patient listed for Roux-en-Y Gastric Bypass 

or Sleeve Gastrectomy at Derby Hospital? 

Yes  No  

Is the Patients BMI over or equal to 35kg/m2 Yes  No  

Is the Patient between the ages of 18 and 70 

years? 

Yes  No  



A b i  S p i c e r  
9 Appendix 

 
P a g e  | 375 

 

375 | P a g e  
 

 

 

 

Does the Patient have type 2 diabetes or 

Prediabetes? 

Yes  No  

Can the Patient give informed consent? Yes  No  

Exclusion Criteria (If the answer is YES please comment below) 

Is the Patients BMI greater than 50kg/m2  Yes  No  

Does the Patient have Liver Cirrhosis? Yes  No  

Does the Patient have any MR 

contraindications?  

Yes  No  

Using waist Circumference or the MR hoop, is 

the patient unlikely to fit in the MR scanner? 

Yes  No  

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 1 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments: 

 

 

 

 

 

 

 

 

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 2 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments: 

 

 

 

 

 

 

 

 

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 3 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments: 

 

 

 

 

 

 

 

 

 

Print Name Here ____________________ 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Visit Day 4 

Test Day 1 

Height 

 

Weight 

              cm  

 

              kg 

Body Mass Index (BMI) 

 

             Kg/m2 

 

Has the Participant Started their VLCD?  

 

If Yes, how many days have they been on it? 

Yes  No  

days 

The study visit cannot proceed unless all questions below are answered YES 

Is the Participant in a fasting state? Yes  No  

Has the Participant avoided alcohol and Paracetamol in 

the last 24 hours? 

Yes  No  

Has the Participant avoided strenuous exercise for the 

last 24hours? 

Yes  No  

Can the Participant fit on the bed with room for surface 

coils? 

Yes  No  

Is the participant happy to proceed?  Yes  No  

Study Protocol 

Did the Participant Complete the MRI?  Yes  No  
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Participant Number 

   

 

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

 

Study Status 

Did the Participant complete the study?  

 

If no, complete below 

Yes  No  

 

Date of withdrawal:                  ___/____/_____ 

                                  dd/mmm/yyyy 

 

At whose Request did the Participant withdraw?  

 Participant  

Adverse Effects 

Any Adverse Events since the Participants last visit? Yes  No  

Any medication changes Since the last visit? Yes  No  

Comments 

 

Print Name Here ____________________ 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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 Investigator 

 Sponsor 

 Participants GP 

 Other (Specify) __________________________________________ 

 

Primary Reason for withdrawal due to… 

 Problems tolerating MRI  

 Failure to comply with requirements of protocol 

 Serious illness  

 Withdrawal of consent 

 Other (Specify) __________________________________________ 

 

Print Name Here ____________________ 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 

Participant Number 

   

 

Date of Visit 

___/___/____ 

dd/mm/yyyy 

Investigation Statement 

Investigation Statement 
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To the best of my knowledge, I can confirm that I have made every reasonable 

effort to ensure that the data presented in this Case Report Form are true, 

complete and accurately reflect the study conduct. 

 

 

Print Name Here ____________________ 

 

 

Signed ___________________________                   Date___/____/_____ 

            Study Researcher                             dd/mmm/yyyy 
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9.5 Bariatric Study UoN ethics Application  

  

  

  

  

  

  

DIFFERENTIAL EFFECTS OF VERY LOW-CALORIE DIET  

(VLCD), ROUX-EN-Y-GASTRIC BYPASS AND SLEEVE  

GASTRECTOMY ON PANCREATIC, LIVER, MUSCLE AND  

HEART FAT DEPOSITION AND METABOLISM IN PEOPLE  

WITH TYPE 2 DIABETES OR PRE-DIABETES: AN MRI  

STUDY  
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Final Version 9.0 28/08/2024  

  

   

Short title:  

  

Effects of VLCD and Bariatric Surgery in Patients with 

Type 2 Diabetes  

Acronym:     

  

BARIATRICMRI  

Trial Registration:  

  

  

  

www.clinicaltrials.gov  21047  

IRAS Project ID:  

  

  

295253  

Trial Sponsor:    

  

  

University of Nottingham  

Sponsor reference:  

  

  

21047  

Funding Source:  Medical Research Council, University of  

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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Nottingham, Biomedical Research Council  

TRIAL / STUDY PERSONNEL AND CONTACT DETAILS  

  

Sponsor:  University of Nottingham  

Contact name  Ms Angela Shone  

Research and Innovation  

University of Nottingham  

East Atrium  

Jubilee Conference Centre  

Triumph Road  

Nottingham  

NG8 1DH  

Email: sponsor@nottingham.ac.uk  

  

Chief investigator:    

  Iskandar Idris  

Professor of Diabetes & Metabolic Medicine  

& Honorary Consultant Physician  

  Phone:    

  Email: mdzii@exmail.nottingham.ac.uk  

  

Add the name and contact details of the medical expert if different to the CI.  
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Co-investigators:  Penny Gowland, Professor of Physics, University of 

Nottingham, ppzpag@exmail.nottingham.ac.uk  

  

Susan Francis, Professor of Physics, University of  

Nottingham, ppzstf@exmail.nottingham.ac.uk  

  

Stephen Bawden, Research Fellow, University of  

Nottingham, mszsjb@exmail.nottingham.ac.uk  

  

Guruprasad Aithal, Professor of Hepatology, University of  

Nottingham, mszag3@exmail.nottingham.ac.uk  

  

Abi Spicer, PhD student in Physics, University of  

Nottingham, abi.spicer@nottingham.ac.uk  

  

Rebekah Wilmington, PhD student in Medicine and  

Health, University of Nottingham,  
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Rebekah.wilmington@nottingham.ac.uk  

  

Gerry McCann, Professor of Cardiac Imaging, Honorary Consultant Cardiologist, 

University of Leicester,  

gpm12@leicester.ac.uk  

  

  

Trial / Study Statistician:  Stephen Bawden  

  

  Phone:    

  Email: Stephen.bawden@nottingham.ac.uk  
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SYNOPSIS  

  

Title  DIFFERENTIAL EFFECTS OF VERY LOW CALORIE DIET (VLCD),  

ROUX-EN-Y-GASTRIC BYPASS AND SLEEVE GASTRECTOMY 

ON  

PANCREATIC, LIVER, MUSCLE AND HEART FAT DEPOSITION 

AND METABOLISM IN PEOPLE WITH TYPE 2 DIABETES: AN 

MRI STUDY  

  

Acronym  BARIATRICMRI  

Short title  Effects of VLCD and Bariatric Surgery in Patients with Type 2 

Diabetes  

Chief Investigator  Prof Iskandar Idris  
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Objectives  To investigate the effects of 2 weeks of Very Low Calorie 

Diet (VLCD) prior to bariatric surgery on liver fat.  

To investigate the effects of 2 weeks of Very Low Calorie 

Diet (VLCD) prior to bariatric surgery on physiological 

changes to the skeletal and cardiac muscle  

To investigate if bariatric surgery causes additional 

physiological and metabolic changes within the liver, 

pancreas and muscle compared to the VLCD.  

To investigate if Roux-en-Y Gastric Bypass (RYGB) causes 

differential changes in pancreatic and hepatic fat 

deposition, cardiac and skeletal muscle metabolism 

compared to Sleeve Gastrectomy (SG). These differences 

will relate to differences in the changes in glucose 

metabolism and mechanism of diabetes and pre-diabetes 

remission between the two surgical groups.  

The effects of VLCD on blood analytes: plasma glucagon, 

ghrelin, glucose , GIP, GLP-1, serum insulin and c-peptide.  

The effects of bariatric surgery on blood analytes: plasma 

glucagon, ghrelin, glucose, GIP, GLP-1, serum insulin and 

cpeptide.  
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The effects of RYGB vs SG on blood analytes: plasma 

glucagon, ghrelin, glucose, GIP, GLP-1, serum insulin and c-

peptide  

  

Trial Configuration  A parallel study design will be used. With each arm 

representing a type of surgery. A secondary smaller parallel 

study will also exist with 2 arms, also each representing a 

surgery type. Patients will be allocated a surgery type using 

routine clinical procedure.   

Setting  Bariatric Unit at Royal Derby Hospital  

Sir Peter Mansfield Imaging centre, University of 

Nottingham  

Sample size 

estimate  

Power calculations were performed using G*power (Franz 

Faul, Universitat Kiel, Germany) assuming a normal 

distribution, with a desired power of 0.8 and p < 0.05.  
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Powering on changes due to VLCD, In Luo et al. liver fat 

fraction dropped from 16.6 ±7.8 % to 12.7 ± 6.8 % in 49 

patients (P < 0.001) (1). Assuming  

 

 a normal distribution and using these values, a one-tail test 

would find a significant drop in a sample size of n=17 

participants.  

Accounting for a percentage drop of 22%, we will need to 

recruit n=21 participants to fulfil this target.  

Number of 

participants  

For the main study, Category A, we will scan n= 17 

participants, with an approximate equal number of 

participants in Group 1 (~ 9 participants undergoing RYGB) 

and Group 2 (~8 participants undergoing SG).  

A pilot study, Category B, will recruit with n=6 participants. 

This will be used to investigate the effects of the VLCD, SG 

and RYGB on cardiac muscle. This will comprise 50% RYGB 

(Group 3) and 50% SG patients (Group 4).  
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Eligibility criteria  Inclusion:  

Being listed for RYGB or SG bariatric surgery at the Royal 

Derby Hospital.  

Inclusion BMI is based on eligibility for Bariatric surgery as 

per routine (standard) practice (BMI ≥35)  

Age range 18 to 70-year-old  

Type-II diabetes (defined as HbA1c 48mmol/mol or over) or 

pre-diabetes (defined as HbA1c 42-47 mmol/mol)  

The ability to give informed consent  

  

Exclusion:  

Not suitable for either RYGB or SG as determined by the 

MDT meeting  

BMI>60  

Category B: BMI> 50 4. Liver cirrhosis.  

If they are deemed unfit for an MRI via the standard safety 

screeni ng form.  

If their waist circumference is too large for them to safely fit 

inside the bore of the MRI with coils in place.  

Participation in other research projects  
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Description of 

interventions  

There are NO research interventions, this study is observing 

a patient’s response to clinical interventions. The below 

describes our methods of observation.  

  

First Contact:  

Patients who are listed for surgery by the Bariatric surgical 

Tier 4 MDT team will be telephoned by one of the main care 

team, who may also be a member of the research team, to 

enquire if they are interested in participating in the study. If 

so, they will be emailed the PIS and a screening session 

booked  

  

Session 1 - Screening:  

Between 6 months and 2 weeks before surgery. Screening 

includes for their ability to undergo MRI, determined by a 

questionnaire and a replica of the MRI bore for size 

comparison.  

If eligible and consent is provided, their details will be kept 

by the research team to be contacted to attend the 

University of Nottingham (UoN) research unit based at the 

Royal Derby Hospital.  

  

 



A b i  S p i c e r  
9 Appendix 

P a g e  | 397 

 

397 | P a g e  
 

 There are 2 groups being considered in this study, 

participants undergoing RYGB (Group 1) and 

participants undergoing SG (Group 2). These groups will 

participate in either of the following sets of 

observations:  

  

Category A – Primary Study. Participants who will take 

part to investigate the primary and secondary 

outcomes.  

  

Category B – Exploratory sub-study. Participants will 

take part to investigate the primary outcome but also a 

pilot set of data for 31P liver MRS measures.  

  

All study sessions:  

  

All participants will be asked to attend a session at the 

Sir Peter Mansfield Imaging Centre (SPMIC) on the UoN 

main campus. They will also have to avoid alcohol 

consumption and strenuous exercise in the preceding 

24 hours, alongside omitting caffeine for 18 hours. 

Participants have been advised to drink only water 
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during that fasting period. Paracetamol should not be 

taken on the morning of the study day: before or during 

the Mixed Meal Test.  

  

Category A: The participant(s) must be fasted for 

8hours. They will receive an MRI and MRS scan, a Blood 

Test and a liquid mixed meal test (MMT). The mixed 

meal test is not a part of routine care and is used to 

examine the change in participants’ responses to a 

meal after each clinical intervention (VLCD and 

Surgery). Blood samples will be taken by a trained 

member of staff and transferred to the Royal Derby 

Hospital for testing, this is to obtain Glucose, Ghrelin, 

C-peptide, glucagon, Glucagon inhibitory polypeptide 

(GIP) and total glucagon-like peptide-1 (GLP-1).  

  

 Category B: Participants will only receive MRI and MRS 

scans.  

  

Session 2:  
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Between 3 and 1 day prior to the commencement of 

the VLCD.  

Category A: The MRI protocol for this session includes 

scans of the chest, abdomen as well as proton MR 

spectroscopy (MRS) of the liver.  

Participants will be in the scanner for no longer than 1 

hour.  

Category B: The MRI protocol for this session includes 

scans of the chest, abdomen and skeletal muscle 

(thigh). Liver proton (1H) and phosphorus (31P) MR 

Spectroscopy will be performed. Participants will be 

offered a break after being in the scanner for 1 hour 

with a maximum time in the scanner of 2 hours and 30 

minutes.  

  

Between Session 2 and 3 participants will undergo a 

Very Low Calorie Diet (VLCD) as part of their routine 

care.  

  

Session 3:  

Between 3 and 1 day prior to the participants bariatric 

surgery. Category A: As for session 2. Participants who 
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opt into the additional scans will have a second visit 

date to undergo 31P liver MRS.  
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 Category B: Proton (1H) and phosphorus (31P) liver MR 

Spectroscopy will be performed. Participants will be offered a 

break after being in the scanner for 1 hour with a maximum 

time in the scanner of 2 hours and 30 minutes.  

  

Surgery:  

Roux-en-Y Gastric Bypass (RYGB): Follows standard clinical 

practice. Sleeve Gastrectomy (SG): Follows standard clinical 

practice.  

  

  

Session 4:  

6 weeks post Bariatric Surgery. Category A: As for Session 3.  

Category B: As for Session 2  

  

Session 5:  

6 months post Bariatric Surgery.  

Category A: As for Session 2  

Category B: As for Session 2  

Duration of study  Start Date: December 2021  

End Date: December 2025  
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Each participant will be in the study for 18 weeks (2 weeks 

prior to surgery and 16 post-surgery)  

  

Outcome measures  Primary outcome: Change in liver fat deposition from the 

VLCD (-2 weeks to –2 days)  

  

Secondary Measures:  

Musculoskeletal fat, whole body fat fraction, ATP flux at -2 

days and +6 weeks for SG and RYGB groups.  

Liver and abdominal organs fat and musculoskeletal fat at +6 

weeks and +6 months for SG and RYGB groups  

BMI between all-time points for both groups  

Pancreatic fat at -2 days and +6 weeks for SG and RYGB 

groups.  

Liver fat deposition at -2 days and +6 weeks for SG and RYGB 

groups.  

Change from baseline to 2 weeks on VLCD on blood analytes:  

plasma glucagon, ghrelin, glucose, GIP, GLP-1, serum insulin 

and c-peptide.  

Change from baseline and change from 2 weeks on VLCD to 6 

weeks post-bariatric surgery on blood analytes: plasma 
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glucagon, ghrelin, glucose, GIP, GLP-1, serum insulin and c-

peptide.  

Change from baseline and change from 2 weeks on VLCD to 6 

months post-bariatric surgery on blood analytes: plasma 

glucagon, ghrelin, glucose, GIP, GLP-1, serum insulin and 

cpeptide.  

Difference in changes due to RYGB with regards to SG on 

blood analytes: plasma glucagon, ghrelin, glucose, GIP, GLP-1, 

serum insulin and c-peptide at 6 weeks post-surgery.  

 

 •  Difference in changes due to RYGB with regards to SG 

on blood analytes: plasma glucagon, ghrelin, glucose, GIP, GLP-

1, serum insulin and c-peptide at 6 months post-surgery.  

Statistical methods  In Luo et al. liver fat fraction dropped from 16.6 ±7.8 to 12.7 

±6.8 in 49 participants (P < 0.001) (1). Assuming a normal 

distribution and using these values, a two-tail test would find a 

significant drop in a sample size of n=17 participants.  



A b i  S p i c e r  
9 Appendix 

P a g e  | 404 

 

404 | P a g e  
 

Looking on to the secondary outcomes comparing RYGB to SG 

we aim to recruit at least 8 participants from each respective 

group.  

A dropout rate of 22% is anticipated, therefore we would need 

to recruit 21 participants to see 17 through to completion.  

For our Group 3 and Group 4 participants, all data is pilot data 

and so has not been powered, instead we chose a number that 

was reasonably recruitable.  
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ABBREVIATIONS  

 AE  Adverse Event  

 ATP Adenosine triphosphate  

 BMI  Body Mass Index  

CI  Chief Investigator overall  

CRF  Case Report Form    

DMC Data Monitoring Committee  

ERAS Enhanced Recovery After Surgery  

GCP Good Clinical Practice  

GIP  Glucagon inhibitory polypeptide  

GLP-1 Glucagon-Like Peptide-1 (GLP-1)  

ICF  Informed Consent Form  

MRI  Magnetic Resonance Imaging  

MRS Magnetic Resonance Spectroscopy  

NHS  National Health Service  

PI  Principal Investigator at a local centre  

PIS  Participant Information Sheet  

REC  Research Ethics Committee  

R&D  Research and Development department  

RYGB Roux-en-Y Gastric Bypass  

SAE  Serious Adverse Event  

SG  Sleeve Gastrectomy  

SPMIC Sir Peter Mansfield Imaging Centre  

T2D Type II Diabetes  

UoN University of Nottingham  

VLCD Very Low-Calorie Diet  
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Obesity rates are climbing worldwide. This has led to a corresponding rise in obesity 

related complications such as type 2 diabetes (T2D), pre-diabetes and 

cardiovascular diseases with their inherent mortality, risk for functional decline, 

hospitilisation and loss of independence, especially in morbidly obese subjects. 

