
 

MRI Changes in 
Visceral Fat in Crohn’s 

Disease 
 

 

By 

 

Iyad A. Naim 
 

Thesis submitted to 

The University of Nottingham 

for the degree of 

Doctor of Philosophy 

 

 

January 2023 

 

 

   



Introduction 

1 
 

Abstract 

Crohn’s Disease (CD) is a chronic inflammatory disease of the gastrointestinal tract 

affecting 115,000 people in the UK alone. As a chronic illness, CD management 

requires a stepwise escalation of treatment measures tethered with constant monitoring 

of the disease activity levels and progression. Hence, non-invasive disease activity 

assessment methods form an essential part of the treatment process. Endoscopy is 

considered to be the traditional method for CD diagnosis and disease activity 

assessment which is invasive and may be uncomfortable for patients. As traditional 

MRI-based disease assessment methods rely on intravenous gadolinium for contrast 

enhancement, CD patients typically undergo repeated exposure to gadolinium 

administration which adds cost and carries the risk of nephrogenic systemic fibrosis, 

allergic reaction, and long-term brain deposition following repeated use. Hence, the 

development of contrast-free MRI-based disease activity metrics eliminates the risks 

associated with gadolinium and allows for a more frequent assessment of the disease 

progression. However, all developed cross-sectional CD activity metrics so far rely on 

a visual assessment by radiologists which can be subjective and time-consuming. 

The aim of this thesis is to examine established radiological hallmarks of CD and 

employ MRI imaging sequences along with image processing techniques to generate 

objective and quantitative disease activity measurements.  

 

The first part of this thesis investigates visceral fat hypertrophy also known as fat 

wrapping which refers to an abnormal growth of the mesenteric fat to partially cover 

the small or large intestine. While fat wrapping has been established as a characteristic 

of CD, the complex nature of visceral fat hinders detailed analysis of the effect of fat 

wrapping. Hence, an automated abdominal fat segmentation algorithm was developed 

to generate an objective measure of abdominal fat volumes which was used to study 

the differences in visceral fat revealing significant differences between CD patients and 

healthy volunteers. 

 

The second part of the thesis examines mesenteric blood flow in CD patients. CD is 

known to be associated with hypervascularity of the mesentery, including vascular 
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dilation and wide spacing of the vasa recta. The arteries supply the small bowel branch 

to a series of intestinal arteries within the mesentery. A second algorithm was 

developed to automatically trace abdominal vessels on a time-of-flight MRA scans and 

measure the number of vessels’ branching points which also revealed significant 

differences between CD patients and HVs. 

 

This research has demonstrated the potential for MRI and image processing techniques 

to provide objective and quantitative measurements of disease activity in CD. The 

development of automated algorithms for abdominal fat segmentation and vessel 

tracing allows for a more accurate and efficient assessment of key radiological 

hallmarks of CD which are often overlooked. These techniques have the potential to 

improve the management of CD by providing non-invasive and more frequent 

assessments of disease activity and progression, without the risks associated with 

traditional contrast-enhanced methods. 
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1 Introduction 

Crohn’s Disease (CD) is a chronic, relapsing and remitting inflammatory 

disease affecting the gastrointestinal tract. Recently, the prevalence of CD has been 

increasing, reaching up to 157 per 100,000 people, which means that there are currently 

at least 115,000 CD patients in UK alone. Up to a third of CD patients are diagnosed 

before the age of 21 (NICE, 2019). In Scotland and Lothian, inflammatory bowel 

disease (IBD) prevalence is 1 in 125 (0.8%) (Jones et al., 2019). As disease activity 

assessment form a crucial part of CD management, patients require repeated disease 

progression evaluation. The current endoscopic standard clinical methods for 

diagnosing and evaluating CD progression are invasive, uncomfortable and unable to 

assess the small bowel. 

Advances in MRI research produced non-invasive disease activity metrics which 

provided a more accurate measure of disease progression and localization. However, 

as MRI-based disease activity metrics rely on subjective visual identification of disease 

characteristics by radiologists and in most cases require the use of a contrast agent. 

Repeated exposure to such contrast agents can be harmful to patients. 

This research thesis investigates radiological characteristics of CD which are often 

overlooked when formulating a disease activity metric while avoiding the use of 

contrast agents. These characteristics include visceral fat hypertrophy and mesenteric 

blood flow. This is made possible with the help of MRI imaging sequences and image 

processing techniques that allows for subjective and quantitative assessment of disease 

progression. 

1.1 Thesis Overview 

Chapter 2 introduces the principles underlying the formation of NMR signal and MRI 

image acquisition techniques. Fat and water separation techniques explained in this 

chapter will also be used to analyse abdominal fat in later chapters. The chapter also 

explains the basic principles of image analysis techniques that are used throughout this 

thesis. 
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In Chapter 3, the basic pathophysiological mechanisms of CD are introduced and 

explained. This chapter also covers the various standard clinical practices and 

procedures used in the diagnosis and management of CD. Additionally, the chapter 

discusses the various techniques used to measure disease activity. Finally, the chapter 

covers the various treatment options available for CD. 

Chapter 4 discusses the concept of visceral fat hypertrophy as a characteristic feature 

of CD. The chapter reviews recent research exploring the potential use of visceral fat 

hypertrophy as a biomarker for assessing disease activity using MRI. It also explains 

the development of an abdominal fat segmentation algorithm, which is a tool for 

automatically measuring and analysing the volumes of abdominal visceral and 

subcutaneous fat on MRI images. 

Chapter 5 describes the application of the abdominal fat segmentation algorithm 

introduced in chapter 4 by using it to compare the volumes of abdominal fat in CD 

patients with healthy volunteers. The chapter discusses the results of this analysis and 

any significant differences that were found between the two groups. It also discusses 

the potential implications of these findings in terms of understanding the role of 

visceral fat hypertrophy in the development and progression of CD and its potential as 

a biomarker for disease activity. 

 

Chapter 6 discusses the increased mesenteric vascularization which is often observed 

in patients with CD as a characteristic feature of the condition. It highlights the 

challenges of quantifying this vascularization on cross-sectional imaging and the need 

for more accurate and reliable methods of assessment. To address this, the chapter 

introduces a second algorithm that was developed to automatically trace and analyse 

abdominal vessels on time-of-flight MRA scans. This algorithm allows for the 

measurement of the number of vessels’ branching points, which may be used as a 

quantitative measure of vascularization in CD patients. The chapter also discusses the 

development and validation of this algorithm and its potential applications for assessing 

disease activity in CD. 



Introduction 

10 
 

1.2 Publications and Conference Papers  

• ISMRM 2020 Poster presentation: MRI Changes in Visceral Fat in Crohn’s 

Disease . (Naim et al., 2020). 

• ISMRM 2022 poster presentation: Quantification of The Comb Sign in 

Crohn’s Disease Using Time of Flight Magnetic Resonance Angiography 

(Naim et al., 2022). 