Over the last decade, bariatric surgery has emerged as a safe and proven method 

for better, more sustained weight loss versus exercise and dietary measures. The 

most commonly performed bariatric surgery in the UK and worldwide are: Roux-en-

Y gastric bypass (RYGB) and sleeve gastrectomy (SG) operations.  

  

In addition to bariatric surgery, all patients undergo a period of Very Low-Calorie 

diet (VLCD) to reduce the size of the liver prior to bariatric surgery. VLCD has also 

been shown to independently reduce blood glucose levels and in some cases, 

induce diabetes remission by removal of fatty acids (triacylglycerol) from the 

pancreas and liver (2).  

  

Both surgical procedures have been shown to achieve a large and sustained 

improvement in weight loss with improvements in insulin sensitivity, improved beta 

cell function and associated with high resolution rate in T2D or achievement of 

normoglycaemia in prediabetic states (3–5). SG surgery involves the removal of 80% 

of the stomach whilst RYGB involves the anastomosis of lower oesophagus with 

distal small bowel, which means that food ‘skips’ the stomach, duodenum and 

upper small intestine (See figure 1).  
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(6)  

Figure 1 – The difference between Sleeve gastrectomy and Gastric bypass  

  

  

Metabolic effects of surgery can be observed early and long term. However, the 

observation that the rapid rate of glucose lowering is disproportionate to degree of 

weight loss suggests that bariatric surgery reverses the fundamental 

pathophysiological defects of glucose dysregulation seen with type 2 diabetes or 

pre-diabetes- independent of weight loss.  

  

Current Research has focused on the use of MRI to investigate the physical changes 

to fat deposition and using this as a marker of improvements from the VLCD and 

surgery (1,2,7,8). Focusing on Liver fat MRI- proton density fat-fraction (PDFF) 

measurements were taken prior to the surgery and at 1,6 and 12-months post-

surgery. It was found that for 49 (26 for RYGB, 20 for SG and 3 for Gastric banding) 
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participants, the PDFF showed a statistically significant reduction (P<0.001) between 

baseline and post VLCD (16.6 ± 7.8 vs. 12.7 ± 6.8, ±SD), a 23% reduction, and post 

VLCD to 1 month post-surgery (12.7 ± 6.8 vs. 7.3 ± 4.1, ±SD), a 42% reduction for the 

whole group (1). However, these do not record the point at which a patient starts to 

show diabetes remission.  

We are therefore interested to explore the effects of VLCD and different bariatric 

surgery procedures to changes in the physical deposition of fat in organs which 

regulate glucose metabolism (i.e. in the liver, pancreas, muscle) in the earlier (6 

weeks) and intermediate (4 months) period after bariatric surgery, where rate of 

weight loss at this stage are similar between the two procedures. Increased 

understanding of the changes in these important metabolic organs, will increase our 

understanding of mechanism for an improved glycaemic profile including diabetes 

remission following bariatric surgery or return to euglycaemia from pre-diabetic 

states, their effects on weight loss or changes in gut hormones levels. Magnetic 

Resonance imaging (MRI) and Magnetic Resonance spectroscopy (MRS) are non-

invasive, non-ionising techniques. MRI can be used to investigate the body’s 

physiology and MRS can be used to investigate the body’s metabolic processes, so 

by combining these two methods we are able to investigate the process of fat 

reduction and glycaemic improvement by diabetes remission, or return to 

euglycaemic state from pre-diabetes, post gastric surgery without performing any 

secondary invasive procedures.  
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TRIAL / STUDY OBJECTIVES AND PURPOSE  

  

PURPOSE  

The purpose of this project is to investigate the effects of a Very Low Calorie Diet 

(VLCD) followed by two different bariatric surgical procedures, Roux-en-Y Gastric 

Bypass (RYGB) and Sleeve gastrectomy (SG) on skeletal muscle, liver and pancreatic 

fat deposition, ATP flux as well as cardiac function  

  

PRIMARY OBJECTIVE  

The effects of VLCD on liver fat.  

  

SECONDARY OBJECTIVES  

The effects of VLCD on cardiac function  

The effects of VLCD on skeletal muscle, liver and pancreatic and other abdominal 

organs fat, volume T2, T2* and T1   

The effect of Bariatric Surgery on skeletal muscle, liver and pancreatic and other 

abdominal organs fat and volume T2, T2* and T1 .  

The effects of Bariatric Surgery on Liver ATP flux.  
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The effects of RYGB or SG on Liver ATP and cardiac function  

The effects of RYGB or SG on skeletal muscle, liver, and pancreatic and other 

abdominal organs fat and volume T2, T2* and T1   

The effects of VLCD on blood analytes: plasma glucagon, ghrelin, glucose , GIP, GLP-

1, serum insulin and c-peptide.  

The effects of bariatric surgery on blood analytes: plasma glucagon, ghrelin, glucose, 

GIP, GLP-1, serum insulin and c-peptide.  

The effects of RYGB vs SG on blood analytes: plasma glucagon, ghrelin, glucose, GIP, 

GLP1, serum insulin and c-peptide.  

  

  

DETAILS OF PRODUCT(S)  

A liquid mixed meal test  

  

Description  

Fortisip – a meal replacement drink, used in the mixed meal test  

Fortisip Bottle Fortisip Bottle is a nutritionally complete, milk shake style nutritional 

drink for the management of disease related malnutrition. Fortisip Bottle is high in 

energy (1.5kcal/ml) and can be used to supplement the diet of those unable to 

meet their nutritional requirements from other foods, or as a sole source of 
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nutrition. Fortisip Bottle is ready to drink and is available in 8 flavours: Neutral, 

Vanilla, Chocolate, Toffee/Caramel, Banana, Orange, Strawberry, and Tropical.. 

Fortisip Bottle is best served chilled and Fortisip Bottle Neutral may be added to 

sweet and savoury foods. Fortisip Bottle is gluten and lactose free.  

  

Manufacture  

Nutricia Fortisip  

  

Packaging and labelling  

Ingredients: Water, maltodextrin, milk protein, sucrose, vegetable oils, tri potassium 

citrate, emulsifier (soy lecithin), flavour, magnesium chloride, acidity regulator (citric 

acid), tri calcium phosphate, carotenoids (contains soy) (b-carotene, lutein, 

lycopene), choline chloride, calcium hydroxide, potassium hydroxide, sodium L-

ascorbate, ferrous lactate, zinc sulphate, colour (curcumin ), magnesium hydroxide, 

nicotinamide, retinyl acetate, copper gluconate, DL-a-tocopheryl acetate, sodium 

selenite, manganese sulphate, calcium D-pantothenate, chromium chloride, D-

biotin, cholecalciferol, thiamin hydrochloride, pteroylmonoglutamic acid, pyridoxine 

hydrochloride, cyanocobalamin, sodium molybdate, riboflavin, sodium fluoride, 

potassium iodide, phytomenadione.  

  

Storage, dispensing and return  
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Store in a cool, dry place (5-25°C). Shake well before use. Once opened, close the 

bottle and store in a refrigerator for a maximum of 24 hours.  

Fortisip Bottle is ready to drink and is best served chilled. Shake well before 

opening. Fortisip Bottle Neutral may be added to sweet and savoury foods.  

  

Placebo  

No Placebo will be used  

Known Side Effects  

For enteral use only. ACBS approved, can be prescribed on form FP10 (GP10 in 

Scotland) for the following indications: short bowel syndrome; intractable 

malabsorption; pre-operative preparation of undernourished patients; 

inflammatory bowel disease; total gastrectomy; dysphagia; bowel fistulae; disease 

related malnutrition. Not suitable for patients with galactosaemia.  

  

  

A nutritional bar –  

This patient group can struggle with fasting. To address this a nutritional bar will be 

provided to participants following their MMT prior to the MRI scan to sustain them 

until they get home.  
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Description  

  

High in protein bar, packed with vitamins and minerals  

  

Manufacture  

  

Lighterlife  

  

Packaging and Labelling:  

  

Ingredients: milk chocolate 15,2% (sugar, cocoa butter, whole milk powder, cocoa 

mass, emulsifier (soy lecithin), flavours), rice syrup, milk protein, hydrolysed wheat 

gluten, soy protein, wheat starch, humectant (glycerol), butterscotch pieces 4,5% 

(sugar, glucose syrup, milk fat), soy granules, minerals (dipotassium phosphate, 

trimagnesium citrate, potassium chloride, ferric(III)diphosphate, zinc oxide, 

copper(II) gluconate, sodium fluoride, manganese sulphate, chromium(III)chloride, 

sodium selenite, sodium molybdate, potassium iodide), sweetener 3,3% (erythritol), 

rice crisp (rice flour, wheat gluten, sugar, wheat malt, glucose, salt), peanuts 2,1%, 

sunflower oil, colouring agent (calcium carbonate), flavours, vitamins (vitamin C 

(ascorbic acid), nicotinamide, vitamin E (tocopheryl acetate), calcium pantothenate, 
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vitamin B2 (riboflavin), vitamin B6 (pyridoxine hydrochloride), vitamin B1 (thiamin 

hydrochloride), vitamin A (retinyl acetate), folic acid, vitamin K, biotin, vitamin D 

(cholecalciferol), vitamin B12 (cyanocobalamine)).  

  

Storage, Dispensing and Return Store in a cool, dry place.  

  

Placebo  

No placebo will be used  

  

Known Side Effects  

For exteral use only. May contain nuts, sesame. Suitable for vegetarians. The soya in 

this product is from a non-genetically modified source  

  

TRIAL / STUDY DESIGN  

  

TRIAL / STUDY CONFIGURATION  

This will be a multi-centre, non-randomised parallel group study, with Participants 

undergoing procedures at both the Sir Peter Mansfield Imaging Centre (SPMIC) at 

the University of Nottingham (UON) and the Royal Derby hospital.  
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All Participants will undergo the same VLCD for a minimum of 2 weeks as part of 

their standard clinical care but will then be split into 2 treatment groups, one 

undergoing RYGB and one undergoing SG. Allocation for surgery type will be 

according to routine clinical practice. Surgery will be performed at the Royal Derby 

Hospital.  

All groups will receive Magnetic Resonance Imaging (MRI) and Magnetic Resonance 

Spectroscopy (MRS) scans, and a fasting mixed meal test will be done at the SPMIC.  

  

Primary endpoint  

Change to the Liver fat volume from baseline to 2 weeks on the VLCD as measured 

using MRI.  

  

Secondary endpoint  

Change from baseline to 2 weeks on VLCD on cardiac function as measured using 

MRI. Change from baseline to 2 weeks on of VLCD on skeletal muscle, liver and 

pancreatic and other abdominal organs fat and volume as measured using MRI.  

Change from baseline and change form 2weeks on VLCD to 6 weeks post-bariatric-

surgery on skeletal muscle, liver and pancreatic and other abdominal organs fat and 

volume. Change from baseline and change form 2weeks on VLCD to 6 weeks post-

bariatric-surgery on Liver ATP flux.  
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Change from baseline and change form 2weeks on VLCD to 6months post-bariatric-

surgery on skeletal muscle, liver and pancreatic and other abdominal organs fat and 

volume. Change from baseline and change form 2weeks on VLCD to 6months post-

bariatric-surgery on Liver ATP flux.  

Difference in changes due to RYGB with regards to SG on Liver ATP and cardiac 

function at 6weeks post-surgery  

Difference in changes due to RYGB with regards to SG on Liver ATP and cardiac 

function at 6months post-surgery  

Difference in changes due to RYGB with regards to SG on skeletal muscle, liver, and 

pancreatic and other abdominal organs fat and volume at 6weeks post-surgery 

Difference in changes due to RYGB with regards to SG on skeletal muscle, liver, and 

pancreatic and other abdominal organs fat and volume at 6months post-surgery 

Change from baseline to 2 weeks on VLCD on blood analytes: plasma glucagon, 

ghrelin, glucose, GIP, GLP-1, serum insulin and c-peptide.  

Change from baseline and change from 2 weeks on VLCD to 6 weeks post-bariatric 

surgery on blood analytes: plasma glucagon, ghrelin, glucose, GIP, GLP-1, serum 

insulin and cpeptide.  

Change from baseline and change from 2 weeks on VLCD to 6 months post-bariatric 

surgery on blood analytes: plasma glucagon, ghrelin, glucose, GIP, GLP-1, serum 

insulin and cpeptide.  
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Difference in changes due to RYGB with regards to SG on blood analytes: plasma 

glucagon, ghrelin, glucose, GIP, GLP-1, serum insulin and c-peptide at 6 weeks post-

surgery. Difference in changes due to RYGB with regards to SG on blood analytes: 

plasma glucagon, ghrelin, glucose, GIP, GLP-1, serum insulin and c-peptide at 6 

months post-surgery.  

  

Safety endpoints  

  

Stopping rules and discontinuation  

Participants may withdraw from the study for:   

Failure of participant in the group to attend a session.  

If the progress of their recovery is delayed increasing the MRI risk factor Withdrawal 

of consent:  

In the event of withdrawal, we will aim to replace with a new participant for the 

same group i.e. RYGB/SG. Participants may be withdrawn from the trial either at 

their own request or at the discretion of the Investigator. The participants will be 

made aware that this will not affect their future care. Participants will be made 

aware (via the information sheet and consent form) that should they withdraw the 

data collected to date cannot be erased and may still be used in the final analysis.  
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TRIAL/STUDY MANAGEMENT  

  

The Chief Investigator has overall responsibility for the study and shall oversee all 

study management.  

  

The data custodian will be the Chief Investigator.  

  

DURATION OF THE TRIAL / STUDY AND PARTICIPANT INVOLVEMENT  

Study Duration: Recruitment will start by December 2021 and end in December 

2025.  

  

Participant Duration: Each participant will be in the study for 2 weeks prior to their 

surgery and for 26 weeks after. Giving a total of 28 weeks.  

  

End of the Trial  

  

The end of the study will be 16 weeks after the final study session of the last 

participant.  
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SELECTION AND WITHDRAWAL OF PARTICIPANTS  

  

Recruitment  

  

Participants will be recruited from Royal Derby Hospital. This is the regional centre 

for bariatric surgery for East Midlands, and also accepts some referrals from outside 

of the East Midlands. In addition, participants will be identified from those who 

have been listed for surgery by the Bariatric surgical Tier-4 MDT team. This list is 

held by the bariatric surgery administrative team. The initial approach will be from a 

member of the patient’s usual care team (which may include the investigator), and 

information about the trial will be on display in the relevant clinical areas. This will 

likely happen when the patient is listed for surgery via telephone.  

  

The investigator or their nominee, e.g. from the research team or a member of the 

participant’s usual care team, will inform the participant (other individual or other 

body with appropriate jurisdiction), of all aspects pertaining to participation in the 

study. Participants who lack the ability to give informed consent will not be included 

in the study.  

  

If needed, the usual hospital interpreter and translator services will be available to 

assist with discussion of the trial, the participant information sheets, and consent 



A b i  S p i c e r  
9 Appendix 

P a g e  | 425 

 

425 | P a g e  
 

forms, but the consent forms and information sheets will not be available printed in 

other languages.  

  

It will be explained to the potential participant that entry into the trial is entirely 

voluntary and that their treatment and care will not be affected by their decision. It 

will also be explained that they can withdraw at any time, but attempts will be 

made to avoid this occurrence. It will be explained that in the event of their 

withdrawal their data collected so far cannot be erased and we will seek consent to 

use the data in the final analyses where appropriate.  

  

Category A:  

At session 2. Participants who tolerate the MRI well and have a BMI<50 will be given 

the opportunity to take part in 2 additional MR sessions for 31P liver MR 

spectroscopy at the same study time points as Session 3 (post-VLCD/pre-surgery) 

and Session 4 (6-weeks-postsuregery). Due to the need for the MMT to be 

consistently performed at the same time of day for each study visit, we are unable 

to offer these extra 31P liver MRS scan sessions on the same dayas their other MR 

scans for that study visit time. Due to the spontaneous movement of surgery dates 

offers may be withdrawn based on MRI availability, the main study arm will be 

prioritised in bookings.  
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Category B has been given a lower BMI cut off. This is due to the difficulty in gaining 

adequate signal for ATP flux from the liver at large distances.  

  

Eligibility criteria  

Inclusion criteria  

Being listed for RYGB or SG bariatric surgery at the Royal Derby Hospital.  

Inclusion BMI is based on eligibility for Bariatric surgery as per routine (standard) 

practice (BMI ≥35)  

Age range 18 to 70-year-old.  

Ability to give informed consent  

Type II Diabetes (T2D) or pre-diabetes  

Exclusion criteria  

Patients who are not fit or not suitable for RYGB operation, according to the MDT 

meeting described above.  

BMI>60  

Category B participants: BMI>50  

Not suitable for MRI scanning (as decided by a MRI safety screening form) Liver 

Cirrhosis  
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Type I Diabetes  

Non-diabetic  

Involvement in other Research Studies  

  

Expected duration of participant participation  

Study participants will be participating in the study for 18 weeks.  

  

Removal of participants from therapy or assessments/Participant Withdrawal 

Participants may withdraw from the study for:   

Withdrawal of consent  

Failure of participant to attend a study session.  

In the event of withdrawal, we will aim to replace with a new participant for the 

same group i.e. RYGB/SG.  

If Participants become pregnant over the course of the study they will be removed 

from the study.  

  

Participants may be withdrawn from the trial either at their own request or at the 

discretion of the Investigator. The participants will be made aware that this will not 

affect their future care. Participants will be made aware (via the information sheet 
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and consent form) that should they withdraw the data collected to date cannot be 

erased and may still be used in the final analysis.  

  

Informed consent  

Patient who are listed for bariatric surgery will be contacted over the phone by a 

member of their main care team (who may also be a member of the research team) 

and will be informed of the study and their interest in participating will be 

established. If the patient is interested in participating in the study a screening 

session will be booked.  

  

Attempts will be made so the screening session and the ERAS (Enhanced Recovery 

After Surgery) session occur on the same day. Informed consent will be taken at the 

screening session by a trained member of the research team.   

All participants will provide their written informed consent. The Informed Consent 

Form will be signed and dated by the participant before they enter the trial. The 

Investigator will explain the details of the trial and provide a Participant Information 

Sheet, ensuring that the participant has sufficient time to consider participating or 

not. The Investigator will answer any questions that the participant has concerning 

study participation.  
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Informed consent will be collected from each participant before they undergo any 

interventions (including physical examination and history taking) related to the 

study. One copy of this will be kept by the participant, one will be kept by the 

Investigator, and a third will be retained in the patient’s hospital records.  

  

Should there be any subsequent amendment to the final protocol, which might 

affect a participant’s participation in the trial, continuing consent will be obtained 

using an amended Consent form which will be signed by the participant.  

  

TRIAL / STUDY TREATMENT AND REGIMEN  

There are 2 groups being considered in this study, participants undergoing RYGB 

(Group 1) and participants undergoing SG (Group 2). Participants in these groups 

will participate in either of the following sets of observations:  

  

Category A – Primary Study. The focus of Catergory A is the abdominal organs, 

especially the liver’s reaction to the clinical interventions. Participants who will take 

part to investigate the primary and secondary outcomes.  

  

Category B – Exploratory sub-study. Due to similarities in protocol and recruitment a 

smaller group (category B) was created. There had to be 2 separate groups due to 

the lengthy nature of the MR scans. Participants will take part to investigate the 
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primary outcome but also a pilot set of data for 31P liver MRS measures. The 

purpose of category B is to allow us to pilot an investigation into the effects of the 

RYGB and SG on the energy flux.  

  

Initially participants recruited will be entered into category A. This means that they 

will be used to investigate the primary and most of the secondary outcomes. 

Recruitment for Category A and B will be simutaneous with participants whose BMI 

is below 50 being offered both protocols during their screening visit. Once 6 

participants have been recruited to category B this option will be removed and 

recruitment paused. Recruitment will ressume if a participant has to be removed or 

drops out of the study.  
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Figure 2 – Study Session interventions, Category A interventions are shown in blue. 

Category B interventions are shown in Green.  

  

All other interventions are identical within a category, as explained by the following 

schematic (figure 3):  
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Figure 3: Flow of study sessions for each group.  
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 More Detail on each session is given below:  

  

First Contact: Non-routine  

Patient who are listed for bariatric surgery will be contacted by a member of their 

main care team (who may also be a member of the research team) over the phone 

and will be informed of the study and their interest in participating will be 

established.  

During this contact participants will be asked their availability and booked in for the 

screening session, attempts will be made for this to be the same day as their ERAS 

appointment.  

  

Session 1 - Screening:  

6 months to 2 weeks prior to surgery – non-routine appointment – All Groups: Non- 

Routine: Carried out by a member of the research team: Participants who are 

interested in the study will be asked to lie down and a replica of the MRI bore will 

be placed over them to ensure they can fit into a scanner, if so participants will 

complete the MRI screening test, as this is a safety-critical element of the eligibility 

criteria. All other eligibility criteria will be performed as part of routine care. The 

Participants will be provided with the PIS and their willingness and ability to attend 

all 4 sessions will be evaluated to ensure maximum completion of participants in 
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the study. If participants are eligible and consent to participate, their information 

will be passed on to the rest of the research team to be contacted further.  

  

The CI will be in charge of obtaining informed consent. If unavailable, another 

trained member of the research team may take their place.  

  

At all following study sessions (All Non-routine):  

Participants will have been advised to avoid alcohol consumption and strenuous 

exercise for the preceding 24 hours, and caffeine for 18 hours prior to the 

undertaking of the test. To reduce the fasting period all tests and scans will be 

scheduled to take place in the morning. The fasting period will allow water only. The 

fast will be broken at the point of the Mixed Meal Test which is the first intervention 

of the study morning. Participants will visit the SPMIC on the UoN main campus. 

Participants will be greeted by a member of the research team. Participants will be 

asked to remove all jewellery and change into paper scrubs, provided by the centre, 

and directed to a changing room where they can leave their belongings. The 

participant will then be screened using a standard secondary screening form.  

  

Category A: The participants will need to be fasted prior to the study for a minimum 

of 8 hours. Participants will be taken into a clinical room adjacent to the MRI suite. 

Here they will be met by a trained member of staff, who will insert a cannula into 
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their arm or hand. Less than 15ml of blood will be drawn and decanted into 

appropriate tubes to allow for all analytes.  

There should be minimal distress from the procedure as this process is similar to 

what the participants will have experienced as part of their routine care at a GP 

surgery or hospital. Sharp pain is common during the procedure but well tolerated. 

Bruising is a known complication of the venepuncture but can be minimised with 

compression of the site postprocedure. The extremity will be placed in a hot box to 

allow for arterial like drawing of the blood.  

  

Participants will then undergo a Mixed Meal Test (MMT) (200ml 300kcal). The MMT 

will be a Nutricia, Fortisip, this will be stored in the fridge and a flavour of their 

choice (except chocolate which is not suitable for this process) will be served to the 

participants chilled. Each bottle is 200ml and this is the standard size of the mixed 

meal (200ml 300kcal).Once the participant has consumed the mixed meal the 

bloods will been drawn every 15 minutes for 3hours.  

  

The blood will be spun in a centrifuge for 10minutes within 10 minutes of being 

drawn. This will be done in an appropriate lab at the SPMIC. The plasma will then be 

separated from the cells and stored in a -20degree freezer temporarily. By the end 

of the following working day after the study day the samples will be transferred to 

the medical school to be stored at 80°C freezer on E floor of the medical school 

which is locked & alarmed with CO2 back up.  
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The samples will be transferred to Royal Derby Hospital for analysis after all data 

collection has been completed. Samples will be removed from the -80°C freezer and 

couriered in a labelled igloo containing dry ice to laboratories in Derby Medical 

School. The shipment will contain a complete inventory of all samples, along with 

the name of the person responsible for sending and receiving the samples. These 

samples will be stored in a -80°C freezer in this facility until analysis. Once all study-

related analysis on the samples have been completed, they will be disposed of in 

accordance with the Human Tissue Act, 2004.  

  

Following the MMT the participant will be offered a lighterlife nutritional bar and 

opportunity to use toilet facilities and will then proceed to have their MRI scan. The 

participants will then be led into the magnet hall and asked to lie on the bed, ear 

protection and headphones will be provided and then surface coils will be placed on 

the patient. The participants will then be moved into the bore of the scanner and 

the researcher will leave the room and scanning will begin.  

  

  

Category B: Participants will only receive MRI and MRS scans using similar 

procedures to category A above.  
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Category A:  

Session 2, 3, 4and 5:  

Participants will undergo MRI scans of their chest, abdomen. These scans will be 

used to determine the health of tissue. MRI scans will take around 30-40 minutes. A 

proton MRS scan of the Liver which will require a different surface coil to be used, 

this scan will take around 15 minutes.  

  

At session 2. Participants who tolerate the MRI well and have a BMI<50 will be 

offered 2 additional sessions at the same study time points as Session 3 (post-

VLCD/pre-surgery) and 4 (6-weeks-post-suregery). Offers will also be based on MRI 

availability.  

These will each be a 1h (no longer than 1h30) 31P liver MRS scan on an additional 

day.  

  

Following session 5, we will access NHS records to review for an up-to-date HbA1c 

result to allow us to assess for glycaemic control at this phase; it is expected to form 

part of clinical standard practice to monitor for improved glycaemic control 

following bariatric surgery.  
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Category B:  

Session 2 and 5:  

Participants will undergo MRI scans of their chest, abdomen and thighs. These scans 

will be used to determine the health of tissue. MRI scans will take around 30-40 

minutes. A proton MRS scan will take around 15 minutes. Participants will undergo 

physiological scans of the heart which will take approximately 15minutes.  

  

Following session 5, we will access NHS records to review for an up-to-date HbA1c 

result to allow us to assess for glycaemic control at this phase; it is expected to form 

part of clinical standard practice to monitor for improved glycaemic control 

following bariatric surgery.  

  

  

Sessions 3 and 4:  

Participants will undergo MRI scans of their chest, abdomen. These scans will be 

used to determine the health of tissue. MRI scans will take around 30-40 minutes. A 

proton MRS scan will take around 15 minutes. Participants will undergo 

physiological scans of the heart which will take approximately 15minutes. 

Phosphorus (31P) MRS will also be performed on the patient’s livers, this requires a 

specialised coil and will take 60 minutes. It is likely participants will need to take a 

break to stretch and be out of the scanner mid-session due to the long scan times.  
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Compliance  

Compliance will be determined as attendance at every visit.  

  

Criteria for terminating trial.  

The majority of the study is performed at a single focal centre (SPMIC) so 

termination at this centre will result in termination of the whole study. No 

participants are required to attend sessions at the Royal Derby Hospital so 

termination here will not result in termination of the Study, rather a new location to 

analyse the blood samples will be found and the protocol updated accordingly. 

Termination will be considered if it becomes clear that the study is resulting in an 

unacceptably high incidence of significant side effects from the study protocol 

(drink, blood sampling and MRI). However, this is of minimal likelihood as all study 

protocol interventions are well tolerated. Nonetheless, termination will also be 

considered if during the course of the study it becomes apparent that the majority 

of participants are not able to achieve acceptable levels of compliance with the MRI 

scanning protocols. Responsibility for the decision to terminate the study will fall 

upon the Chief Investigator.  
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It will be explained to all participants that any research data obtained until the point 

of termination will be stored as per the ICH/GCP guidelines, and in accordance with 

the University of Nottingham Research Code of Conduct and Research Ethics.  

  

  

TRANSPORT AND STORAGE OF THE TISSUES  

The blood samples will be walked to a lab close to the clinical room within the 

SPMIC. By the end of the following working day after the study day the samples will 

be transferred to the Queens Medical Centre, medical school to be stored at -80°C 

freezer on D floor which is locked & alarmed with CO2 back up.  

  

The samples will be transferred to Royal Derby Hospital for analysis after all data 

collection has been completed.  

Samples will be removed from the -80°C freezer and couriered in a labelled igloo 

containing dry ice. The shipment will contain a complete inventory of all samples, 

along with the name of the person responsible for sending and receiving the 

samples.  

  

Samples will be stored in a linked anonymised format and labelled using a 

combination of study reference, unique study identifier and cross referenced with 

location code numbers to permit accurate linkage to study data and the consent 
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form (as per Human Tissue Act requirement). Samples for NHS pathology analysis 

will be labelled in accordance with local NHS procedures. All blood samples will be 

stored in aliquots in -80 degrees’ centigrade freezer in our department of Metabolic 

& Molecular Physiology, University of Nottingham, Derby.  

The master database will be held by the primary researcher (in a password 

encrypted file. The analysis of samples will take place at the University of 

Nottingham (Derby) within the Department of Metabolic & Molecular Physiology.  

  

Once Analysis is complete samples will be destroyed in accordance with the Human 

Tissue Act, 2004.  

  

LABORATORY ANALYSES  

All analyses will be undertaken within the Clinical, Metabolic and Molecular 

Physiology Laboratories (~400m2) based in the Medical School at the Royal Derby 

Hospital Campus. All laboratory procedures are well-established in-house and the 

procedures validated and published in peer-reviewed journals.  

Plasma Glucagon, Ghrelin, Glucose, GIP and GLP-1, and serum Insulin and C-peptide 

will be measured using Multiplex ELISA technique.  

All samples will be stored appropriately in -80°C and -20°C freezers in line with HTA 

guidelines; all -80°C freezers are monitored constantly by an alarm system (Notion 

Pro) and linked to the University of Nottingham Alarm system. In the event of a 
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freezer failure, senior lab staff members are notified by email and text and 

procedures are put in place to relocate the samples to backup freezers within the 

Medical School.  

All analyses will be undertaken by trained staff, who have been signed off as being 

competent, with reference to standard operating procedures for each of the 

analyses. All laboratory equipment is maintained in line with manufacturers’ 

recommendations, with routine maintenance and servicing being performed by 

trained laboratory staff.  

  

  

STATISTICS  

  

Methods  

Statistical analysis will be undertaken using SPSS (IBM Corp. IBM SPSS Statistics for 

Windows. Armonk, NY: IBM Corp) with a significance level of p<0.05. The group 

assignment of the data will be blinded by an independent investigator and analysed 

for blind review before group comparisons are made.  

  

Primary measure:  
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Effects of the VLCD diet will be statistically analysed using a whole group means 

difference test (matched pairs t-test) for normally distributed data and Wilcoxon 

signed-rank test for non-normally distributed data.  

  

Secondary Measure:  

Additional effects of bariatric surgery will be statistically analysed in each group 

separately (SG and RYGB) using a one-way repeated measures ANOVA test. A 

statistically significant effect will be followed up with individual matched pair t-tests 

for normally distributed data and a wilcoxon sign ranked test for non-normally 

distributed data at each time point.  

  

The effect of the different surgery types will be statistically analysed using a two-

way repeated measures ANOVA test comparing surgery type and time. A significant 

interaction between surgery type and time will be followed up by an independent 

group t-test at each time point for normally distributed data and wilcoxon sign 

ranked test for non-normally distributed data.  

  

Sample size and justification  

We are aiming for 17 completed participants for the study for arm A. The number 

was justified based on our on-going study in this area, as well as previous published 

study on the effect of VLCD on liver fat deposition. In Luo et al. liver fat fraction 
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dropped from 16.6 ±7.8 to 12.7 ±6.8 in 49 Participants (P < 0.001) (Luo RB, Suzuki T, 

Hooker JC, Covarrubias Y, Schlein A, Liu S, et al. How bariatric surgery affects liver 

volume and fat density in NAFLD Participants. Surg Endosc [Internet]. 2018 Apr 1 

[cited 2021 Jan 19];32(4):1675–82. Available from: https://doi.org/10.1007/s00464-

017-5846-9). Assuming a normal distribution and using these values, a two-tail test 

would find as significant drop in a sample size of n=22. Power calculation were 

performed using G*power (Franz Faul, Universitat Kiel, Germany) assuming a 

normal distribution, with a desired power of 0.8 and p < 0.05.  

  

For arm B we are aiming for 6 Participants. This is an exploratory, pilot study. No 

previous study has been performed. The number was based upon the judgment of 

clinicians due to the difficulty in recruiting Participants, the limitation on their size 

and the time they will need to be in the scanner.  

  

Assessment of efficacy  

This is an observational physiological study to understand the mechanism of 

glycaemic improvement including diabetes remission, or return to euglycaemia from 

a pre-diabetic state, following bariatric surgery, undertaken during routine clinical 

care. This is therefore not an efficacy study and hence no assessment of efficacy will 

be conducted.  
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Assessment of safety  

This study will not be assessing safety endpoints. However, safety of participants is 

of utmost priority to our research department and will be actively monitored 

throughout the course of the study. These will be documented in the participant’s 

case report form and in the trial master file. There will also be a database 

specifically designated to the documentation of adverse events and safety concerns. 

This database will be reviewed regularly by the Chief Investigator and Co-

Investigators. If a high occurrence of intolerance to MRI scanning protocol, this will 

be discussed and potential alterations to the protocol that will improve this will be 

made. If the occurrence becomes unacceptably high then the study will be 

terminated before completion. We do not anticipate this as the MRI protocol is non-

invasive and usually well tolerated.  

  

Procedures for missing unused and spurious data  

This is a small physiology research study; therefore missing data would have a 

significant impact on the validity of the results obtained. As such, every effort will 

be made to ensure the amount of missing data is kept to a minimum. Study visits 

will be performed by researchers who have a full and complete understanding of 

every aspect of the study. There will be a detailed proforma with clear instructions 

regarding the data be collected at each timepoint. In addition, any samples 

requiring storage prior to analyses will be duplicated and stored in separate 

freezers.  
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With these measures in place, we will endeavour to ensure that fewer than 10% of 

the complete data set will be missing. If this is achieved, the data will be analysed 

using standard statistical techniques as described above. However, if despite these 

measures there is greater than 10% missing data, this will be discussed directly with 

the supporting statistician and the procedure for dealing with this will then depend 

on the extent of data that is missing. Definition of populations analysed All data sets 

will be analysed.  

  

  

ADVERSE EVENTS  

  

The occurrence of an adverse event as a result of participation within this study is 

not expected and as such no adverse event data will be collected  

Reporting of adverse events  

There are no research interventions as we will be using non-invasive MRI and 

minimally invasive blood sampling techniques, both of which are well tolerated. 

Therefore no adverse event reporting will be undertaken.  

Trial Treatment / Intervention Related SAEs  
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A serious adverse event that is unexpected in its severity and seriousness and 

deemed directly related to/or suspected to be related to the trial treatment or 

intervention shall be reported to the ethics committee that gave a favourable 

opinion as stated below.  