• Journal of Crohn's and Colitis (2022), presentation and abstract 

publication: The Arborisation index: An MRI-based measure of mesenteric 

hyperaemia in Crohn’s Disease (Naim et al., 2022). 

• Frontline Gastroenterology (2022): Imaging in inflammatory bowel disease: 

current and future perspectives (Shaban et al., 2022). 
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2 MRI Theory and Image Processing 

2.1 Nuclear Magnetic Resonance (NMR) 

The concept of Nuclear Magnetic Resonance (NMR) was first proposed in the 1940s 

by Bloch and Purcell (Purcell et al., 1946) (Bloch, 1946), who demonstrated that the 

absorption and emission of electromagnetic energy by the nuclei of atoms could be 

used to study their properties and structure. NMR is based on the principle that any 

spinning charged particle, such as the nucleus of an atom, creates an electromagnetic 

field. By placing a sample in a strong magnetic field and applying an electromagnetic 

pulse with a specific frequency, the nuclei of the atoms in the sample can be stimulated 

to emit a signal that reveals information about their internal structure and quantum 

properties. 

Over time, NMR was developed and refined into a powerful tool for studying the 

internal structure and function of biological tissues. The application of NMR to 

imaging the body led to the development of Magnetic Resonance Imaging (MRI), 

which is now widely used in medicine and other fields for non-invasive imaging of the 

body. MRI has become an important tool for diagnosis, research, and treatment, and 

has contributed significantly to our understanding of the human body and various 

diseases and conditions. 

2.1.1 Nuclear Spin  

One of the main fundamental properties of atomic particles is spin. Atomic particles 

such as protons are said to have an angular momentum known as “nuclear spin” so that 

they effectively spin on their axes. The angular momentum of a nucleus is given by: 

                                                            𝐽 =
ℎ𝐼

2𝜋
   (2.1) 

where h is Planck’s constant, I is a quantum number that varies by nuclear species, 

which can only have whole or half-integer values between 0 and 8.  
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Traditionally, the term ℏ is used to represent ℎ/2𝜋. Each proton contributes to I with a 

value of ½. The ¹H nucleus is a single proton with 𝐼 = ½, the lowest possible non-zero 

value allowed for spin. Since nucleons within a nucleus cancel each other out, 

only a nucleus with an odd number of nucleons has a spin. 

Since protons are positively charged, spin angular momentum causes a nucleus with 

spin to produce a magnetic moment µ which can be calculated by: 

                µ = 𝛾𝐽      (2.2)              

where γ is the gyromagnetic ratio, a characteristic constant of the nuclei where each 

nucleus possesses an intrinsic gyromagnetic ratio that depends on its mass and charge. 

The unit used for the gyromagnetic ratio is radian per second per Tesla (rad⋅s−1⋅T−1) or 

megahertz per Tesla (MHz/T), which is the unit that will be used in this thesis. 

Due to its nuclear structure and high abundance in the human body, hydrogen is 

typically used to generate most magnetic resonance images. With a value of 42.58 

MHz/T, hydrogen is considered to have the highest gyromagnetic ratio of any nucleus.  

While other nuclei can be used to generate an MR signal, such as phosphorus (γ=17.2 

MHz/T), carbon 13 (γ= 10.705 MHz/T) and sodium (γ=11.27 MHz/T), in this thesis, 

all the work has been done using 1H protons. 

2.1.2 Magnetic Moment Under The influence of an External 

Magnetic Field 

When multiple nuclei are present in a sample, the net magnitude and direction of the 

magnetic moment are obtained by summing up all individual moments. In the absence 

of an external magnetic field, the nuclear magnetic moment of each nucleus is free to 

re-orient and fluctuate its spin axis in random directions causing the sample to have 

zero net magnetic moment. 

When the sample is subjected to an external magnetic field (𝐵𝑜), a torque will be 

applied to the magnetic moment of each nucleus in the sample causing it to precess 

around the direction of the applied field. This causes the nucleus to precess in the same 

way as a gyroscope does in the earth’s gravitational field (Figure 2.1). 
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The torque applied on the nucleus due to 𝐵𝑜 can be calculated as: 

        𝜏 = µ𝐵𝑜         (2.3) 

However, due to their quantum properties, spin can only precess at defined angles to 

the magnetic field. The number of allowed orientations at which a nucleus with spin I 

can precess is 2𝐼 +1. For hydrogen with spin ½ the number of orientations is therefore 

equal to 2. These orientations are parallel (precessing around with the field) and anti-

parallel (precessing around the negative of the field) which are referred to as energy 

levels (+½) and (-½) respectively. Spins aligned with the magnetic field tend to have 

lower energy level than spins aligned against the magnetic field. Hence, number of 

protons that align with the magnetic field is slightly larger than the number of protons 

aligned opposite to the magnetic field. In a 1.5 T scanner, the difference between 

protons at opposite orientations is around 45 protons out of 10 million, and only these 

45 protons contribute to the detected NMR signal. 

We can calculate energy interaction between the energy levels: 

𝐸 = −𝛾ℏ 𝑚𝐼𝐵𝑜      (2.4) 

where 𝑚𝐼 represents the spin orientation and 𝐵𝑜is the strength of the external 

magnetic field the direction of which defines the 𝑧 direction. 

Therefore, the energy difference between the two energy levels can be calculated to 

be: 

    ∆𝐸 = 𝛾ℏ 𝐵𝑜         (2.5) 

Figure 2.1: The motion of hydrogen nucleus under the effect of an external magnetic 

field resembles the motion of gyroscope. 
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NMR involves a photon of this energy which can cause a spin to flip between these 

two states. Planck’s quantum theory of radiation suggests that the frequency of a photon 

required to cause a transition is given by: 

            ∆𝐸 = ℎ𝑣         (2.6) 

where v is the frequency of the particle’s precession in Hz, h is Plancks constant= 

6.62607004 × 10-34 m2 kg / s. 

In NMR, the frequency at which the nucleus absorbs energy is known as the Larmor 

frequency which is generally expressed in radians 𝜔𝑜 =(2𝜋𝑣).  

From equation no. (2.5) we can state that for spin ½ nuclei: 

 ∆𝐸 = 𝛾ℏ𝐵𝑜 = ℏ𝜔𝑜       (2.7) 

Therefore: 

       𝜔0 =  𝛾𝐵𝑜                (2.8) 

This is known as the Lamour equation which is used to calculate the precession 

frequency of a nuclei under the application of an external magnetic field 𝐵𝑜. This 

equation shows that the Larmor frequency of a nuclei is directly proportional to 𝐵𝑜. 

The gyromagnetic ratio varies between nuclei and is 42.57e-6 MHz/T for hydrogen 

nuclei suggesting that an RF magnetic field will cause spins to flip between states for 

hydrogen.  

2.1.3 Net Magnetization 

In order to calculate the net magnetic moment of a collection of spins, the difference 

in the number of spins in each energy level needs to be calculated.  