  

The event shall be reported immediately of knowledge of its occurrence to the Chief 

Investigator.  

  

The Chief Investigator will:  

  

Assess the event for seriousness, expectedness and relatedness to the trial 

treatment or intervention.  

Take appropriate medical action, which may include halting the trial and informing 

the Sponsor of such action.  

If the event is deemed related to the trial treatment or intervention shall inform the 

REC using the reporting form found on the NRES web page within 7 days of 

knowledge of the event.  

Shall, within a further eight days send any follow-up information and reports to the 

REC.  
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Make any amendments as required to the study protocol and inform the REC as 

required  

  

Participant removal from the study due to adverse events  

Any participant who experiences an adverse event may be withdrawn from the 

study at the discretion of the Investigator.  

   

ETHICAL AND REGULATORY ASPECTS  

  

ETHICS COMMITTEE AND REGULATORY APPROVALS  

The trial will not be initiated before the protocol, informed consent forms and 

participant and  

GP information sheets have received approval / favourable opinion from the 

Research Ethics Committee (REC), the respective National Health Service (NHS) or 

other healthcare provider’s Research & Development (R&D) department, and the 

Health Research Authority (HRA) if required. Should a protocol amendment be 

made that requires REC approval, the changes in the protocol will not be instituted 

until the amendment and revised informed consent forms and participant 

information sheets (if appropriate) have been reviewed and received approval / 

favourable opinion from the REC and R&D departments. A protocol amendment 

intended to eliminate an apparent immediate hazard to participants may be 
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implemented immediately providing that the REC are notified as soon as possible 

and an approval is requested. Minor protocol amendments only for logistical or 

administrative changes may be implemented immediately; and the REC will be 

informed.  

  

The trial will be conducted in accordance with the ethical principles that have their 

origin in the Declaration of Helsinki, 1996; the principles of Good Clinical Practice, 

and the UK Department of Health Policy Framework for Health and Social Care, 

2017.  

  

INFORMED CONSENT AND PARTICIPANT INFORMATION  

The process for obtaining participant informed consent will be in accordance with 

the REC guidance, and Good Clinical Practice (GCP) and any other regulatory 

requirements that might be introduced. The investigator or their nominee and the 

participant shall both sign and date the Informed Consent Form before the person 

can participate in the study.  

  

The participant will receive a copy of the signed and dated forms and the original 

will be retained in the Trial Master File. A second copy will be filed in the 

participant’s medical notes and a signed and dated note made in the notes that 

informed consent was obtained for the trial.  
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The decision regarding participation in the study is entirely voluntary. The 

investigator or their nominee shall emphasise to them that consent regarding study 

participation may be withdrawn at any time without penalty or affecting the quality 

or quantity of their future medical care, or loss of benefits to which the participant 

is otherwise entitled. No trial-specific interventions will be done before informed 

consent has been obtained.  

  

The investigator will inform the participant of any relevant information that 

becomes available during the course of the study, and will discuss with them, 

whether they wish to continue with the study. If applicable they will be asked to 

sign revised consent forms.  

  

If the Informed Consent Form is amended during the study, the investigator shall 

follow all applicable regulatory requirements pertaining to approval of the amended 

Informed Consent Form by the REC and use of the amended form (including for 

ongoing participants).  

  

  

RECORDS  

Case Report Forms (CRF)  
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Each participant will be assigned a trial identity code number, allocated at 

randomisation if appropriate, for use on CRFs other trial documents and the 

electronic database. The documents and database will also use their initials (of first 

and last names separated by a hyphen or a middle name initial when available) and 

date of birth (dd/mm/yy).  

  

CRFs will be treated as confidential documents and held securely in accordance with 

regulations. The investigator will make a separate confidential record of the 

participant’s name, date of birth, local hospital number or NHS number, and 

Participant Trial Number (the Trial Recruitment Log), to permit identification of all 

participants enrolled in the trial, in accordance with regulatory requirements and 

for follow-up as required  

CRFs shall be restricted to those personnel approved by the Chief or local Principal  

Investigator and recorded in the ‘Trial Delegation Log.’  

  

All paper forms shall be filled in using black ballpoint pen. Errors shall be lined out 

but not obliterated by using correction fluid, and the correction shall be inserted, 

initialled and dated. The Chief or local Principal Investigator shall sign a declaration 

ensuring accuracy of data recorded in the CRF.  

  



A b i  S p i c e r  
9 Appendix 

P a g e  | 452 

 

452 | P a g e  
 

Sample Labelling  

Each participant will be assigned a trial identity code number for use on the 

samples, consent forms and other study documents and the electronic database. 

The documents and database will also use the study acronym and sequential study 

number. For example, with a hypothetical 22nd study volunteer called "John Doe", 

the pseudonymisation would resemble "RYGBSG22", where "RYGBSG" represents 

the study's abbreviations and "22" represents the volunteer's ID. This will act as the 

‘name’ for the study.  

  

The SPMIC will also generate a unique volunteer number for each MRI visit, this will 

be used to identify the scans to each participant.  

  

Source documents  

  

Source documents shall be filed at the investigator’s site and may include but are 

not limited to, consent forms, current medical records, laboratory results and 

records. A CRF may also completely serve as its own source data. Only trial staff as 

listed on the Delegation Log shall have access to trial documentation other than the 

regulatory requirements listed below.  

  

Direct access to source data / documents  
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The CRF and all source documents, including progress notes and copies of 

laboratory and medical test results shall made be available at all times for review by 

the Chief Investigator,  

Sponsor’s designee and inspection by relevant regulatory authorities (e.g. 

Department of Health, Human Tissue Authority).  

  

DATA PROTECTION  

  

All trial staff and investigators will endeavour to protect the rights of the trial’s 

participants to privacy and informed consent, and will adhere to the Data Protection 

Act, 2018. The CRF will only collect the minimum required information for the 

purposes of the trial. CRFs will be held securely, in a locked room, or locked 

cupboard or locked cabinet. Access to the information will be limited to the trial 

staff and investigators and relevant regulatory authorities (see above). Computer 

held data including the trial database will be held securely and password protected. 

All data will be stored on a secure dedicated web server. Access will be restricted by 

user identifiers and passwords (encrypted using a one way encryption method).  

Information about the trial in the participant’s medical records / hospital notes will 

be treated confidentially in the same way as all other confidential medical 

information.  
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Electronic data will be backed up every 24 hours to both local and remote media in 

encrypted format.  

  

  

QUALITY ASSURANCE & AUDIT  

  

INSURANCE AND INDEMNITY  

  

Insurance and indemnity for trial participants and trial staff is covered within the 

NHS  

Indemnity Arrangements for clinical negligence claims in the NHS, issued under 

cover of HSG (96)48. There are no special compensation arrangements, but trial 

participants may have recourse through the NHS complaints procedures.  

  

The University of Nottingham as research Sponsor indemnifies its staff with both 

public liability insurance and clinical trials insurance in respect of claims made by 

research subjects.  
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TRIAL CONDUCT  

  

Trial conduct may be subject to systems audit of the Trial Master File for inclusion of 

essential documents; permissions to conduct the trial; Trial Delegation Log; CVs of 

trial staff and training received; local document control procedures; consent 

procedures and recruitment logs; adherence to procedures defined in the protocol 

(e.g. inclusion / exclusion criteria, correct randomisation, timeliness of visits); 

adverse event recording and reporting; accountability of trial materials and 

equipment calibration logs.  

  

The Academic Supervisor, or where required, a nominated designee of the Sponsor, 

shall carry out a site systems audit at least yearly and an audit report shall be made 

to the Trial Steering Committee.  

  

  

TRIAL DATA  

  

Monitoring of trial data shall include confirmation of informed consent; source data 

verification; data storage and data transfer procedures; local quality control checks 
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and procedures, back-up and disaster recovery of any local databases and validation 

of data manipulation. The Academic Supervisor (Penny Gowland), or where 

required, a nominated designee of the Sponsor, shall carry out monitoring of trial 

data as an ongoing activity.  

  

Entries on CRFs will be verified by inspection against the source data. A sample of 

CRFs (10% or as per the study risk assessment) will be checked on a regular basis for 

verification of all entries made. In addition the subsequent capture of the data on 

the trial database will be checked. Where corrections are required these will carry a 

full audit trail and justification.  

  

Trial data and evidence of monitoring and systems audits will be made available for 

inspection by REC as required.  

  

  

RECORD RETENTION AND ARCHIVING  

In compliance with the ICH/GCP guidelines, regulations and in accordance with the  

University of Nottingham Research Code of Conduct and Research Ethics, the Chief 

or local Principal Investigator will maintain all records and documents regarding the 

conduct of the study. These will be retained for at least 10 years or for longer if 
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required. If the responsible investigator is no longer able to maintain the study 

records, a second person will be nominated to take over this responsibility.  

  

The research team at the University of Nottingham will access this personal data 

whilst the project is being carried out to enable them to contact you. This 

identifiable, personal information will be kept separately from the coded research 

data and will not leave the study site.  

  

The Trial Master File and trial documents held by the Chief Investigator on behalf of 

the  

Sponsor shall be finally archived at secure archive facilities at the University of 

Nottingham. This archive shall include all trial databases and associated meta-data 

encryption codes. Identifiable, personal data (such as name and address) will be 

stored confidentially in a locked cabinet within a locked office and on a password 

protected secure database that is only accessible by a very limited number of 

administrative staff who have no access to the scientific data whatsoever. This 

information will be held by the Chief Investigator (Dr Iskandar Idris) and the Sir 

Peter Mansfield imaging Centre.  

The Sir Peter Mansfield Imaging Centre enters all participant data onto a secure 

database, which is password protected and supported/maintained by Information 
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Services at the University. Any paperwork, such as paper consent/screening forms 

are locked in fireproof cabinets with only limited people having access.  

  

  

DISCONTINUATION OF THE TRIAL BY THE SPONSOR  

The Sponsor reserves the right to discontinue this trial at any time for failure to 

meet expected enrolment goals, for safety or any other administrative reasons. The 

Sponsor shall take advice from the Trial Steering Committee and Data Monitoring 

Committee as appropriate in making this decision.  

  

STATEMENT OF CONFIDENTIALITY  

Individual participant medical information obtained as a result of this study are 

considered confidential and disclosure to third parties is prohibited with the 

exceptions noted above. Participant confidentiality will be further ensured by 

utilising identification code numbers to correspond to treatment data in the 

computer files.  

  

Such medical information may be given to the participant’s medical team and all 

appropriate medical personnel responsible for the participant’s welfare.  
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If information is disclosed during the study that could pose a risk of harm to the 

participant or others, the researcher will discuss this with the CI and where 

appropriate report accordingly.  

  

Data generated as a result of this trial will be available for inspection on request by 

the participating physicians, the University of Nottingham representatives, the REC, 

local R&D Departments and the regulatory authorities.  

  

  

PUBLICATION AND DISSEMINATION POLICY  

No identifiable material will be used in any report or publication.  

The results from the study will be discussed with research collaborators at Leicester 

University, Glenfield hospital, Medical research council, biomedical research council 

and presented at a national or international conference to allow findings to be 

shared with other researchers. Results will also be used to design future research.  

Coded data may be shared with journals, experts, or other scientists to verify the 

quality of results. However, no identifiable material will be used in any report or 

publication. We intend to publish our results throughout the trial and up to 24 

months after the end date of the study.  

The results will also be used as part of Abi Spicer’s and Dr Rebekah Wilmington’s 

PhD theses in agreement with the MRC and UoN.  
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USER AND PUBLIC INVOLVEMENT  

We have spoken to a previous bariatric patient who now works for Derby hospital. 

We discussed what adjustments would be needed, such as a special size of scrubs, 

chairs and access to bathrooms. This was done to improve our understanding of 

bariatric patient struggles and ensure patients are more comfortable when they 

visit.  

  

  

STUDY FINANCES  

  

Funding source  

This study is funded in partnership by the medical research council, University of 

Nottingham as part of a PhD project and by the biomedical research council.  

  

Participant stipends and payments  

Participants will be paid to participate in the trial. For each participant there will be 

a total inconvenience fee of £80 comprised of £20 for each in-person session. This is 

to aid in expenses incurred as part of visitation, such as travel expenses. However, 

car parking vouchers can be provided.  
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For those participants who reside more than 20 miles away from the main study site 

(University Park, Nottingham),we will offer enhanced inconvenience allowance 

which will cover the equivalent of standard mileage costs (i.e. 45 pence per mile).  

  

  

  

  

  

SIGNATURE PAGES  

  

Signatories to Protocol:  

  

Chief Investigator: (name )____Iskandar Idris  

  

  

Signature:____  __  
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Date: __6/2/23_________  

  

  

    

Co- investigator:  (name) _________Penny Gowland________  

  

  

Signature:_________ ___________  

  

  

Date: 13-2-23___________  

  

Co- investigator:  (name) _________Susan Francis________  

  

  

Signature:_________ ___________  
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Date: __22-2-23_________  

  

  

  

Co- investigator:  (name) _________Abi Spicer________  

  

  

Signature:_________ __  

  

  

Date: _____22-2-23______  

  

Co- investigator:  (name) _________Rebekah Wilmington________ 

Signature:_________  ___________  
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Date: ____22-2-23_______  

  

Co- investigator:  (name) _________ Guruprasad Aithal ________  

  

  

Signature:_________ _  __________  

  

  

Date: _____22-2-23______  

  

  

Co- investigator:  (name) _________Gerry McCann________  
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Signature:_________  ___________  

  

  

Date: ______22-3-23_____  

  

Co- investigator:  (name) _________Stephen Bawden________  

  

  

Signature:_________ ___________  

  

  

Date: _______22-2-23____  
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Trial Statistician:  (name)________Stephen Bawden___________ 

Signature:__________ 

________________________  

  

  

Date: ____22-2-23_______  

  

  



A b i  S p i c e r  
9 Appendix 

P a g e  | 467 

 

467 | P a g e  
 

 

REFERENCES  

Luo RB, Suzuki T, Hooker JC, Covarrubias Y, Schlein A, Liu S, et al. How bariatric 

surgery affects liver volume and fat density in NAFLD patients. Surg Endosc 

[Internet].  

2018 Apr 1 [cited 2021 Jan 19];32(4):1675–82. Available from: 

https://doi.org/10.1007/s00464-017-5846-9  

Lewis MC, Phillips ML, Slavotinek JP, Kow L, Thompson CH, Toouli J. Change in liver 

size and fat content after treatment with Optifast® very low calorie diet. Obes Surg 

[Internet]. 2006 Jun 1 [cited 2021 Jan 19];16(6):697–701. Available from: 

https://link.springer.com/article/10.1381/096089206777346682  

Peltonen M. Balancing risks and benefits of bariatric surgery for type 2 diabetes. 

Vol.  

3, The Lancet Diabetes and Endocrinology. Lancet Publishing Group; 2015. p. 394–5.  

Ikramuddin S, Billington CJ, Lee WJ, Bantle JP, Thomas AJ, Connett JE, et al. Rouxen-Y 

gastric bypass for diabetes (the Diabetes Surgery Study): 2-year outcomes of a 5-

year, randomised, controlled trial. Lancet Diabetes Endocrinol. 2015 Jun 1;3(6):413– 

22.  

Hofsø D, Fatima F, Borgeraas H, Birkeland KI, Gulseth HL, Hertel JK, et al. Gastric 

bypass versus sleeve gastrectomy in patients with type 2 diabetes (Oseberg): a 



A b i  S p i c e r  
9 Appendix 

P a g e  | 468 

 

468 | P a g e  
 

single-centre, triple-blind, randomised controlled trial. Lancet Diabetes Endocrinol. 

2019 Dec 1;7(12):912–24.  

Gastric Sleeve vs. Gastric Bypass: Differences, Pros, Cons [Internet]. [cited 2021 Jan  

22]. Available from: https://www.healthline.com/health/gastric-sleeve-vs-gastric-

bypass  

Lim EL, Hollingsworth KG, Aribisala BS, Chen MJ, Mathers JC, Taylor R. Reversal of 

type 2 diabetes: Normalisation of beta cell function in association with decreased 

pancreas and liver triacylglycerol. Diabetologia [Internet]. 2011 Oct 9 [cited 2021 

Feb 18];54(10):2506–14. Available from: 

https://link.springer.com/article/10.1007/s00125011-2204-7  

Honka H, Koffert J, Hannukainen JC, Tuulari JJ, Karlsson HK, Immonen H, et al. The 

Effects of Bariatric Surgery on Pancreatic Lipid Metabolism and Blood Flow. J Clin 

Endocrinol Metab [Internet]. 2015 May 1 [cited 2021 Jan 21];100(5):2015–23. 

Available from: https://academic.oup.com/jcem/article/100/5/2015/2829724  

  

 

 

  



A b i  S p i c e r  
9 Appendix 

9 . 6 Bariatric Study IRAS application 
P a g e  | 469 

 

469 | P a g e  
 

9.6 Bariatric Study IRAS application 



 Welcome to the Integrated Research Application System

 IRAS Project Filter

The integrated dataset required for your project will be created from the answers you give to the following questions. The
system will generate only those questions and sections which (a) apply to your study type and (b) are required by the
bodies reviewing your study. Please ensure you answer all the questions before proceeding with your applications. 

Please complete the questions in order. If you change the response to a question, please select ‘Save’ and review all the
questions as your change may have affected subsequent questions. 

Please enter a short title for this project (maximum 70 characters) 
Effects of VLCD and Bariatric Surgery in Patients with Type 2 Diabetes

1. Is your project research?

 Yes  No

2. Select one category from the list below:

 Clinical trial of an investigational medicinal product

 Combined trial of an investigational medicinal product and an investigational medical device

 Clinical investigation or other study of a medical device

 Other clinical trial to study a novel intervention or randomised clinical trial to compare interventions in clinical practice

 Basic science study involving procedures with human participants

 Study administering questionnaires/interviews for quantitative analysis, or using mixed quantitative/qualitative

methodology

 Study involving qualitative methods only

 Study limited to working with human tissue samples (or other human biological samples) and data (specific project

only)

 Study limited to working with data (specific project only)

 Research tissue bank

 Research database

If your work does not fit any of these categories, select the option below:

 Other study

2a. Will the study involve the use of any medical device without a UKCA/CE UKNI/CE Mark, or a UKCA/CE UKNI/CE marked
device which has been modified or will be used outside its intended purposes?

 Yes       No

2b. Please answer the following question(s):

a) Does the study involve the use of any ionising radiation?  Yes       No

b) Will you be taking new human tissue samples (or other human biological samples)?  Yes       No

c) Will you be using existing human tissue samples (or other human biological samples)?  Yes       No
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d) Will the study involve any other clinical procedures with participants (e.g. MRI, ultrasound,
physical examination)?

 Yes  No

3. In which countries of the UK will the research sites be located?(Tick all that apply)

 England

 Scotland

 Wales

 Northern Ireland

3a. In which country of the UK will the lead NHS R&D office be located:

 England

 Scotland

 Wales

 Northern Ireland

 This study does not involve the NHS

4. Which applications do you require?

 IRAS Form

 Confidentiality Advisory Group (CAG)

 Her Majesty's Prison and Probation Service (HMPPS)

Most research projects require review by a REC within the UK Health Departments' Research Ethics Service. Is
your study exempt from REC review? 

 Yes       No

5. Will any research sites in this study be NHS organisations?

 Yes       No

5a. Are all the research costs and infrastructure costs (funding for the support and facilities needed to carry out the
research e.g. NHS support costs) for this study provided by a NIHR Biomedical Research Centre (BRC), NIHR Applied
Research Collaboration (ARC), NIHR Patient Safety Translational Research Centre (PSTRC), or an NIHR Medtech and In
Vitro Diagnostic Co-operative (MIC) in all study sites? 

Please see information button for further details.

 Yes       No

Please see information button for further details.

5b. Do you wish to make an application for the study to be considered for NIHR Clinical Research Network (CRN)
Support and inclusion in the NIHR Clinical Research Network Portfolio? 

Please see information button for further details.

 Yes       No
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The NIHR Clinical Research Network (CRN) provides researchers with the practical support they need to make clinical
studies happen in the NHS in England e.g. by providing access to the people and facilities needed to carry out research “on
the ground". 

If you select yes to this question, information from your IRAS submission will automatically be shared with the NIHR CRN.
Submission of a Portfolio Application Form (PAF) is no longer required.

6. Do you plan to include any participants who are children?

 Yes       No

7. Do you plan at any stage of the project to undertake intrusive research involving adults lacking capacity to consent
for themselves?

 Yes       No

Answer Yes if you plan to recruit living participants aged 16 or over who lack capacity, or to retain them in the study following
loss of capacity. Intrusive research means any research with the living requiring consent in law. This includes use of
identifiable tissue samples or personal information, except where application is being made to the Confidentiality Advisory
Group to set aside the common law duty of confidentiality in England and Wales. Please consult the guidance notes for
further information on the legal frameworks for research involving adults lacking capacity in the UK.

8. Do you plan to include any participants who are prisoners or young offenders in the custody of HM Prison Service or
who are offenders supervised by the probation service in England or Wales?

 Yes       No

9. Is the study or any part of it being undertaken as an educational project? 

 Yes       No

Please describe briefly the involvement of the student(s): 
The student will be aiding in the design of the research. Will be conducting the majority of the research and will be
analysing data (MRI/MRS)

9a. Is the project being undertaken in part fulfilment of a PhD or other doctorate?

 Yes       No

10. Will this research be financially supported by the United States Department of Health and Human Services or any of
its divisions, agencies or programs?

 Yes       No

11. Will identifiable patient data be accessed outside the care team without prior consent at any stage of the project
(including identification of potential participants)?

 Yes       No
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Integrated Research Application System
Application Form for Basic science study involving procedures with human participants

The Chief Investigator should complete this form. Guidance on the questions is available wherever you see this
symbol displayed. We recommend reading the guidance first. The complete guidance and a glossary are available by
selecting Help. 

Please define any terms or acronyms that might not be familar to lay reviewers of the application.

Short title and version number: (maximum 70 characters - this will be inserted as header on all forms)   
Effects of VLCD and Bariatric Surgery in Patients with Type 2 Diabetes

 PART A: Core study information

 1. ADMINISTRATIVE DETAILS

A1. Full title of the research:

DIFFERENTIAL EFFECTS OF VERY LOW CALORIE DIET (VLCD), ROUX-EN-Y-GASTRIC BYPASS AND SLEEVE
GASTRECTOMY ON PANCREATIC, LIVER, MUSCLE AND HEART FAT DEPOSITION AND METABOLISM IN PEOPLE
WITH TYPE 2 DIABETES: AN MRI STUDY

A2-1. Educational projects

Name and contact details of student(s): 

Student 1

 

 
Title   Forename/Initials  Surname
Miss Abi  Spicer

Address Sir Peter Mansfield Imaging Centre (SPMIC)

 University Park

 Nottingham

Post Code NG7 2RD

E-mail abi.spicer@nottingham.ac.uk

Telephone 07714239831

Fax

Give details of the educational course or degree for which this research is being undertaken:

Name and level of course/ degree: 
PhD in Physics

 

Name of educational establishment: 
University of Nottingham

 

Student 2

 

 
Title  Forename/Initials  Surname
Dr  Rebekah L J  Wilmington

Address Room 5032, School of Graduate Entry Medicine and Health Sciences

 Faculty of Medicine and Health Sciences
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 University of Nottingham, Royal Derby Hospital Centre

Post Code DE22 3DT

E-mail rebekah.wilmington@nottingham.ac.uk

Telephone 07704739792

Fax

Give details of the educational course or degree for which this research is being undertaken:

Name and level of course/ degree: 
PhD in Medicine and Health

 

Name of educational establishment: 
University of Nottingham

 

 

Name and contact details of academic supervisor(s): 

Academic supervisor 1

 

 
Title   Forename/Initials  Surname
Professor Penny  Gowland

Address Sir Peter Mansfield Imaging Centre (SPMIC)

 University Park

 Nottingham

Post Code NG7 2RD

E-mail penny.gowland@nottingham.ac.uk

Telephone 0115 951 4754

Fax

Academic supervisor 2

 

 
Title   Forename/Initials  Surname
Professor Susan  Francis

Address Sir Peter Mansfield Imaging Centre (SPMIC)

 University Park

 

Post Code NG7 2RD

E-mail susan.francis@nottingham.ac.uk

Telephone 01159566518

Fax

Academic supervisor 3

 

 
Title  Forename/Initials  Surname
Prof Iskandar  Idris

Address MRC Musculoskeletal, Physiology and Ageing

 School of Medicine, University of Nottingham

 Royal Derby Hospital, Derby

Post Code DE22 3DT

E-mail iskandar.idris@nottingham.ac.uk

Telephone 01332724605

Fax
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Please state which academic supervisor(s) has responsibility for which student(s): 
Please click "Save now" before completing this table. This will ensure that all of the student and academic supervisor
details are shown correctly. 

Student(s) Academic supervisor(s)

Student 1  Miss Abi Spicer  Professor Penny Gowland

 Professor Susan Francis

 Prof Iskandar Idris

Student 2  Dr Rebekah L J
Wilmington

 Professor Penny Gowland

 Professor Susan Francis

 Prof Iskandar Idris

A copy of a current CV for the student and the academic supervisor (maximum 2 pages of A4) must be submitted with the
application.

A2-2. Who will act as Chief Investigator for this study?

 Student

 Academic supervisor

 Other

A3-1. Chief Investigator:

     

 
Title  Forename/Initials  Surname
Dr  Iskadar  Idris

Post Associate Professor

Qualifications BMedSci, BMBS, FRCP, DM

ORCID ID    

Employer University of Nottingham

Work Address MRC Musculoskeletal Physioogy and Ageing

 School of Medicine, University of Nottingham

 Royal Derby Hospital Derby

Post Code DE22 3DT

Work E-mail Iskandar.Idris@nottingham.ac.uk

* Personal E-mail

Work Telephone 01332724605

* Personal Telephone/Mobile

Fax

* This information is optional. It will not be placed in the public domain or disclosed to any other third party without prior
consent.
A copy of a current CV (maximum 2 pages of A4) for the Chief Investigator must be submitted with the application.

A4. Who is the contact on behalf of the sponsor for all correspondence relating to applications for this project?
This contact will receive copies of all correspondence from REC and HRA/R&D reviewers that is sent to the CI.
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Title  Forename/Initials  Surname
Ms  Angela  Shone

Address Research and Innovation

 University of Nottingham,

 East Atrium, Jubilee Conference Centre

Post Code NG8 1DH

E-mail sponsor@nottingham.ac.uk

Telephone 0115 8467906

Fax

A5-1. Research reference numbers. Please give any relevant references for your study:

Applicant's/organisation's own reference number, e.g. R & D (if
available):

N/A

Sponsor's/protocol number: 21047

Protocol Version: N/A

Protocol Date:

Funder's reference number (enter the reference number or state not
applicable):

N/A

Project
website:

N/A

Registry reference number(s):    
The UK Policy Framework for Health and Social Care Research sets out the principle of making information about
research publicly available. Furthermore: Article 19 of the World Medical Association Declaration of Helsinki adopted
in 2008 states that "every clinical trial must be registered on a publicly accessible database before recruitment of the
first subject"; and the International Committee of Medical Journal Editors (ICMJE) will consider a clinical trial for
publication only if it has been registered in an appropriate registry. Please see guidance for more information.

International Standard Randomised Controlled Trial Number (ISRCTN):

ClinicalTrials.gov Identifier (NCT number):

Additional reference number(s):

Ref.Number Description Reference Number

A5-2. Is this application linked to a previous study or another current application?

 Yes       No

Please give brief details and reference numbers.

 2. OVERVIEW OF THE RESEARCH  

 
To provide all the information required by review bodies and research information systems, we ask a number of
specific questions. This section invites you to give an overview using language comprehensible to lay reviewers and
members of the public. Please read the guidance notes for advice on this section.

A6-1. Summary of the study.   Please provide a brief summary of the research (maximum 300 words) using language
easily understood by lay reviewers and members of the public. Where the research is reviewed by a REC within the UK
Health Departments’ Research Ethics Service, this summary will be published on the Health Research Authority (HRA)
website following the ethical review. Please refer to the question specific guidance for this question.

A promising recently-investigated and effective conservative approach to T2DM is through very-low-calorie diets
(VLCD). Some studies have shown that the diabetic status of some patients can be reversed through VLCD. However,
in patients undergoing bariatric surgery it is still debated whether it is the diet or the surgery that often follows this that
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causes diabetes remission.
The purpose of this project is to investigate the effects of a Very Low-Calorie Diet (VLCD) followed by two different
bariatric surgical procedures, Roux-en-Y Gastric Bypass (RYGB) and Sleeve gastrectomy (SG) on skeletal muscle,
liver and pancreatic fat deposition, ATP flux as well as cardiac function in Type 2 diabetes patients.
The two surgical procedures result in different metabolic and physical changes in the body. We will investigate if these
surgical procedures cause differences in the diabetes remission process.
The Patients recruited to this study will be those already undergoing bariatric surgery as part of their standard care and
who have type 2 diabetes. 
Using Magnetic Resonance Imaging (MRI) and Magnetic Resonance Spectroscopy (MRS) and mixed meal tests
(MMT), at various points through their surgical journey, (before and after the VLCD, 6 weeks post-surgery, and 4
months post-surgery) we will investigate the aforementioned changes.
This will give us an insight into how surgery and diet affect Type 2 diabetes status in those undergoing bariatric
surgery.
The study procedures that are not a part of standard care (MRI, MRS, MMT) will be performed at the Sir Peter Mansfield
Imaging Centre, University Park, University of Nottingham. 

A6-2. Summary of main issues. Please summarise the main ethical, legal, or management issues arising from your study
and say how you have addressed them.

Not all studies raise significant issues. Some studies may have straightforward ethical or other issues that can be identified
and managed routinely. Others may present significant issues requiring further consideration by a REC, R&D office or other
review body (as appropriate to the issue). Studies that present a minimal risk to participants may raise complex
organisational or legal issues. You should try to consider all the types of issues that the different reviewers may need to
consider.

The main issue related to the study is the increased burden on patients already undergoing surgery, however we have
sought to minimise this in the following ways   

Recruitment will take place through liaising with patients on the waiting list for bariatric surgery, and will be focused on
local patients (within the vicinity of the Royal Derby Hospital) to ease the burden of the participants traveling to the
study sessions. 
All patients will be given an inconvenience fee, for each participant, there will be a total inconvenience fee of £80
comprised of £20 for each in-person session. This money is to assist with expenses incurred as part of their
participation such as travel expenses.   Travel expenses will not be offered for visits incurred as a result of
participation. However, car parking vouchers will be provided.

 3. PURPOSE AND DESIGN OF THE RESEARCH

A7. Select the appropriate methodology description for this research. Please tick all that apply:

 Case series/ case note review

 Case control

 Cohort observation

 Controlled trial without randomisation

 Cross-sectional study

 Database analysis

 Epidemiology

 Feasibility/ pilot study

 Laboratory study

 Metanalysis

 Qualitative research

 Questionnaire, interview or observation study

 Randomised controlled trial

 Other (please specify)
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A10. What is the principal research question/objective? Please put this in language comprehensible to a lay person.

The effects of a 2 week Very low-calorie diet (VLCD) performed prior to bariatric surgery on the percentage of liver fat as
determined using Magnetic Resonance Imaging.

A11. What are the secondary research questions/objectives if applicable? Please put this in language comprehensible to
a lay person.

The effects of VLCD on cardiac ATP changes and cardiac function, determined by the ventricular wall thickness.
The effects of VLCD on skeletal muscle, liver, and pancreatic fat percentages.

The effect of Bariatric Surgery (RYGB or SG) on skeletal muscle, liver, and pancreatic fat percentage. 
The effects of Bariatric Surgery on Liver ATP flux. 
The differential effects of RYGB and SG on liver ATP flux and cardiac function, determined by the left ventricular wall
mass.
The differential effects of RYGB and SG on skeletal muscle, liver, and pancreatic fat percentage.

A12. What is the scientific justification for the research? Please put this in language comprehensible to a lay person.

Obesity rates continue to increase   worldwide. This has led to a corresponding rise in   obesity-related negative health
issues complications such as Type 2 diabetes mellitus (T2D) and cardiovascular disease, with their inherit risks of
increased mortality, functional decline, hospitalization and loss of independence, especially inthose who are classified
as morbidly obese. 
Over the last decade, bariatric surgery has emerged as a safe and proven method for better, more sustained weight
loss when compared with exercise and dietary strategies. The most commonly performed bariatric surgery in the UK
and worldwide are: Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG) operations.

In addition to bariatric surgery, all patients undergo a period of Very Low-Calorie diet (VLCD) to reduce the size of the
liver prior to bariatric surgery. VLCD has also been shown to independently reduce blood glucose concentration and in
some cases, induce T2D remission by removal of fatty acids (triacylglycerol) from the pancreas and the liver (2)

Both surgical procedures (RYGB and SG) have been shown to achieve a large and sustained improvement in weight
loss with improvements in insulin sensitivity, improved beta cell function and associated with high-resolution rate in
T2D (3–5).   SG surgery involves the removal of 80% of the stomach whilst RYGB involves the anastomosis of lower
oesophagus with distal small bowel, which means that food ‘skips’ the stomach, duodenum and upper small
intestine.

Metabolic effects of surgery can be observed early (in the first 6 weeks) and long term (years after surgery). However,
the observation that the rapid rate of glucose lowering at the early stages is disproportionate to the degree of weight
loss seen after surgery. This suggests that bariatric surgery reverses the fundamental pathophysiological defects of
T2D independent of weight loss. 

Current research has focused on the use of MRI to investigate the physical changes to fat deposition and used this a
tool to mark improvements from the VLCD and bariatric surgery (1,2,7,8). Focusing on liver fat MRI- proton density fat-
fraction (PDFF) measurements have been taken prior to the surgery and at 1,6 and 12-months post-surgery. It was
found that for 49 (26 for RYGB, 20 for SG and 3 for Gastric banding) participants, PDFF showed a statistically
significant 23% reduction (P<0.001) between baseline and post VLCD (16.6 ± 7.8 vs. 12.7 ± 6.8, ±SD), and post VLCD
to 1 month post-surgery a 42% reduction (12.7 ± 6.8 vs. 7.3 ± 4.1, ±SD) for the whole group (1). However, these do not
record the point at which a patient starts to show T2D remission. 