This can be done using the Boltzmann Distribution Law which states:  

   
𝑁↑

𝑁↓
= 𝑒−µ𝐵/𝑘𝑇 ≈ 1 +

2µ𝐵0

𝑘𝑇
      (2.9) 

where 𝑁↑ and 𝑁↓are the population of the spins parallel and anti-parallel to 𝑧, T is the 

temperature in Kelvin and k is Boltzmann constant=1.3805 x 10-23JK-1. Hence, the ratio 

of 𝑁↑/𝑁↓is affected by changes in temperature, as the temperature increases, the ratio 

approaches to 1. From eq (2.9), the difference between the two spin states can be 

calculated as: 
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 𝑁↑ − 𝑁↓ =
2µ𝐵0

𝑘𝑇
 𝑁↓ ≈

µ𝐵0

𝑘𝑇
𝑁     (2.10) 

Hence, the applied magnetic field only effects the magnetic moment of nuclei in the 𝑧 

direction (𝑀𝑧) and has no effect on the x and y components.  

The difference in populations between the two spin states creates a net magnetization, 

the size of which can be calculated by summing all the magnetic fields generated by 

each spin.  

         𝑀𝑜 = (𝑁↑ − 𝑁↓) µ𝑧         (2.11) 

2.1.4 Excitation  

Once the external magnetic field 𝐵𝑜has been applied in the 𝑧 direction, the protons 

distribute themselves either parallel or anti-parallel to 𝐵𝑜to produce a stable value of  

𝑀𝑧. As described above, if energy is introduced to the system, in the form of a field 

oscillating at the Larmor frequency (RF radiation, generally known as the 𝐵1 field), it 

will cause spins to be flipped between the two possible states, and it will also tend to 

bring the spins into phase. The result is that the net magnetization is tipped away from 

the 𝑧 direction towards the xy plane creating a transverse magnetization. Varying the 

RF duration and amplitude can determine how far the spins are tipped away from the 

𝑧 direction. The locally induced variation in magnetic field due to RF frequency in 

known as 𝐵1. 

2.1.5 T1 Longitudinal Relaxation 

An RF pulse can be designed to induce a 90o flip of the net magnetization into the xy 

plane is known as 90o pulse. Once the spins have been excited into the xy plane, the 

protons start to gradually return into their equilibrium distribution and the net 

magnetization realigns with 𝑧. The time it takes for a spin to return to its stable state 

can be used to measure physical properties in biological tissues (Figure 2.2). Bloch 

described this process as a simple exponential function using T1 as a first order time 

constant (Bloch, 1946). 

     𝑀𝑧  = 𝑀0 (1 − 𝑒−𝑡/𝑇1)       (2.13) 
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Hence, T1 can be thought of as the time it takes for the 𝑀𝑧 to reach around 63% of its 

maximum value (𝑀0). The spins system returns to its stable state by interacting with 

its surroundings. Hence, molecular motion and the level of molecular interaction can 

affect T1 times for a sample. In terms of net magnetization, before the application of 

the RF pulse, 𝑀𝑧= 𝑀0, 𝑀𝑥𝑦=0. Once a 90° RF pulse has been applied, 𝑀𝑧=0, 𝑀𝑥𝑦= 

𝑀0.  

 

 

 

 

 

 

 

 

 

 

 

 

2.1.6 T2 Transverse Relaxation 

As mentioned previously, net magnetisation in a sample is measured as the sum of all 

magnetic moments generated by nuclear precession. When the spins are excited, they 

are brought into phase which creates transverse magnetization. This coherence is lost 

as the spins flip back along the 𝑧 direction but also because of slight variations in the 

rate of precession due to molecular interactions. These processes cause a decrease in 

the net magnetisation in the xy plane. This is known as dephasing, where differences 

between spins rotation speeds cause them to be out of phase, resulting in a gradual 

reduction in the net transverse magnetisation Figure 2.3. Bloch also described the 

resulting change in transverse magnetization as an exponential decay using T2 as a first 

order time constant. 

         𝑀𝑥𝑦 = 𝑀0 𝑒−𝑡/𝑇2          (2.14) 

Figure 2.2: Evolution of the magnetization vector upon the application of 90° RF pulse is applied (left) 

and the resulting longitudinal magnetization plot (right). 
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Hence, T2 can be defined as the time required for the 𝑀𝑥𝑦 to drop to approximately 

37% of its initial value. 
 

2.1.7 Free Induction Decay 

The net transverse magnetization generated by the spins’ coherent precession can be 

modelled as a rotating bar magnet, which would induce an oscillating voltage generated 

by the motion can be detected as an oscillating signal in a neighbouring coil as shown 

in Figure 2.4. In MRI, the receiver coil needs to be tuned to the Larmor frequency to 

detect the generated FID signal. The effects of T1 and T2 decay cause the generated 

signal to dissipate over time. Another factor that contributes to the rapid drop in the 

measured signal is 𝐵𝑜inhomogeneity. The slight variations across 𝐵𝑜 causes spins to 

precess at different frequencies which contributes to the transverse signal dephasing. 

The combination of T2 and signal decay due to B0 inhomogeneity is known as T2*, 

which is given by: 

          
1

𝑇2∗
=

1

𝑇2
+

1

𝑇2𝑖
             (2.15) 

where T2i is the time constant for signal decay caused by 𝐵𝑜 inhomogeneity.   

 

Figure 2.3: The dephasing of the transverse magnetization following the 90° excitation RF pulse and the 

corresponding transverse magnetization decay plot. 
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To obtain an accurate assessment of T1 and T2, further flip angle manipulations using 

RF pulses can be used. A 180° RF pulse followed by another 90° pulse is used to 

measure T1. This pulse sequence is known as inversion recovery pulse sequence. The 

180° pulse reorients the spins to the -z axis. After waiting a specified amount of time 

known as TI, another 90° pulse is applied to flip the spins into the transverse plane 

creating a detectable signal as the spins phase is restored (Figure 2.5). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The motion of a bar magnet near a coil can generate a detectible signal (A) is 

similar to the motion of the net magnetization in the transverse plane (B).  Magnetization 

dephasing (C) causing the signal decay (D). 

Figure 2.5: The magnetization evolution upon the application of inversion recovery method. 
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In order to measure T2 without the effects of 𝐵𝑜 inhomogeneity, a 90° pulse followed 

by 180° pulse is used. This pulse sequence is known as a spin-echo sequence (Hahn, 

1950). The 180° pulse flips the spins in the xy plane so that the frequency difference 

between each spin that caused them dephase, now reverse its effect causing the spins 

to go back in phase generating a signal known as echo. After that, the spins continue 

to move causing further dephasing in the opposite direction (Figure 2.6). The time 

between the 90° pulse and peak of the echo is known as the echo time (TE). The time 

between the 90° pulse and 180° pulse equals TE/2. Since the 180° pulse reverses the 

dephasing of the spins into the opposite direction, the time between the 180° pulse and 

the is also TE/2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: The steps of applying a spin echo sequence on the direction of net magnetization showing 

the application of a 90° pulse (A), the initial tipping of the magnetization into the xy plane starting the 

magnetization dephasing (B), the application of the 180° pulse (C) which causes the refocusing of 

magnetization (D, E). The bottom Figure shows the corresponding produced signal.  
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Echo 
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2.1.8 Chemical Shift 

Ideally, all nuclei under an external magnetic field experience the same magnetic field 

strength. However, field inhomogeneity and nuclear interactions cause slight field 

variations. The magnetic field experienced by each nucleus is known as 𝐵𝑙𝑜𝑐𝑎𝑙. So far, 

we’ve considered the effects of nearby nuclear motion and interactions. However, 

electrons are also charged particles and they affect the local magnetic fields 𝐵𝑙𝑜𝑐𝑎𝑙. 

Since the Larmor frequency is dependent on 𝐵𝑙𝑜𝑐𝑎𝑙, molecular structure of the hydrogen 

atom can also affect the nuclear spin frequency. The hydrogen protons of a fat molecule 

are located within long-chain triglycerides and surrounded by electrons from 

neighboring atoms. These electrons apply a partial shielding effect on the protons 

preventing them from experiencing the full effect on the external magnetic field. In a 

water molecule however, hydrogen protons are less shielded as the electronegative 

oxygen atoms pull the electrons away from the hydrogen nucleus. The difference in 

shielding by electrons corresponds to a frequency difference between fat and water 

molecules of 215 Hz at 1.5T and 430 Hz at 3T. 

 

2.2 Magnetic Resonance Imaging (MRI) 

As previously mentioned, the time it takes for 𝑀𝑧 to return to its maximum value (𝑀0) 

is depicted by T1. Compared to tissues with longer T1, those with a shorter T1 recover 

faster resulting to a higher 𝑀𝑧 values at the time of the acquisition leading to a brighter 

region on the MRI scan. Alternatively, T2 reflects the time it takes for the net 

magnetization to decay in the transverse plane. Therefore, on an MRI image, tissues 

with short T2 values appear darker than those with longer T2. 

 

To utilize the formation of the NMR signal for medical imaging, a method for locating 

the source of the signal is needed. This requires manipulating the FID signal to have 

characteristics regarding the location of its origin. Similar to how a radio signal is used 

in communication, an NMR FID signal can be modulated to carry locational data. This 

process is known as spatial encoding. A signal can be modulated to carry information 
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by changing either its amplitude, frequency, or phase. However, since we are primarily 

measuring the signal amplitude, any imposed modulations could lead to false data. 

Hence, the signal’s location is generally encoded using frequency and phase 

modulation. 

2.2.1 Slice Selection and Spatial Encoding 

As previously mentioned, since each proton is precessing at the Larmor frequency, the 

FID signal oscillates at the Larmor frequency. Hence, encoding the FID signal with the 

location of each spin entails changing the rate of precession. From eq (2.8) we know 

that the rate of precession is proportional to 𝐵𝑜. Therefore, applying an additional 

linearly varying magnetic field will result in different nuclear precessions for the spins 

along the magnetic field gradient 𝐵𝑜 as shown in Figure 2.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since the frequency of the RF pulses used for excitation need be at Larmor frequency 

of the affected spins, applying 𝐵𝑜as a gradient, allows the RF pulses to be used to target 

a specific region in the body while ignoring all other spins outside that region. In this 

case the 𝐵𝑜 gradient is known as slice selection gradient (Gs). 

Figure 2.7: The application of a magnetic field gradient causes the spins to precess with different 

frequencies based on their location along the gradient. 
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2.2.2 The Design of RF Pulses 

The structure of the RF radiation plays a vital role in the generation of MRI images. In 

its simplest form,  𝐵1 is a sine wave at the required frequency to cause excitation. As 

the 𝐵𝑜 gradient effects the spins across a finite slice, the pulse must contain all the 

frequencies required to excite the spins in the slice as shown in Figure 2.8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, the slice thickness can vary based on the number of frequencies included in 

the RF pulse. A larger number of frequencies in each RF pulse will result in exciting a 

thicker slice. Using Fourier transform, the spectrum of frequencies included in each RF 

excitation pulse can be defined (Figure 2.9). 

 

 

 

 

 

 

Figure 2.8: The individual RF pulse frequencies required to excite a single slice under the influence 

of the slice selection gradient. 
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Another method for controlling the slice thickness is changing the slope of 𝐵0. Using 

the same RF pulse, a larger 𝐵0 gradient will result in a smaller slice thickness as 

shown in Figure 2.10. 

 

 

 

 

 

 

 

 

 

2.2.3 Frequency Encoding 

Once a slice has been selected, Gs is switched off and a second magnetic field gradient 

known as frequency encoding gradient (Gf) is used to encode the spins along a 

perpendicular axis to Gs (Figure 2.11). 

Figure 2.9: Changing slice thickness by using an excitation pulse that includes a 

larger number of frequencies. 

Figure 2.10: The effect of application of steeper frequency encoding gradient on the slice thickness. 
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Similar to Gs, the precession frequency of the spins will change due to Gf. Unlike Gs 

however, the frequency change induced by Gf is used to differentiate the source of the 

induced signal along the Gf gradient. Signal received with high frequency can be traced 

back to the higher gradient side of Gf and low frequency signal is identified as coming 

from the lower side of Gf. Since the generated signal is read out (acquired) whilst a 

frequency encoding gradient is applied means this is also known as the read gradient.  

Using the Gf gradient, the received signal can be used to identify the source of each 

signal using the gradually decreasing frequency. By taking the Fourier transform of the 

received signal, individual frequency components can reveal the general outline of the 

image from that direction as shown in Figure 2.12. 

Figure 2.11: The effect of frequency encoding gradient in changing the spins 

frequency based on their location along the x-axis. 
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2.2.4 Phase Encoding Gradient 

So far, the received signal contains spin density information in the form of signal 

amplitude, and their positional information alone the Gf gradient in form of frequency 

change. In order to generate depth information from the received signal, a third gradient 

along the y-axis is required. For this purpose, the signal’s phase can be used as a second 

layer of encoding. The phase encoding gradient (Gp) works similar to the frequency 

encoding gradient as by changing magnetic field along the y-axis, the spin rotational 

speed changes with the newly applied field gradient. Once that gradient has been 

switched off, the spins will go back to rotate at their original frequency however, the 

temporary exposure to the y-axis gradient effected their phase of rotation. Gp is applied 

multiple times with gradients gradually changing from negative to positive.  As shown 

in Figure 2.13, the phase gradient is applied effecting the spins’ phase, switched off, 

and the Gf gradient is switched on, and the signal is acquired. This process is repeated 

multiple times with increasing Gp strength with each acquisition. By taking a second 

Fourier transform, the resulting signal will contain spin density in form of signal 

amplitude, and positional information along both x and y axis in the form of frequency 

and phase shift.  