We are therefore wish to explore the impact of VLCD and different bariatric surgery procedures on the physical
deposition of fat in organs which regulate glucose metabolism (i.e. in the liver, pancreas, muscle) both in the earlier (6
weeks) and intermediate (4 months) period after bariatric surgery, where rate of weight loss have been shown to be
similar between the two surgical procedures. Increased understanding of the changes observed in these important
metabolic organs, will: increase our understanding of mechanism underpinning T2D remission following bariatric
surgery; their effects on weight loss; and effect on gut hormones related to appetite, glucose regulation and
gastrointestinal function. 
Magnetic Resonance imaging (MRI) and Magnetic Resonance spectroscopy (MRS) are non-invasive, non-ionising
techniques. MRI can be used to investigate the body’s physiology and MRS can be used to investigate the body’s
metabolic processes, so by combining these two methods we are able to investigate the process of fat reduction and
T2D remission post gastric surgery without performing any secondary invasive procedures.
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A13. Please summarise your design and methodology. It should be clear exactly what will happen to the research
participant, how many times and in what order. Please complete this section in language comprehensible to the lay person.
Do not simply reproduce or refer to the protocol. Further guidance is available in the guidance notes.

We have separated this study into 2 groups for the main study (Category A) and a smaller arm of the study for cardiac
MRI and MRS (Category B). All participants will be asked to attend a session at the Sir Peter Mansfield Imaging Centre
(SPMIC) on the UoN main campus. 
Initially all participants recruited will be entered into category A. This means that they will be used to understand the
primary outcomes. Once 17 participants have been recruited (not necessarily completed) into category A, potential
participants will be given the option to enter into category A or B or both (since category B is a less intense protocol).
Once all 6 particpants have been recruited to category B this option will be removed and recruitment paused.
Recruitment will ressume if a participant has to be removed or drops out of the study. 
The focus of Catergory A is the abdominal organs, especially the liver’s recation to the clinical interventions. This is our
primary focus of the study and application. However, due to the similaritys in protocol and recruitment a smaller arm
(category B) was created. These had to be 2 sperate arms due the the lengthy nature of the MR scans. The purpose of
category B is to allow us to pilot an investigation into the effects of the VLCD, RYGB and SG on the cardiac muscle

Flow Chart of sessions:
--> [successful screening] 
--> Session 1 
      --> [booking first session] 
--> Session 2 (2 weeks pre-surgery)   
      --> [VLCD] 
--> Session 3 (3-1 day pre-surgery)
      --> [Surgery, SG or RYGB] 
--> Session 4 (6 weeks post surgery)
--> Session 5 (16 weeks post surgery)

- See attached file for more detailed flow chart. 

Screening: 

Patients who are listed for surgery by the Bariatric surgical Tier 4 MDT team, will be approached by one of the usual
care team (who may also be a member of the research team) during the ERAS session (Enhanced Recovery After
Surgery). This will occur approximately 6 months before surgery. If they wish to participate in the study they will be
screened for suitability and willingness to undergo MRI. If eligible and consent is provided, their details will be kept by
the research team to be contacted for further appointments to attend the University of Nottingham (UoN) research unit
based at the Royal Derby Hospital. 

Participants who are interested in the study will be asked to lie down and a replica of the MRI bore will be placed over
them to ensure they can fit into a scanner, if so Participants will complete the MRI screening test, as this is a safety-
critical element of the eligibility criteria. All other eligibility criteria will be known as part of the routine care. The
Participants will be provided with the PIS and their willingness and ability to attend all 4 sessions will be evaluated to
ensure maximum completion of Participants in the study.   If Participants are eligible and consent to participate their
information is passed on to the rest of the research team to be contacted further. 

The CI will be in charge of obtaining informed consent. If unavailable another trained member of the research team
may take their place.

FOR ALL CATEGORY A SESSIONS:
The participants will receive an MRI and MRS scan a Mixed meal test (MMT) at every session. Blood samples will be
taken by a trained member of staff and transferred to the Royal Derby Hospital for testing, this is to obtain postprandial
glucose, insulin, C-peptide, glucagon, total and intact glucagon-like peptide-1 (GLP-1), glucose-dependent
insulinotropic polypeptide (GIP).

Mixed meal Protocol:
The participants will need to be fasted prior to the Mixed Meal Test (MMT) for a minimum of 8 hours. Participants will
also need to be advised that they must avoid alcohol consumption and strenuous exercise for the preceding 24 hours,
alongside avoiding caffeine for 18 hours prior to the undertaking of the test.   To reduce fasting period all tests and
scans will be scheduled for the morning.

Participants will visit the SPMIC on the UoN main campus. During their visit participants will undergo a mixed meal
test (200ml 300kcal). 
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Participants will be taken into a clinical room adjacent to the MRI suite. Here they will be met by a trained member of
staff, who will insert a cannula into their arm or hand. 
2ml of blood will then be drawn into a P800 sample tube. 
There should be minimal distress from the procedure as this process is similar to what the participants will have
experienced as part of their routine care at a GP surgery or hospital. Sharp pain is common during the procedure but
well tolerated. Bruising is a known complication of the venepuncture but can be minimised with compression of the
site post-procedure. The extremity will be placed in a hot box to allow for arterial like drawing of the blood.
The mixed meal will be a Nutricia, Fortisip, this will be stored in the fridge and a flavour of their choice will be served to
the participants chilled (exceot chocolate which is not suitable for this process). Each bottle is 200ml and this is the
standard size of the mixed meal (200ml 300kcal).
Once the participant has consumed the mixed meal the bloods will been drawn every 15 minutes for 3hours. 

The blood needs to be spun in a centrifuge for 10minutes within 30 minutes of being drawn. This will be done in an
appropriate lab at the SPMIC. The plasma will then be separated from the cells and stored in a -20degree freezer
temporarily. By the end of the following working day after the study day the samples will be transferred to the medical
school to be stored at -80°C freezer on D floor of the medical school which is locked & alarmed with CO2 back up.

The samples will be transferred to Royal Derby Hospital for analysis after all data collection has been completed.
Samples will be removed from the -80°C freezer and couriered in a labelled igloo containing dry ice to laboratories in
Derby Medical School. The shipment will contain a complete inventory of all samples, along with the name of the
person responsible for sending and receiving the samples. These samples will be stored in a -80°C freezer in this
facility until analysis. Once all study-related analysis on the samples has been completed, they will be disposed of in
accordance with the Human Tissue Act, 2004.

Session 1- same protocol for Category A and B:
A member of the research team will reach out to the patient 2 weeks prior to the commencement of their VLCD in order
to confirm they are still interested in participating, book in the first study session and answer any questions they may
have.

Session 2: Between 3 days and 1 day prior to the commencement of the VLCD. 
Category A: Participants will undergo standard physiological scans of their chest, abdomen, and upper legs. These
scans will be used to determine the health of tissue. Physiology scans will take around 30-40 minutes. A proton MRS
scan of the Liver which will require a different surface coil to be used, this Scan will take around 15 minutes. 

Category B: Participants will undergo physiological scans of the heart which will take approximately 15minutes, these
Participants will also undergo Proton MRS of the heart which will take approximately 30 minutes and will use the
physiological scans for positioning. Participants will also undergo 31P MRS, this scan will require a specialised coil
and will take around 70 minutes. 

Session 3: Between 3 and 1 day prior to the patients Bariatric Surgery. 
Category A: Participants will undergo standard physiological scans of their chest, abdomen, and upper legs. These
scans will be used to determine the health of tissue. Physiology scans will take around 30-40 minutes. A proton MRS
scan of the Liver which will require a different surface coil to be used, this Scan will take around 15 minutes.
Phosphorus (31P) MRS will also be performed on the patient’s livers, this requires a specialised coil and will take 60
minutes. It is likely Participants will need to take a break to stretch and be out of the scanner mid-session due to the
long scan times. 

Category B: Participants will undergo physiological scans of the heart which will take approximately 15minutes, these
Participants will also undergo Proton MRS of the heart which will take approximately 30 minutes and will use the
physiological scans for positioning. Participants will also undergo 31P MRS, this scan will require a specialised coil
and will take around 70 minutes. 

Surgery: 
Roux-en-Y Gastric Bypass (RYGB): Follows standard clinical practice.
Sleeve Gastrectomy (SG): Follows standard clinical practice.

Session 4:6 weeks post Bariatric Surgery. 
Category A: Participants will undergo standard physiological scans of their chest, abdomen, and upper legs. These
scans will be used to determine the health of tissue. Physiology scans will take around 30-40 minutes. A proton MRS
scan of the Liver which will require a different surface coil to be used, this Scan will take around 15 minutes.
Phosphorus (31P) MRS will also be performed on the patient’s livers, this requires a specialised coil and will take 60
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minutes. It is likely Participants will need to take a break to stretch and be out of the scanner mid-session due to the
long scan times. 

Category B: Participants will undergo physiological scans of the heart which will take approximately 15minutes, these
Participants will also undergo Proton MRS of the heart which will take approximately 30 minutes and will use the
physiological scans for positioning.

Session 5: 16 weeks post Bariatric Sugery.
Category A: Participants will undergo standard physiological scans of their chest, abdomen, and upper legs. These
scans will be used to determine the health of tissue. Physiology scans will take around 30-40 minutes. A proton MRS
scan of the Liver which will require a different surface coil to be used, this Scan will take around 15 minutes. 
Session 3 and 4:

Category B: Participants will undergo physiological scans of the heart which will take approximately 15minutes, these
Participants will also undergo Proton MRS of the heart which will take approximately 30 minutes and will use the
physiological scans for positioning.

A14-1. In which aspects of the research process have you actively involved, or will you involve, patients, service users,
and/or their carers, or members of the public?

 Design of the research

 Management of the research

 Undertaking the research

 Analysis of results

 Dissemination of findings

 None of the above

 

Give details of involvement, or if none please justify the absence of involvement.
We have spoken to a previous patient who has undergone bariatric surgery, who also liaises with a wider group of
patients who have undergone bariatric surgery in Derby.   This discussion have provided us with useful insight about
appropriate timing of study protocols, tolerability of MRI scanning as well as general insight about what adjustments
would be needed, such a special size of scrubs, chairs and access to bathrooms. This was done to improve our
understanding of bariatric patients struggles and ensure patients are more comfortable when they visit.

 4. RISKS AND ETHICAL ISSUES

 RESEARCH PARTICIPANTS

A15. What is the sample group or cohort to be studied in this research?

Select all that apply: 

 Blood

 Cancer

 Cardiovascular

 Congenital Disorders

 Dementias and Neurodegenerative Diseases

 Diabetes

 Ear

 Eye

Full Set of Project Data  IRAS Version 6.1

 12

DRAFT



 Generic Health Relevance

 Infection

 Inflammatory and Immune System

 Injuries and Accidents

 Mental Health

 Metabolic and Endocrine

 Musculoskeletal

 Neurological

 Oral and Gastrointestinal

 Paediatrics

 Renal and Urogenital

 Reproductive Health and Childbirth

 Respiratory

 Skin

 Stroke

Gender:  Male and female participants

Lower age limit:  18  Years

Upper age limit:  70  Years

A17-1. Please list the principal inclusion criteria (list the most important, max 5000 characters).

Being listed for RYGB or SG bariatric surgery at the Royal Derby Hospital.
Inclusion BMI is based on eligibility for Bariatric Surgery as per routine (standard) practice (BMI 35 or greater)
Age range 18 to 70-year-old.
Ability to give informed consent
Type II Diabetes (T2D) 

A17-2. Please list the principal exclusion criteria (list the most important, max 5000 characters).

Patients who are not fit or not suitable for RYGB operation, according to the MDT meeting described above.
BMI>60
Not suitable for MRI scanning (as decided by a MRI safety screening form) 
Liver Cirrhosis
Type I Diabetes
Non-diabetic 
Involvement in other Reserach Studies

Pregnancy is an exclusion criteria for bariatric surgery so by proxy is nd exclusion to this study

 RESEARCH PROCEDURES, RISKS AND BENEFITS  

A18. Give details of all non-clinical intervention(s) or procedure(s) that will be received by participants as part of the
research protocol. These include seeking consent, interviews, non-clinical observations and use of questionnaires.

Please complete the columns for each intervention/procedure as follows:

1. Total number of interventions/procedures to be received by each participant as part of the research protocol.

2. If this intervention/procedure would be routinely given to participants as part of their care outside the research,
how many of the total would be routine?

3. Average time taken per intervention/procedure (minutes, hours or days)
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4. Details of who will conduct the intervention/procedure, and where it will take place.

Intervention or procedure 1 2 3 4

Consent Taking
Including an explanation of the study and protocol

1 0 20mins The Chief Investigator (or an
alternative nominated
colleague)

Bore Measurements,
Patients will be ask to lie down and a replica of the bore will be
placed over then to ensure they can fit into the scanner

1 0 5mins The student
(or an alternative nominated
colleague)

Screening, including a discussion of medical background 1 0 20mins The Student
(or an alternative nominated
colleague)

Booking in the first session and answering questions via phone call 1 0 30mins The student
(or an alternative nominated
colleague)

A19. Give details of any clinical intervention(s) or procedure(s) to be received by participants as part of the research
protocol. These include uses of medicinal products or devices, other medical treatments or assessments, mental health
interventions, imaging investigations and taking samples of human biological material. Include procedures which might be
received as routine clinical care outside of the research.

Please complete the columns for each intervention/procedure as follows:

1. Total number of interventions/procedures to be received by each participant as part of the research protocol.

2. If this intervention/procedure would be routinely given to participants as part of their care outside the research,
how many of the total would be routine?

3. Average time taken per intervention/procedure (minutes, hours or days).

4. Details of who will conduct the intervention/procedure, and where it will take place.

Intervention or procedure 1 2 3 4

Magnetic Resonance Imaging/ Magnetic
Resonance Spectroscopy

4 0 2h The Student (or an other trained, nominated member
of the research team)

Sir Peter Mansfield imaging Centre, University of
Nottingham, Main campus 

Venous Blood sampling 1 1 3min Performed by registered nurse or nominated
clinical/phlebotomy representative

Mixed meal test
(not for all participants)
(15minute interval blood sampling via canulae)

4 0 3h Trained Nurse (or an other trained, nominated
member of the research team)

Sir Peter Mansfield imaging Centre, University of
Nottingham, Main campus

General examination (including
assessment of height, weight, blood
pressure, heart rate, cardiac and
respiratory systems).

1 1 15m Chief Investigator (or clinical fellow representative)

A21. How long do you expect each participant to be in the study in total?

Recruitment will start at 6months prior to their surgery. And So the time from recruitment/consent to the end of
participation is 10months.
However, each patient will be actively involved in the study for 20weeks.

A22. What are the potential risks and burdens for research participants and how will you minimise them?
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For all studies, describe any potential adverse effects, pain, discomfort, distress, intrusion, inconvenience or changes
to lifestyle. Only describe risks or burdens that could occur as a result of participation in the research. Say what steps
would be taken to minimise risks and burdens as far as possible.

Patients are required to attend 4 physical and 1 remote session(s) outside of their routine care. These will be
4weeks before their surgery (for the remote session) and at 2 weeks, 2days pre- and 6weeks, and 4 months post-
surgery. To help with the burden of attending all these sessions we will employ flexibility (within the required time
points) in arranging study dates and times with our participants, pending Scanner availability.

With respect to potential risks, the following are present but are minimal with respect to overall morbidity. Our
department has experience in undertaking similar studies:

Regular sampling of venous blood will be undertaken throughout the day to assess multiple aspects of lipid/glucose
metabolism. This will be done through a single venous cannulae, inserted at a peripheral site. The cannulae will be
inserted with an aseptic technique by a trained member of staff. Risks include thrombophlebitis and infection. As only
two cannulae are anticipated to be inserted over the course of the study, there is minimal risk of vein sclerosis.
Appropriate insertion and an aseptic technique will minimise the risk of thrombophlebitis and infection.

Participants will be given a verbal and written explanation of the study requirements, with the participant providing
written informed consent and completing a health screen questionnaire prior to participation. 

As part of the preparation for the Mixed Meal Test, the participant will need to be fasted for a minimum of 8 hours. The
burden of this will be explained to the patient and we will attempt to mitigate this by ensuring that all patients have
their tests and scans performed as morning sessions. As part of recruitment, explanation as to standard practice
regarding the fasting requirement will be provided to the participants before the session commences to allow
adequate preparation.

MRI 
The MRI scan does not emit any ionising radiation, nor it not known be harmful to the participants. Pillows and
cushions may be used for comfort and holding position purposes. The participant may find the MRI to be loud
however, each participant will be provided with ear plugs and headphones to help counteract the noise. Should the
participant experience any discomfort or stress then the participants are able to stop and withdraw from the study at
any point by pressing the safety button they are handed during the scans. 

Safety screening should eliminate any risk to health for participants. The bore scanner of the MRI scan is confined
and therefore, there is a possibility of a feeling of claustrophobia and associated anxiety. The time spend scanning
will be kept to a minimum and participants will be regularly updated of time via intercom. Participants will be
constantly monitored by at least one of the experimenters for any signs of discomfort or distress during the scan.
Padding will be used to prevent holding the body in any unnatural positions. This will also prevent contact with the
bore of the MRI scanner or the coils where this is not built-in. 

There is a chance of an incidental finding if this is the case, the experimenters will continue with the scan and
discreetly discuss with a more experienced member of the team to verify that it requires review by a clinician. If
confirmed, the scans and participants information will be forwarded to the appropriate clinician for review. The
clinician will the contact the participants GP if necessary. There is a further chance that a suspected finding will be
clinically relevant. 

A24. What is the potential for benefit to research participants?

We cannot promise the study will help you but the information we get from this study may help inform future studies
and help us better understand and improve the treatment of disease. There are, however, no direct health benefits to
you of taking part in this study.

 RECRUITMENT AND INFORMED CONSENT

 
In this section we ask you to describe the recruitment procedures for the study. Please give separate details for
different study groups where appropriate.

A27-1. How will potential participants, records or samples be identified? Who will carry this out and what resources
will be used?For example, identification may involve a disease register, computerised search of social care or GP records,
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or review of medical records. Indicate whether this will be done by the direct care team or by researchers acting under
arrangements with the responsible care organisation(s).