Figure 2.12: A simplified view of a 5X6 imaging target (left) and the corresponding generated 

signal (right). Under the effect of the frequency encoding gradient (Gf), the Fourier transform of the 

signal can generate a 1D outline of the image. 
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2.2.5 k-space 

To simplify the processing steps required to produce an MR image, the sampled echo 

signal points are stored in a 2D grid known as k-space. The spins’ positional 

information is recorded in the form frequency and phase shift. Therefore, the k-space 

is used to generate the image using 2D Fourier transform. The number of rows in the 

k-space corresponds to the number signal samples that were taken from each echo and 

the number of columns corresponds to the number of phase encoding gradients. As the 

signal in the middle of k-space experience the least amount of phase and frequency 

encoding gradients, it contains the highest signal amplitudes which represents the 

general image contrast and shape. The signals sampled on the edges of k-space contain 

the most phase and frequency encoding components which corresponds to the image’s 

lines, edges, and finer details. Filling the k-space entails identifying the location of each 

data point with respect to its frequency and phase shift. At the beginning of the process, 

the system is not affected by frequency or phase encoding gradients therefore, the 

process of filling the k-space starts at the centre. Once the image slice has been chosen 

using the slice selection gradient and the RF pulse, the application of the first phase 

Figure 2.13: Multiple signals generated from the 5X6 imaging target with each signal acquired under 

the influence of a different phase encoding gradient (Gp).  
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encoding gradient moves the point of data collection to the bottom of k-space (-Ky). 

After that, the frequency encoding gradient shifts the point of data collection towards 

the left of the k-space (-Kx). As a result of phase and frequency encoding gradients, a 

signal is generated which is sampled along the x-axis (Figure 2.14). The process is then 

repeated with each step of phase encoding gradient moving the point of data collection 

to the next line in the y-axis. This simple linear process of filling the k-space is known 

as spin warp imaging. Various procedures of filling k-space have been developed to 

achieve faster and more efficient data acquisition. Using these various methods entails 

structuring the gradient sequences to move the data point of collection along the k-

space to the chosen positions. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6 MRI Pulse Sequences 

One of the advantages of MRI that sets it apart from other medical imaging modalities 

is its ability to generate a variety of scans each examining certain types of tissue. This 

is done by changing different parameters such as the order, magnitude and timing of 

the magnetic gradients and RF pulses. This feature allows for extensive development 

and rapid testing of new ways to employ the MRI scanner without the need for new 

parts in most cases. The order, timing and magnitude of the gradients and RF pulses is 

known as a pulse sequence.  

Figure 2.14: The process of filling the K-space showing the pulse sequence on the left and the 

corresponding k-space trajectory on the right. 
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Broadly, pulse sequences can be characterised as spin echo-based and gradient echo-

based sequences. Additionally, they can be further characterised based on speed of 

acquisition into routine, and fast sequences. 

2.2.7 Spin Echo (SE) and Fast Spin Echo (FSE) Pulse Sequences 

As previously explained, a standard spin echo sequence requires the application of a 

90° RF pulse followed by a 180° pulse. The 90° pulse allows for excitation and slice 

selection while 180° pulse refocuses the magnetisation along the transverse plane at 

the Echo Time (TE). The resulting echo is then sampled into one line of k-space. After 

that, the system waits for a period of time known as Repetition Time (TR) to allow the 

spins to relax back into the 𝑧 axis. The same process is then repeated with a different 

phase encoding gradient. Each line of k-space requires the application of both 90° and 

180° pulses and a new phase encoding gradient.  

A Fast Spin Echo (FSE) also known as Turbo Spin Echo (TSE), applies multiple 180° 

RF pulses after a single 90° excitation pulse. Each 180° pulse reverses the effect of 

dephasing in the transverse plane (Hennig et al., 1986). With each 180° RF pulse, a 

new phase encoding gradient is applied, enabling the system to fill multiple lines of k-

space with a single excitation pulse. As a result, FSE can produce an image in a much 

shorter amount of time compared to traditional SE. Figure 2.15 shows the differences 

between SE and FSE imaging sequences. The number of 180° pulses is known as echo 

train length of (ETL). This readout from a 90° pulse can last long as there is enough 

detectible magnetisation in the transverse plane (ultimately limited by T2) however, 

the length of ETL can affect the resulting image’s contrast, signal to noise ratio and 

spatial resolution.  
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2.2.8 Gradient Echo Sequence (GRE) 

The sequence structure of the Gradient Echo Sequence (GRE) is very similar to SE 

with minor differences that change the nature of spin manipulations (Hennig et al., 

1986). GRE also starts with an excitation RF pulse that is less than or equal to 90° 

along with the slice selection gradient. However, unlike SE, GRE does not have the 

echo inducing 180° RF pulse. Instead, a negative frequency encoding gradient is 

applied with a certain length and magnitude further dephasing the transverse 

magnetization. Following the application of the phase encoding gradient, the induced 

Figure 2.15: The differences between the standard spin echo (top) and fast spin echo sequences. 
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dephasing is reversed by applying a second gradient equal to the first one but with 

opposite polarity reversing the effect of the first applied gradient. The reversal of the 

transverse magnetisation dephasing generates a gradient echo (Figure 2.16). In general, 

in GRE, the flip angle is smaller than 90°. While the smaller flip angle leads to a smaller 

magnetisation in the transverse plane causing a smaller signal, the partial tilting of the 

magnetisation leads to a faster recovery resulting to faster image acquisition. After 

choosing a low flip angle and a short TR, the system reaches a steady state after a 

certain number of excitation pulses, allowing for faster image acquisition. The 

sequences utilising the fast steady-state acquisition are known as fast and ultra-fast 

gradient echo sequences. Fast gradient echo sequences allow the use of fast preparation 

pulses that alter the image contrast, such as chemically selective saturation (CHESS) 

(Haase et al., 1985) and inversion recovery fat suppression. As a result, Fast gradient 

echo sequences are frequently used in tissue that requires fast acquisition such as MR 

angiography and imaging the abdomen. GRE is more sensitive to field homogeneity 

and susceptibility effects compared to SE sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: Gradient Echo pulse sequence schematic. 
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2.2.9 Fat and Water Separation 

Fat suppression techniques in MRI play a vital role in various medical applications, 

such as improving the visibility of bone-marrow lesions, evaluating fat in soft-tissue 

masses, better definitions of lesions after administration of contrast material and 

avoiding chemical shift artefacts (Del Grande et al., 2014). Hence, multiple water and 

fat suppression techniques have been developed for a better fat and water separation in 

MRI. 

To acquire an MR image in which water contributions to the signal is maximized and 

the fat signal is minimized or vice versa, two key differences between water and fat 

tissues are exploited, T1 relaxation time and chemical shift. Fat tissue has a shorter T1 

relaxation time than water. Inversion recovery fat suppression techniques rely on this 

difference by using a TI time that nulls the fat signal. This causes all the fat tissue to 

have dark contrast compared to the bright water voxels. While T1 fat suppression 

techniques are less prone to signal inhomogeneity compared to other methods, most T1 

based fat suppression sequences have low signal to noise ratio and in some cases result 

in a non-specific fat suppression (Delfaut et al., 1999). 