Participants will be identified from the waiting list of patients undergoing bariatric surgery at Royal Derby Hospital.
Identification of potential participants will be done by the usual care team, who are the clinicians involved in the routine
care of these patients.

Patients will be contacted and a Participant Information Sheet (PIS) will be discussed and discuss the study in detail.

A27-2. Will the identification of potential participants involve reviewing or screening the identifiable personal
information of patients, service users or any other person?

 Yes       No

Please give details below:
Chief Investigator, who is a member of the clinical team looking after the patient, and other clinical team members will
identify potential participants meeting the eligibility criteria from patients that they are seeing in the clinic. Thus, whilst
there will be screening of patients' identifiable data, this will be minimal and only performed by the members of the
clinical team directly involved in the care of the individual.

A27-3. Describe what measures will be taken to ensure there is no breach of any duty of confidentiality owed to
patients, service users or any other person in the process of identifying potential participants.Indicate what steps have
been or will be taken to inform patients and service users of the potential use of their records for this purpose. Describe the
arrangements to ensure that the wishes of patients and service users regarding access to their records are respected.
Please consult the guidance notes on this topic.

Chief Investigator, who is a member of the clinical team looking after the patient, and other clinical team members will
identify potential participants meeting the eligibility criteria from patients that they are seeing in the clinic. Thus, whilst
there will be screening of patients' identifiable data, this will be minimal and only performed by the members of the
clinical team directly involved in the care of the individual who will have seen this information even if the study did not
exist.

A27-4. Will researchers or individuals other than the direct care team have access to identifiable personal information
of any potential participants?

 Yes       No

A28. Will any participants be recruited by publicity through posters, leaflets, adverts or websites?

 Yes       No

A29. How and by whom will potential participants first be approached?

Approximately 6months prior to surgery – routine appointment – All Groups: 
Patient who are listed for bariatric surgery will attend their ERAS (enhanced recovery after surgery) session and will be
approached by a member of their main care team ( who may also be a member of the research team) and will be
informed of the study and their interest in partaking will be established. 

A30-1. Will you obtain informed consent from or on behalf of research participants?

 Yes       No

If you will be obtaining consent from adult participants, please give details of who will take consent and how it will be
done, with details of any steps to provide information (a written information sheet, videos, or interactive material).
Arrangements for adults unable to consent for themselves should be described separately in Part B Section 6, and for
children in Part B Section 7.
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If you plan to seek informed consent from vulnerable groups, say how you will ensure that consent is voluntary and
fully informed.

Details of the trial will be explained to the patient, and where appropriate, also to their relative/representative, and a
Participant Information Sheet will be provided, ensuring that those involved have sufficient time to consider
participating or not. The Chief Investigator/researcher/surgeon will answer any questions that the participant or their
representative have concerning study participation. 

The Researcher will collect informed consent from each participant before they undergo any interventions related to
the study, and continuing agreement/verbal consent will be obtained from the patient prior to carrying out any study
sessions. If the participant’s health or cognition deteriorates and agreement to study procedures can no longer be
obtained, these procedures will not be carried out. However, unless the patient (or their nominee) requests to
withdraw from the study, we will continue to collect patient-related outcome data from their medical notes and analyse
any blood samples that had been collected prior to the deterioration.

 

If you are not obtaining consent, please explain why not.

Please enclose a copy of the information sheet(s) and consent form(s).

A30-2. Will you record informed consent (or advice from consultees) in writing?

 Yes       No

A31. How long will you allow potential participants to decide whether or not to take part?

Patients will be first approached at their routine ERAS (enhanced recovery after surgery) 6 months before their surgery
but we will not book in their first session until 20 weeks after that.
However, we will ask for confirmation of participation 1 week after the first contact. If they remain undecided, their
details will be noted on a spreadsheet within our internal university server for later contact.

A32. Will you recruit any participants who are involved in current research or have recently been involved in any
research prior to recruitment?

 Yes

 No

 Not Known

A33-1. What arrangements have been made for persons who might not adequately understand verbal explanations or
written information given in English, or who have special communication needs?(e.g. translation, use of interpreters)

Individuals who lack the capacity to make decisions or provide informed consent will not be included in this study. 

Individuals whose primary language is not English and their ability to communicate in English prevents the acquisition
of informed consent will be provided with a formal hospital translator (per Royal Derby Hospital services). However,
versions of the written consent form will have to be provided in their preferred non-English language, should this
transpire.

A35. What steps would you take if a participant, who has given informed consent, loses capacity to consent during the
study?  Tick one option only.

 The participant and all identifiable data or tissue collected would be withdrawn from the study. Data or tissue which

is not identifiable to the research team may be retained.

 The participant would be withdrawn from the study. Identifiable data or tissue already collected with consent would

be retained and used in the study. No further data or tissue would be collected or any other research procedures carried
out on or in relation to the participant.

 The participant would continue to be included in the study.
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 Not applicable – informed consent will not be sought from any participants in this research.

 Not applicable – it is not practicable for the research team to monitor capacity and continued capacity will be

assumed.

 

Further details:

If you plan to retain and make further use of identifiable data/tissue following loss of capacity, you should inform
participants about this when seeking their consent initially.

 CONFIDENTIALITY  

 
In this section, personal data means any data relating to a participant who could potentially be identified. It includes
pseudonymised data capable of being linked to a participant through a unique code number.

 Storage and use of personal data during the study

A36. Will you be undertaking any of the following activities at any stage (including in the identification of potential
participants)?(Tick as appropriate)

 Access to medical records by those outside the direct healthcare team

 Access to social care records by those outside the direct social care team

 Electronic transfer by magnetic or optical media, email or computer networks

 Sharing of personal data with other organisations

 Export of personal data outside the EEA

 Use of personal addresses, postcodes, faxes, emails or telephone numbers

 Publication of direct quotations from respondents

 Publication of data that might allow identification of individuals

 Use of audio/visual recording devices

 Storage of personal data on any of the following:

   

 Manual files (includes paper or film)

 NHS computers

 Social Care Service computers

 Home or other personal computers

 University computers

 Private company computers

 Laptop computers

Further details:
Source data   will be psuedo-anonymised, being identified by a unique code which can be traced to the individual via a
name to code log. The former records will be held securely and separately to the name to code log (Study Recruitment
Log).

MRI images will be identified by the patient's unique code and stored on the hard drive intrinsic to the equipment.
These images will be transferred to a password protected University or NHS computer for analysis via an encrypted
USB storage device. The name to code log will not be held electronically on these computers.

All Blood samples collected during the study will be identified by the participants' unique study codes and those
analysing these samples will have no access to the name to number log and would have had no contact with the
patients. Data generated from this sample analysis will be collated in a password protected study database for
comparative analysis by members of the study team who were not involved with sample analysis.
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Articles arising from the study will report only group level data; no data at the individual level, including case studies,
will be presented.

A37. Please describe the physical security arrangements for storage of personal data during the study?

Electronic data will be stored within password-protected computers, present within a password-protected database
(secure internal network), in the University of Nottingham's Postgraduate Centre offices.
Physical data (paperback) will be filed within locked drawers in the locked offices of the Clinical Physiology department
of Royal Derby Hospital (same offices as above).
The Sir Peter Mansfield Imaging Centre enters all participant data onto a secure database, which is password
protected and supported/maintained by Information Services at the University. Any paperwork, such as paper
consent/screening forms are locked in fireproof cabinets with only limited people having access.

A38. How will you ensure the confidentiality of personal data?Please provide a general statement of the policy and
procedures for ensuring confidentiality, e.g. anonymisation or pseudonymisation of data.

Each participant will be assigned a trial identity code number for use on case report forms (CRF), other trial
documents and the electronic database. The documents and database will also use the study acronym and
sequential study number. For example, with a hypothetical 22nd study volunteer called "John Doe", the
pseudonymisation would resemble "RYGBSG22", where "RYGBSG" represents the study's abbreviations and "22"
represents the volunteer's ID.

All trial staff and investigators will protect the rights of the trial’s participants to privacy and informed consent in
accordance with the Data Protection Act 2018. The CRF will only collect the minimum required information for the
purposes of the trial. CRFs will be held securely, in a locked room, or locked cupboard or cabinet. Access to the
information will be limited to the trial staff and investigators and relevant regulatory authorities. The computer-held
data, including the trial database, will be held securely and will be password-protected. All data will be stored on a
secure & dedicated web server. Access will be restricted by user identifiers and passwords (encrypted using a one-
way encryption method)

A40. Who will have access to participants' personal data during the study? Where access is by individuals outside the
direct care team, please justify and say whether consent will be sought.

The chief investigator and lead research member will have exclusive access to participant personal data throughout
the study. This will be encrypted with password access and stored separately from other CRF's in the department. All
other research members will use the anonymised unique reference number in relation to any data from the study.
Written consent will be taken from all participants to grant the lead researcher access to personal data to check study
protocol and administrate the study. Written consent will be taken to allow the use of anonymised data for analysis and
presentation of the study in various venues. The CRF and all source documents, including progress notes and copies
of laboratory and medical test results shall be made available at all times for review by the Chief Investigator,
Sponsor's designee and inspection by relevant regulatory authorities (including the Department of Health).

 Storage and use of data after the end of the study

A41. Where will the data generated by the study be analysed and by whom?

The data will be generated at the Sir Peter Mansfield Imaging Centre, University of Nottingham, Nottingham and
Glenfield Hospital, Leicester. 

The data will be analysed at both the Sir Peter Mansfield Imaging Centre based on the University of Nottingham main
campus and the Clinical, Metabolic and Molecular Physiology Laboratories based in the University of Nottingham
Medical School at the Royal Derby Hospital Campus.

This will be done by a member of the research team.

A42. Who will have control of and act as the custodian for the data generated by the study?
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Title  Forename/Initials  Surname
Dr  Iskandar  Idris

Post Associate Professor & Honorary Consultant in metabolic disease

Qualifications BMedSci, BMBS, FRCP (UK), DM

Work Address University of Nottingham Medical school

 Derby

 

Post Code DE22 3DT

Work Email iskandar.idris@nottingham.ac.uk

Work Telephone 01332724605

Fax

A43. How long will personal data be stored or accessed after the study has ended?

 Less than 3 months

 3 – 6 months

 6 – 12 months

 12 months – 3 years

 Over 3 years

If longer than 12 months, please justify: 
Seven years, if the volunteer provides consent for this. Otherwise, it will be removed in keeping with the GDPR.

All anonymised data will be retained for 7 years after the study has been completed. To comply with regulations, the
consent forms containing patient name must be retained for inspection during this time. Therefore, the name to
number recruitment log will also need to be retained to facilitate this linkage. After 7 years, anonymised and
patient data will be destroyed.

A44. For how long will you store research data generated by the study?

Years: 7 

Months: 0 

A45. Please give details of the long term arrangements for storage of research data after the study has ended.Say
where data will be stored, who will have access and the arrangements to ensure security.

Research Code of Conduct and Research Ethics, The trial master file and trial documents held by the Chief
Investigator, on behalf of the Sponsor, will be archived at a secure archive facility at the University of Nottingham. This
archive shall include all trial databases and associated meta-data encryption codes. Personal data will be destroyed
after it is no longer necessary to contact a participant.

In compliance with the DH Research Governance Framework guidelines, the Human Tissue Act and in accordance
with the University of Nottingham Code of Research Conduct, the Chief Investigator (Dr Iskandar Idris) will maintain all
records and documents of the study. These will be retained for 7 years after the study finishes. If the responsible
investigator is not able to maintain the study records for this time, a second person will be nominated to take over this
responsibility.

The study documents held by the Chief Investigator shall be archived at secure facilities at the University of
Nottingham. This archive shall include anonymised paper records, source data and all study databases (which will be
encrypted and password protected), with associated meta-data encryption codes held separately by the PIs. After the
study has been completed, access to the anonymised data sets for further research purposes will be granted only
after agreement from the Chief Investigators has been obtained. Only data sets from participants who have given prior
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consent for their data to be used for future research purposes will be made available, and to facilitate this, a separate
database will be generated which contains the anonymised data from only those who have consented to this
future data use.
Where prior consent to sample storage has been obtained from participants, any relevant material will be stored
under the Human Tissue act (HTA) and to comply with HTA regulations, the consent forms and name to unique study
code log (containing identifiable personal data) will need to be retained and accessed by HTA inspectors. These
documents will be held separately to archived anonymised data/documents and will not be accessible for those
undertaking future research on the anonymised data.

 INCENTIVES AND PAYMENTS

A46. Will research participants receive any payments, reimbursement of expenses or any other benefits or incentives
for taking part in this research?

 Yes       No

If Yes, please give details. For monetary payments, indicate how much and on what basis this has been determined.
Volunteers will be given an inconvenience fee of £20 per in-person session in excess of usual care, totalling £80. They
will also be provided with car parking vouchers. This money is to assist with expenses incurred as part of their
participation such as travel expenses.

A47. Will individual researchers receive any personal payment over and above normal salary, or any other benefits or
incentives, for taking part in this research?

 Yes       No

A48. Does the Chief Investigator or any other investigator/collaborator have any direct personal involvement (e.g.
financial, share holding, personal relationship etc.) in the organisations sponsoring or funding the research that may
give rise to a possible conflict of interest?

 Yes       No

 NOTIFICATION OF OTHER PROFESSIONALS

A49-1. Will you inform the participants’ General Practitioners (and/or any other health or care professional responsible
for their care) that they are taking part in the study?

 Yes       No

If Yes, please enclose a copy of the information sheet/letter for the GP/health professional with a version number and date.

 PUBLICATION AND DISSEMINATION

A50-1. Will the research be registered on a public database?

The UK Policy Framework for Health and Social Care Research sets out the principle of making information about
research publicly available. Furthermore: Article 19 of the World Medical Association Declaration of Helsinki adopted
in 2008 states that "every clinical trial must be registered on a publicly accessible database before recruitment of the
first subject"; and the International Committee of Medical Journal Editors (ICMJE) will consider a clinical trial for
publication only if it has been registered in an appropriate registry. Please see guidance for more information.

 Yes       No

Please give details, or justify if not registering the research.
This study will be listed on Clinicaltrials.gov.
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Please ensure that you have entered registry reference number(s) in question A5-1.

A51. How do you intend to report and disseminate the results of the study?Tick as appropriate:

 Peer reviewed scientific journals

 Internal report

 Conference presentation

 Publication on website

 Other publication

 Submission to regulatory authorities

 Access to raw data and right to publish freely by all investigators in study or by Independent Steering Committee

on behalf of all investigators

 No plans to report or disseminate the results

 Other (please specify)

In addition to the above, a written report for this study will be submitted as part of the student's (Abi Spicer) Ph.D.
thesis.
No patient-identifiable information will be contained within this report.

A52. If you will be using identifiable personal data, how will you ensure that anonymity will be maintained when
publishing the results?

No patient-identifiable data will be contained in either the data analysis, the results, the discussion or conclusion of
any written reports based on the conducted study. If sample-specific data is discussed or cited, the sample-specific
code will instead be cited (e.g. "RYGBSG22" per the example cited in A38).

A53. How and when will you inform participants of the study results?

If there will be no arrangements in place to inform participants please justify this.
Patients will be informed of the study results, without any patient-specific data, per request by email.

 5. Scientific and Statistical Review

A54-1. How has the scientific quality of the research been assessed?Tick as appropriate:

 Independent external review

 Review within a company

 Review within a multi−centre research group

 Review within the Chief Investigator's institution or host organisation

 Review within the research team

 Review by educational supervisor

 Other

Justify and describe the review process and outcome. If the review has been undertaken but not seen by the
researcher, give details of the body which has undertaken the review:
This study has been reviewed several times since its' inception by senior members of the research team in multiple
departments and institutions. 

This includes the department of physics and astronomy and Medicine at the University of Nottingham and the
department of Cardiovascular Science at the University of Leicester.

For all studies except non-doctoral student research, please enclose a copy of any available scientific critique reports,
together with any related correspondence.
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For non-doctoral student research, please enclose a copy of the assessment from your educational supervisor/ institution.

A56. How have the statistical aspects of the research been reviewed?Tick as appropriate:

 Review by independent statistician commissioned by funder or sponsor

 Other review by independent statistician

 Review by company statistician

 Review by a statistician within the Chief Investigator’s institution

 Review by a statistician within the research team or multi−centre group

 Review by educational supervisor

 Other review by individual with relevant statistical expertise

 No review necessary as only frequencies and associations will be assessed – details of statistical input not

required

In all cases please give details below of the individual responsible for reviewing the statistical aspects. If advice has
been provided in confidence, give details of the department and institution concerned.

     

 
Title  Forename/Initials  Surname
Dr  Stephen  Bawden

Department Physics and astronomy

Institution University of Nottingham

Work Address Sir Peter Mansfield imaging centre

 

 Nottingham

Post Code NG7 2RD

Telephone

Fax

Mobile

E-mail stephen.bawden@nottingham.ac.uk

Please enclose a copy of any available comments or reports from a statistician.

A57. What is the primary outcome measure for the study?

The effects of VLCD on liver fat as measured with MRI and MRS

A58. What are the secondary outcome measures?(if any)

The effects of VLCD on cardiac ATP and cardiac function
The effects of VLCD on skeletal muscle, liver and pancreatic fat
The effect of Bariatric Surgery on skeletal muscle, liver and pancreatic fat. 
The effects of Bariatric Surgery on Liver ATP flux. 
The effects of RYGB or SG on Liver ATP and cardiac function
The effects of RYGB or SG on skeletal muscle, liver, and pancreatic fat

A59. What is the sample size for the research?  How many participants/samples/data records do you plan to study in
total? If there is more than one group, please give further details below.