Chemical shift fat suppression techniques use the frequency difference between water 

and fat tissue to acquire an image at a time when fat and water are partially or 

completely out of phase. Multiple fat suppression techniques take advantage of 

chemical shift such as chemical shift–selective fat suppression (CHESS) (Haase et al., 

1985), spatial-spectral sequences (Del Grande et al., 2014), and Dixon fat-water 

separation techniques (Ma, 2008). Due to their dependence on homogenous 𝐵0  fields, 

which are more difficult to attain at higher field strengths over larger fields of view, 

these approaches also suffer from non-specific fat suppression. 

2.2.9.1 Dixon Fat and Water Separation Method 

The original chemical shift based fat-water separation method was first described by 

Dixon in 1984 as a two-point method (Dixon, 1984). Since then, multiple variations 

have been developed which relies on the same principle such as the Iterative 
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Decomposition of Water and Fat With Echo Asymmetry and Least-Squares Estimation 

(IDEAL) by GE (Reeder et al., 2005), the 2- and 3-point techniques under the generic 

name DIXON developed by Siemens, the 2-point sequences "FatSep" by Hitachi ,  

"WFOP" (Water-Fat Opposed Phase) by Canon and the multi-point modified Dixon 

("mDixon") (Glover & Schneider, 1991) and Dual-Echo Dixon Imaging with Flexible 

Choice of Echo Times  both developed by Philips (Eggers et al., 2011). 

The basic idea of Dixon imaging is taken from concepts of magnetic spectroscopy. 

While fat shows a complex spectrum with multiple peaks with different amplitudes and 

frequencies on an NMR spectrum, fat is usually treated as a single frequency peak 

denoted by its largest peak for simplicity. Other complex sequences of fat suppression 

techniques such as IDEAL uses a multi-peak model for the fat spectrum (Bley et al., 

2010) (Reeder et al., 2005). 

The frequency shift between water and fat indicates a difference in phase. This means 

that at a certain point in time, the difference between the transverse spins of water and 

fat can be described by an angle which can vary depending on acquisition time. For 

example, assuming a difference in frequency between water and fat of 220 Hz at 1.5 T. 

Since the period equals 1/frequency, this means that the water and fat molecules will 

spin in and out if phase every 4.6 msec as shown in Figure 2.17. By changing TE, the 

signal can be acquired with a different angle between the water and fat spins. The 

original Dixon method was based on a two-point acquisition system.  

 

 

 

 

 

 

 

By acquiring an image where the angle between the water and fat is 0° (In Phase) TE= 

0, 4.6, 9.2… and another image where the angle between the water and fat is 180° (Out 

of Phase) TE= 2.3, 6.9… .The first acquired image (In phase) equals the sum of both 

0 msec         1.15 msec          2.3 msec          3.45 msec        4.6 msec 

Figure 2.17: shows the phase difference between fat (yellow) and water (blue) in 1.5T field 

strength.  
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the water and fat signal and the second image (out of phase) equals the difference 

between the water and fat signal as shown in Figure 2.18. 

Hence: 

  Water only Image (WO) = 0.5 × |SIP+SOP|       (2.16) 

                   Fat only Image (FO) = 0.5 × |SIP-SOP|        (2.17) 

where SIP is the signal acquired when fat and water are in phase and SOP when they are 

out of phase. While the equations above give a simplified idea of how to calculate a 

water and fat signal, the actual calculations that are used are more complex as they take 

into account multiple variables such as 𝐵𝑜 inhomogeneity and T2* (Sharma et al., 

2014a).  

After Dixon’s original design of the two-point system, the three-point Dixon sequences 

were developed as an improvement on the original (Yeung & Kormos, 2014). The 

three-point system works by acquiring an additional image in the order of (0°, 180°, 

360°) or (-180°, 0°, 180°). Another modification on the original Dixon method was the 

iterative decomposition of water and fat with echo asymmetry and least-squares 

estimation (IDEAL). It is a three-point method in which the three imaging phases are 

timed so that each acquisition takes place at a different phase between the water and 

fat signals. Both modified Dixon approaches account for B0 and B1 magnetic field 

inhomogeneities (Costa et al., 2008). 

 

 

 

 

 

 

 

 

 

 

Figure 2.18: Shows the in-phase opposed-phased technique used in Dixon imaging 

(Sharma et al., 2014b). 
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2.3 Image Processing 

Computers analyse images by treating them as numerical matrices where each cell in a 

matrix contains a number representing a pixel intensity value. As the human visual 

system can only recognise a limited number of grey scales, a typical JPEG image has 

a dynamic range of 8 bits, which can display 256 levels of brightness in each channel. 

In contrast, a 3T MRI image can have a dynamic range of up to 16 bits, which can 

display up to 65,536 levels of brightness or contrast. However, it's worth noting that 

the actual dynamic range of an MRI image can vary based on the specific imaging 

protocol and the type of tissue being imaged (Hoefflinger, 2015) (Gabr et al., 2008) . 

MRI data has a greater contrast to noise ratio compared to typical images which can be 

exploited by windowing (for visualisation) and in quantitative measurements. Hence, 

a larger dynamic range on the image data is needed. As a result, MRI image pixel values 

are often stored as floating points rather than integers. Many image processing 

algorithms were designed to operate on standard images and would fail if directly 

applied to MRI images. Therefore, in many cases, MRI images require adjustments 

before applying any image analysis, such as rescaling the intensity values on pixels to 

range from 0 to 1 or from 0 to 255, depending on the requirements of the analysis 

method. 

2.3.1 Digital Image Filters 

By treating the images as numerical matrices, mathematical, arithmetic, and logical 

operations can be used to manipulate the images in order to produce the desired result. 

These operations form the basis of digital image filtering. Images can be processed in 

the spatial domain by multiplying, adding, or subtracting values from each cell or in 

the frequency domain.  

2.3.1.1 Image Convolution  

Matrix convolutions is one of most used mathematical operations in spatial domain 

image processing. Convolution allows for fast multiplication of two numerical arrays 

of different sizes to generate a third array of which cells represent a linear combination 
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of the input arrays’ cells. In image processing, the main input image is typically a 

grayscale image, while the second input image is much smaller in size known as a 

kernel. Changing the kernel’s size and cell values can control the nature of the filtered 

image produced from the original input image. This is done by padding the kernel 

image across the main image, multiplying cell values, and summing the results to form 

the new cell values in the output image as shown in Figure 2.19. Filters are primarily 

used in image processing to reduce either high frequencies which can be used to smooth 

(blur) the image, or low frequencies which are used in highlighting edges in the image 

as shown in Figure 2.20. Low frequencies are also used to reduce hardware induced 

variations in the signal across the image (bias field correction). While a simple kernel 

can be used for image blurring as depicted in Figure 2.19, a gaussian blurring kernel 

can yield better results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19: The use of 2D convolution in image processing, each cell in the output image is the sum 

of all the cells in the kernel multiplied by their corresponding cells in the input image. This process is 

repeated as the kernel moves around the input image covering all pixels. 
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2.3.1.2 Image Frequency Domain Filters 

Frequency domain operations require transforming an image into the frequency domain 

using Fourier transform, then multiplying it with a mask, and then transforming it back 

to the spatial domain. Similar to convolution kernels, the shape of the mask determines 

the output of the image frequency filters. 