Total UK sample size: 29 

Total international sample size (including UK): 0 

Total in European Economic Area: 0 
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Further details:
Participants within and around Derby and Leicester will be recruited.
23 for arm A and 6 for arm B.

A60. How was the sample size decided upon?  If a formal sample size calculation was used, indicate how this was done,
giving sufficient information to justify and reproduce the calculation.

We are aiming for 17 participants for the study for arm A. Power calculation were performed using G*power (Franz
Faul, Universitat Kiel, Germany) assuming a normal distribution, with a desired power of 0.8 and p < 0.05.
Powering on changes due to VLCD, In Luo et al. liver fat fraction dropped from 16.6 ±7.8 to 12.7 ±6.8 in 49 patients (P
< 0.001) (1). Assuming a normal distribution and using these values, a one-tail test would find as significant drop in a
sample size of n=17.
Percentage drop out will be around 22% meaning we will need to recruit 23 patients to fulfil this target.

For arm B we are aiming for 6 patients. This is an exploratory, pilot study. No previous study has been performed. The
number was based upon the judgment of clinicians due to the difficulty in recruiting patients and the limitation on their
size and the time they will need to be in the scanner.

A61-1. Will participants be allocated to groups at random?

 Yes       No

A62. Please describe the methods of analysis (statistical or other appropriate methods, e.g. for qualitative research) by
which the data will be evaluated to meet the study objectives.

Statistical analysis will be undertaken using SPSS (IBM Corp. IBM SPSS Statistics for Windows. Armonk, NY: IBM
Corp) with a significance level of p<0.05. The group assignment of the data will be blinded by an independent
investigator and analysed for blind review before group comparisons are made.

Primary measure:
Effects of the VLCD diet will be statistically analysed using a whole group means difference test (matched pairs t-test)
for normally distributed data and Wilcoxon signed-rank test for non-normally distributed data.

Secondary Measure:
Additional effects of bariatric surgery will be statistically analysed in each group separately (SG and RYGB) using a
one-way repeated measures ANOVA test. A statistically significant effect will be followed up with individual matched
pair t-tests for normally distributed data and a wilcoxon sign ranked test for non-normally distributed data at each time
point.

The effect of the different surgery types will be statistically analysed using a two-way repeated measures ANOVA test
comparing surgery type and time. A significant interaction between surgery type and time will be followed up by an
independent group t-test at each time point for normally distributed data and wilcoxon sign ranked test for non-
normally distributed data.

 6. MANAGEMENT OF THE RESEARCH

A63. Other key investigators/collaborators. Please include all grant co−applicants, protocol co−authors and other key
members of the Chief Investigator’s team, including non-doctoral student researchers.

 

 
Title   Forename/Initials  Surname
Professor Guruprasad  Aithal

Post Professor of Hepatology

Qualifications

Employer University of Nottingham

Work Address Medical School
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 Nottingham

Post Code NG7 2RD

Telephone

Fax

Mobile

Work Email guru.aithal@nottingham.ac.uk

 

 
Title  Forename/Initials  Surname
Dr  Iskandar  Idris

Post Associate Professor

Qualifications

Employer University of Nottingham

Work Address MRC Musculoskeletal Physioogy and Ageing

 School of Medicine, University of Nottingham

 Royal Derby Hospital

Post Code DE22 3DT

Telephone

Fax

Mobile

Work Email iskandar.idris@nottingham.ac.uk

 

 
Title  Forename/Initials  Surname
Dr  Gerry  McCann

Post Professor of Cardiology

Qualifications

Employer University of Leicester

Work Address Glenfield Hospital

 Leicester

 

Post Code LE3 9QP

Telephone

Fax

Mobile

Work Email gpm12@leicester.ac.uk

 

 
Title  Forename/Initials  Surname
Dr  Stephen  Bawden

Post Research Fellow

Qualifications

Employer University of Nottingham

Work Address Sir Peter Mansfield imaging centre

 

 Derby

Post Code DE22 3DT

Telephone

Fax

Mobile

Work Email stephen.bawden@nottingham.ac.uk
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Title  Forename/Initials  Surname
Dr  Bethan  Phillips

Post Professor

Qualifications

Employer University of Nottingham

Work Address MRC Musculoskeletal, Physiology and Ageing

 School of Medicine, University of Nottingham

 Royal Derby Hospital, Derby

Post Code DE22 3DT

Telephone

Fax

Mobile

Work Email beth.phillips@nottingham.ac.uk

 A64. Details of research sponsor(s)

A64-1. Sponsor

Lead Sponsor

Status:  NHS or HSC care organisation

 Academic

 Pharmaceutical industry

 Medical device industry

 Local Authority

 Other social care provider (including voluntary sector or private

organisation)

 Other

If Other, please specify:  

  Commercial status:   Non-
Commercial

Contact person

 

Name of organisation University of Nottingham

Given name Angela

Family name Shone

Address Research and Innovation

Town/city Nottingham

Post code NG8 1DH

Country  United Kingdom

Telephone 0115 8467906

Fax

E-mail sponsor@nottingham.ac.uk

Legal representative for clinical investigation of medical device (studies involving Northern Ireland only) 
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Clinical Investigations of Medical Devices that take place in Northern Ireland must have a legal representative of
the sponsor that is based in Northern Ireland or the EU 

Contact person

 

Name of organisation

Given name

Family name

Address

Town/city

Post code

Country  

Telephone

Fax

E-mail

A65. Has external funding for the research been secured?

Please tick at least one check box.

 Funding secured from one or more funders

 External funding application to one or more funders in progress

 No application for external funding will be made

What type of research project is this?

 Standalone project

 Project that is part of a programme grant

 Project that is part of a Centre grant

 Project that is part of a fellowship/ personal award/ research training award

 Other

Other – please state: 

Please give details of funding applications.

 

Organisation Medical Research Council

Address Polaris House North Star Avenue   Swindon

 

 

Post Code SN2 1FL

Telephone 01793 416200

Fax

Mobile

Email corporate@mrc.ukri.org

Funding Application Status:  Secured  In progress
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Amount: £8'750 

 

Duration  

Years: 3

Months: 6

If applicable, please specify the programme/ funding stream:

What is the funding stream/ programme for this research project?

PhD studentship  

 

Organisation University of Nottingham

Address Research and Innovation

 

 

Post Code NG8 1DH

Telephone

Fax

Mobile

Email sponsor@nottingham.ac.uk

Funding Application Status:  Secured  In progress

Amount: £8'750 

 

Duration  

Years: 3

Months: 6

If applicable, please specify the programme/ funding stream:

What is the funding stream/ programme for this research project?

PhD Studentship  

 

Organisation Biomedical Research Council

Address Queens Medical centre nottingham

 

 

Post Code NG7 2UH

Telephone

Fax

Mobile

Email

Funding Application Status:  Secured  In progress

Amount: £25'000 

 

Duration  

Years: 1

Months: 4

If applicable, please specify the programme/ funding stream:

What is the funding stream/ programme for this research project?
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GI and Liver Theme  

A66. Has responsibility for any specific research activities or procedures been delegated to a subcontractor (other
than a co-sponsor listed in A64-1) ?  Please give details of subcontractors if applicable.

 Yes       No

A67. Has this or a similar application been previously rejected by a Research Ethics Committee in the UK or another
country?

 Yes       No

Please provide a copy of the unfavourable opinion letter(s). You should explain in your answer to question A6-2 how the
reasons for the unfavourable opinion have been addressed in this application.

A68-1. Give details of the lead NHS R&D contact for this research:

     

 
Title  Forename/Initials  Surname

 Teresa  Grieve

Organisation University of Nottingham Medical School at Derby

Address Research and Development

 Derby Hospitals NHS Foundation Trust

 Royal Derby Hospital

Post Code DE22 3DT

Work Email dhft.researchgov@nhs.net

Telephone 01332724710

Fax

Mobile

Details can be obtained from the NHS R&D Forum website: http://www.rdforum.nhs.uk

A69-1. How long do you expect the study to last in the UK?

Planned start date: 01/12/2021

Planned end date: 31/12/2023

Total duration:  

Years: 2 Months: 0 Days: 31 

A70.

Definition of the end of trial, and justification in the case where it is not the last visit of the last subject undergoing
the trial  

The end of the study will be 16 weeks after the final study session of the last participant. This is to allow for all
samples collected to be analysed and disposed of. 

A71-1. Is this study?

 Single centre

 Multicentre
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A71-2. Where will the research take place? (Tick as appropriate)

 England

 Scotland

 Wales

 Northern Ireland

 Other countries in European Economic Area

Total UK sites in study 2

Does this trial involve countries outside the EU?
 Yes       No

A72. Which organisations in the UK will host the research?Please indicate the type of organisation by ticking the box and
give approximate numbers if known:

 NHS organisations in England  

 NHS organisations in Wales  

 NHS organisations in Scotland  

 HSC organisations in Northern Ireland  

 GP practices in England  

 GP practices in Wales  

 GP practices in Scotland  

 GP practices in Northern Ireland  

 Joint health and social care agencies (eg

community mental health teams)
 

 Local authorities  

 Phase 1 trial units  

 Prison establishments  

 Probation areas  

 Independent (private or voluntary sector)

organisations
 

 Educational establishments 1 

 Independent research units  

 Other (give details) 1 

PIC Site

  

Total UK sites in study: 2

A73-1. Will potential participants be identified through any organisations other than the research sites listed above?

 Yes       No

A73-2. If yes, will any of these organisations be NHS organisations?

 Yes       No
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If yes, details should be given in Part C.

A73-3. Approximately how much time will these organisations expect to spend on screening records and/or provision
of information to potential participants, and how will the costs of these activities be funded?

Approximately 1-2 hours per week, however, the staff at Royal Derby Hospital
involved in the projects hold contracts with the University of Nottingham
and so their time is covered by this.

 A76. Insurance/ indemnity to meet potential legal liabilities  

 
Note: in this question to NHS indemnity schemes include equivalent schemes provided by Health and Social Care
(HSC) in Northern Ireland

A76-1. What arrangements will be made for insurance and/or indemnity to meet the potential legal liability of the
sponsor(s) for harm to participants arising from the management of the research?  Please tick box(es) as applicable.

Note: Where a NHS organisation has agreed to act as sponsor or co-sponsor, indemnity is provided through NHS schemes.
Indicate if this applies (there is no need to provide documentary evidence). For all other sponsors, please describe the
arrangements and provide evidence.

 NHS indemnity scheme will apply (NHS sponsors only)

 Other insurance or indemnity arrangements will apply (give details below)

The University of Nottingham as research Sponsor indemnifies its staff with both public liability insurance and clinical
trials insurance in respect of claims made by research subjects.

Please enclose a copy of relevant documents.

A76-2. What arrangements will be made for insurance and/ or indemnity to meet the potential legal liability of the
sponsor(s) or employer(s) for harm to participants arising from the design of the research?  Please tick box(es) as
applicable.

Note: Where researchers with substantive NHS employment contracts have designed the research, indemnity is provided
through NHS schemes. Indicate if this applies (there is no need to provide documentary evidence). For other protocol
authors (e.g. company employees, university members), please describe the arrangements and provide evidence.

 NHS indemnity scheme will apply (protocol authors with NHS contracts only)

 Other insurance or indemnity arrangements will apply (give details below)

The University of Nottingham as research Sponsor indemnifies its staff with both public liability insurance and clinical
trials insurance in respect of claims made by research subjects.

Please enclose a copy of relevant documents.

A76-3. What arrangements will be made for insurance and/ or indemnity to meet the potential legal liability of
investigators/collaborators arising from harm to participants in the conduct of the research? 

Note: Where the participants are NHS patients, indemnity is provided through the NHS schemes or through professional
indemnity. Indicate if this applies to the whole study (there is no need to provide documentary evidence). Where non-NHS
sites are to be included in the research, including private practices, please describe the arrangements which will be made at
these sites and provide evidence.

 NHS indemnity scheme or professional indemnity will apply (participants recruited at NHS sites only)

 Research includes non-NHS sites (give details of insurance/ indemnity arrangements for these sites below)

The University of Nottingham as research Sponsor indemnifies its staff with both public liability insurance and clinical
trials insurance in respect of claims made by research subjects.
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Please enclose a copy of relevant documents.

A78. Could the research lead to the development of a new product/process or the generation of intellectual property?

 Yes  No  Not sure

9. Has the study been the subject of a scientific review/opinion (Expert Panel)?

 Yes       No

If yes, please provide a copy of the review as part of your application.
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Part B: Section 5 – Use of newly obtained human tissue(or other human biological materials)
for research purposes

1. What types of human tissue or other biological material will be included in the study?

Blood Samples

2. Who will collect the samples?

Samples will be collected by a trained member of staff who is assisting the research team.

3. Who will the samples be removed from?

 Living donors

 The deceased

4. Will informed consent be obtained from living donors for use of the samples? Please tick as appropriate

In this research?

 Yes       No

 

In future research?

 Yes  No  Not applicable

If answering No in either case, please justify:

We do not intent to use the samples in future research and so consent will not be taken for such circumstance.

6. Will any tissues or cells be used for human application or to carry out testing for human application in this research?

 Yes       No

8. Will the samples be stored:  [Tick as appropriate]

In fully anonymised form? (link to donor broken)
 Yes       No

 

In linked anonymised form? (linked to stored tissue but donor not identifiable to researchers)
 Yes       No

If Yes, say who will have access to the code and personal information about the donor.

The Chief investigator will retain the linkage of the participant name to the unique study code, but this information
will not be available to researchers carrying out the analysis.

 

In a form in which the donor could be identifiable to researchers?
 Yes       No

9. What types of test or analysis will be carried out on the samples?

Plasma Glucagon, Ghrelin, Glucose and GLP-1, and serum Insulin and C-peptide will be measured using Multiplex
ELISA technique.
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10. Will the research involve the analysis or use of human DNA in the samples?

 Yes       No

11. Is it possible that the research could produce findings of clinical significance for donors or their relatives?

 Yes       No

12. If so, will arrangements be made to notify the individuals concerned?

 Yes  No  Not applicable

13. Give details of where the samples will be stored, who will have access and the custodial arrangements.

The blood samples will be walked to a lab close to the clinical room withing the SPMIC. By the end of the following
working day after the study day the samples will be transferred to the Queens Medical Centre, medical school to be
stored at -80°C freezer on D floor of the which is locked & alarmed with CO2 back up.

The samples will be transferred to Royal Derby Hospital for analysis after all data collection has been completed. 
Samples will be removed from the -80°C freezer and couriered in a labelled igloo containing dry ice. The shipment will
contain a complete inventory of all samples, along with the name of the person responsible for sending and receiving
the samples.

Samples will be stored in a linked anonymised format and labelled using a combination of study reference, unique
study identifier and cross referenced with location code numbers to permit accurate linkage to study data and thestudy identifier and cross referenced with location code numbers to permit accurate linkage to study data and the
consent form (as per Human Tissue Act requirement). Samples for NHS pathology analysis will be labelled in
accordance with local NHS procedures. All blood samples will be stored in aliquots in -80 degrees’ centigrade freezer
in our department of Metabolic & Molecular Physiology, University of Nottingham, Derby. 
The master database will be held by the primary researcher (in a password encrypted file. 
The analysis of samples will take place at the University of Nottingham (Derby) within the Department of Metabolic &
Molecular Physiology. 

Once Analysis is complete samples will be destroyed in accordance with the Human Tissue Act, 2004.

14. What will happen to the samples at the end of the research? Please tick all that apply and give further details.

  Transfer to research tissue bank

(If the bank is in England, Wales or Northern Ireland the institution will require a licence from the Human Tissue
Authority to store relevant material for possible further research.)

  Storage by research team pending ethical approval for use in another project

(Unless the researcher’s institution holds a storage licence from the Human Tissue Authority, or the tissue is stored in
Scotland, or it is not relevant material, a further application for ethical review should be submitted before the end of
this project.)

  Storage by research team as part of a new research tissue bank

(The institution will require a licence from the Human Tissue Authority if the bank will be storing relevant material in
England, Wales or Northern Ireland. A separate application for ethical review of the tissue bank may also be
submitted.)

 Storage by research team of biological material which is not “relevant material” for the purposes of the Human

Tissue Act
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 Disposal in accordance with the Human Tissue Authority’s Code of Practice

 Other

 Not yet known

 

Please give further details of the proposed arrangements:

Once all study-related analysis on the blood samples have been completed, they will be disposed of in accordance
with the Human Tissue Act, 2004.
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 PART C: Overview of research sites

Please enter details of the host organisations (Local Authority, NHS or other) in the UK that will be responsible for the
research sites.   For further information please refer to guidance.

Investigator
identifier

Research site Investigator Name

IN2
 NHS/HSC Site

 Non-NHS/HSC Site

 

Institution name University of Nottingham

Department name Physics

Street address
Sir Peter Mansfield imaging
centre

Town/city Nottingham

Post Code NG7 2RD

Country  United Kingdom

 

Forename Penny

Middle name

Family name Gowland

Email Penny.gowlang@nottingham.ac.uk

Qualification
(MD...)

PhD

Country  United Kingdom

Participant Identification Centres

PIC Type Centre Individual(s)

 NHS

(England)

 NHS

(outside
England)

 Non-NHS

UNIVERSITY HOSPITALS OF DERBY AND
BURTON NHS FOUNDATION TRUST

Iskandar Idris
E-mail:
iskandar.idris@nottingham.ac.uk
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