As previously explained, in MRI, an image’s frequency domain is known as K-space. 

The frequency data distribution in an MRI image’s k-space is identical to a 2D Fourier 

transform of a typical image where low frequency information is stored in the centre 

and high frequency information is located further from the centre of the k-space. Hence, 

multiplying a k-space with a mask containing zeros in the middle will eliminate the 

low frequency parts of the image. On the other hand, if multiplied with a mask 

containing zeros on edges rather than the middle, this will eliminate the high frequency 

parts of the image as shown in Figure 2.21. 

Mathematically, the convolution process can be achieved faster using FFT. In the 

frequency domain, the Fourier Transform is used to convert the image and the kernel 

from the spatial domain to the frequency domain, where they are represented as 

Figure 2.20: The use of different convolution kernels in generating different filtering outputs. 

Kernel A can be used in image smoothing while kernel B can be used in edge detection. 
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frequency spectra. The product of the two frequency spectra is then the convolution of 

the two functions in the spatial domain. 

The advantage of using the frequency domain for convolution is that it is 

computationally efficient, as the convolution operation becomes a simple element-wise 

multiplication in the frequency domain.  

 

 

 

 

 

 

 

 

 

2.3.2 Image Thresholding 

Image thresholding describes the process of converting a grayscale image into a binary 

image where pixels with values above or below a selected threshold are converted into 

ones and all other pixels are converted into zeros. Manually choosing the most suitable 

threshold based on observations may be inaccurate in some instances, hence algorithms 

have been developed that automatically choose the ideal threshold that can covert the 

image into a black and white (zeros and ones) binary image while preserving the overall 

structure of objects in the image. Otsu's thresholding method operates by finding a 

threshold that minimizes the intraclass variance of the thresholded foreground and 

background pixels. Other thresholding methods were also developed such as Iterative 

thresholding, Peak-and-valley thresholding, and Fuzzy clustering thresholding (Sahoo 

et al., 1988). Thresholding is one of the key processes utilised in image segmentation 

as it can be used to differentiate between objects in an image based on pixel intensity 

as shown in Figure 2.22.  

 

Figure 2.21: The use of different image frequency domain masks to generate different results by 

eliminating high or low frequency parts of an image. 
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Choosing a single threshold for the whole image is knows as global thresholding. More 

advanced methods have been developed to generate multiple thresholding values based 

on local pixel intensity. These methods include adaptive thresholding and multilevel 

thresholding. 

2.3.3 Morphological Operations 

The basic concepts of morphological operations in image processing can be traced back 

to research on spatial set algebra and topology by Minkowski and Matheron (Mattioli, 

1995) (Ackora-Prah et al., 2016). The term morphological operations describes a class 

of image analysis techniques that analyses images based on shapes. On a binary image, 

each group of white pixels, which are directly connected to each other are characterised 

as a distinct shape. These shapes can then be labelled, isolated, and reshaped based on 

the algorithm's structure.  

Figure 2.22: Pixel intensity thresholding used in segmenting high contrast bowels compared to 

the dark background tissue. 
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2.3.4 Hit-and-Miss Transform 

Morphological operations utilise hit and miss transformation to identify unique 

characteristics in a binary image. Similar to a convolution kernel, this is done by 

panning a mask with a specified size known as a structuring element across the image 

and comparing its configuration with the corresponding area on the image. A hit occurs 

when pixels on the structuring element match the pixels on the input image, and a miss 

occurs when they do not match. Based on the design of the structuring elements and 

the algorithm’s instruction on what to do in the case of a hit or miss, these operations 

can be used to either detect certain aspects of the image or transform the image into a 

new shape.   

2.3.5 Erosion and Dilation 

As the name suggests, dilation causes an increase in the shape’s border thickness, while 

erosion causes a decrease in the shape's thickness. Morphological erosion can 

transform a binary image into a skeletonized version of the shapes in input image by 

eroding the binary shapes into a line of single pixels. One of the simplest operators that 

can be used for erosion and dilation are the logical AND and OR operators. Figure 2.23 

shows an example whereby using AND between the structuring element and the input 

image results in image erosion and using OR results in dilation of the original image. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: Using the same structuring element to preform erosion using AND operator where pixels 

are assigned the value of 1 only if all the pixels on the structuring elements match the corresponding 

pixels in the input image and dilation using OR operator where pixels are assigned value of 0 only if all 

the pixels on the structuring element do not match the corresponding pixels in the input image. 
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2.3.6 Connected-Component Labelling 

Some structuring elements are designed to detect the connectivity of the pixels by 

identifying the connectivity of the pixel in the middle to surrounding pixels. A pixel is 

identified as connected to a surrounding pixel if it is directly attached to it from one of 

its the sides, this is known as 4-connected pixels, or from the corners, this is known as 

8-connected pixels. This is done by placing the middle pixel of the element on one of 

the foreground pixels (white) and labelling all the connected pixels to the central pixel. 

After this the structuring element is then shifted to the newly labelled pixel and the 

connectivity is checked again. The newly discovered connected pixel is then labelled 

provided it has not already been labelled. Once all the pixels in a shape have been 

labelled, the algorithm assigns a number to the connected shape and moves on to the 

next shape as shown in Figure 2.24. In literature, structuring elements used to identify 

4-connected pixels is known as Von Neumann neighbourhood and structuring elements 

used to identify 8-connected pixels is known as Moore neighbourhood. This process 

forms the foundation of many connected component labelling algorithms using more 

advanced variations with higher connectivity of up to 26 points in 3 dimensions. 

 

Figure 2.24: The process of identifying individual shapes in a binary image using 4 and 8 connected 

points.  
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2.4 Chapter Summary 

This chapter introduced the principles underlying the formation of NMR signal and 

MRI image acquisition techniques. Dixon fat and water separation techniques 

explained in this chapter will be used to analyse abdominal fat in later chapters. The 

chapter also explains image analysis techniques that are used throughout this thesis.  

The invention of MRI ushered in a new age of medical innovations and redefined the 

way we think about medical imaging. Advances in computer sciences accelerated the 

conversion of theoretical concepts of physics, arithmetic, and topology into real-world 

applications that save lives every day. Compared to other medical imaging modalities, 

which primarily rely on advances in engineering and technology, MRI is only bound 

by the imagination and creativity of scientists who can create new imaging sequences 

that can reveal a part of human physiology that has not been seen before using the same 

MRI machine structure. 
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3 Crohn’s Disease 

3.1 Introduction 

Crohn’s Disease (CD) is a chronic, relapsing and 

remitting inflammatory disease affecting the 

gastrointestinal tract. Recently, the prevalence of 

Crohn's disease has been increasing, reaching up to 

157 per 100,000 people, which means that there are 

currently at least 115,000 CD patients in UK alone. 

Up to a third of CD patients are diagnosed before the 

age of 21 (NICE, 2019). In Scotland and Lothian, IBD 

prevalence is 1 in 125 (0.8%) (Jones et al., 2019). 

 

CD is considered one of the main inflammatory bowel 

diseases (IBDs). The two major types of IBD are 

ulcerative colitis and Crohn's disease (Lamb et al., 

2019). While the effects of ulcerative colitis are 

restricted to the colon and the large intestines, CD can 

affect any part of the gastrointestinal tract from the 

mouth to the anus (Figure 3.1).  

 

For treatment and research purposes, CD has been identified to have three states: 

inflammatory, stricturing, and fistulising. Inflammatory CD is identified by 

inflammation of the gastrointestinal tract with no apparent evidence of stricturing or 

fistulising disease. This inflammation can eventually lead to luminal narrowing and 

fibrosis. These patients become classified as having stricturing disease. Once 

fibrostenotic changes take place, it becomes irreversible and needs surgical 

intervention. Fistulizing CD occurs when the transmural inflammation continues to 

develop a sinus or fistulous tract. Fistulae can appear between the bowel and any other 

Figure 3.1: The most common sites 

of intestinal involvement in Crohn's 

disease (Fvasconcellos, 2006). 

. 
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adjacent organ. If the fistulous tract is not complete between the bowel and an adjacent 

organ, an intra-abdominal abscess may develop (Feuerstein & Cheifetz, 2017a). 

Due to the complex pathology of CD, a clear cause and effect relationship cannot be 

used to indicate the underlying principle of the disease. However, the causes of CD can 

be attributed to genetic predisposition, intestinal microorganisms’ interactions and 

immune reactivity. Intestinal inflammation occurs due to a dysregulated immune 

reactivity to the gastrointestinal microbiota of genetically susceptible individuals 

(Shanahan, 2002). One of the highest numbers of observed CD incidents was in Europe 

and North America (322 and 319 per 100,000 persons per year, respectively). 

Developing countries have reported a lower prevalence of CD. Hence, it has been 

suggested that environmental and dietary factors could increase the risk of CD (Holt et 

al., 2017).  

CD patients are classified into three categories (mild, moderate and severe) based on 

their symptoms and disease activity. Mild CD patients can tolerate oral nutrition and 

show no significant signs of dehydration, abdominal pain, or ileus. Nor do they show 

severe body weight loss. Moderate CD patients suffer from intermittent vomiting, 

painful mass and weight loss of more than 10% of their body weight. Despite intensive 

treatment, severe CD patients suffer from drastic body weight loss, ileus, abscess, or 

persistent symptoms. Treatment and disease management procedures tend to differ 

based on these stages of disease activity (Travis et al., 2006).  

3.2 Crohn’s Disease Clinical Indices    

The complicated pathology of the disease and the uncertainty of the direct causes of 

CD make it difficult to use a single direct method for disease activity assessment. 

Hence, multiple disease activity metrics have been developed for this purpose. These 

activity indexes differ in both diagnostic modalities and the variables they consider. 

There are also several standardised guidelines for the assessment of CD, such as the 

Guideline for Diagnostic Assessment (ECCO-ESGAR) (Maaser et al., 2019) (Sturm et 

al., 2019). These assessment guidelines and procedures are based on objective findings 
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of endoscopic, radiological and histological examinations (Feuerstein & Cheifetz, 

2017b). 

Common clinical findings that are associated with CD include (Khoshkish et al., 2012): 

1. Clinical history compatible with symptoms such as diarrhoea, abdominal pain, 

malaise, weight loss, and/or rectal bleeding.  

2. Endoscopic findings of cobblestone, ulcers, skip lesions or perianal disease.   

3. Radiological findings of fistula, stricture, or discrete ulceration with “skip” 

areas. 

4. Macroscopic evidence of bowel wall thickening, mesenteric lymphadenopathy 

and creeping fat during surgery.  

5. Histopathologic findings of noncaseating epithelioid granulomas or transmural 

inflammation. 

3.2.1 The Crohn’s Disease Activity Index  

The Crohn’s Disease Activity Index (CDAI) was primarily developed as a method of 

assessment of disease response to treatment. It consists of eight variables related to the 

disease, where each one is given a specified weighting based on its ability to predict 

disease activity. Table 3.1 shows these variables along with their weighting. These 

variables are then used to calculate a score which indicates disease activity that ranges 

from 0 to over 600. While upper limits could not be defined due to variables such as 

body weight and haematocrit levels, cut-off values were recognised based on recorded 

scores for a group of 112 patients, which were compared with patients' medical 

conditions. A CDAI score of 150 or lower represents inactive disease, and a score of 

450 represents severe disease conditions (Best et al., 1976) (Connors, 2011). Other 

activity indexes were developed, such as patient reported outcomes (PRO2) which uses 

only the number of liquid or very soft stools and reported levels of abdominal pain 

(Khanna et al., 2015). Another index is the Harvey-Bradshaw index, which relies on 

general wellbeing, abdominal pain, number of liquid stools per day, abdominal mass 

and the nature of complications that occur (Harvey & Bradshaw, 1980) 
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3.2.2 Endoscopy 

Endoscopy is the gold standard investigative modality used in disease activity 

monitoring in IBD (Maaser et al., 2019). The CD Endoscopic Index of Severity 

(CDEIS) is a scoring system that relies on endoscopic procedures to examine the five 

intestinal segments: ileum, right colon, transverse colon, left colon, sigmoid and 

rectum. The original scoring system relied on relatively complex endoscopic 

Table 3.1: CDAI variables and weights  

Variable Scale Weight 

Liquid or very soft 

stools  

Daily number of stool count summed over for 7 days 2 

Abdominal pain Daily ratings of abdominal pain summed over 7 days 

where: 

 0 = none, 1 = mild, 2 = moderate, 3 = severe 

6 

General wellbeing Daily ratings of general wellbeing summed over 7 

days where: 

 0 = generally well, 1 = slightly below par, 2 

= poor, 3 = very poor, 4 = terrible 

6 

Features of 

extraintestinal disease 

Any of the following present during the previous 7 

days 

 

a) Arthritis or arthralgia 20 

b) Skin or mouth lesions, including pyoderma, 

gangrenosum, erythema nodosum, aphthous 

stomatitis 

20 

c) Iritis or uveitis 20 

d) Anal fissure, fistula, or peri-rectal abscess 20 

e) Other external fistula 20 

f) Fever > 100°F 20 

Antidiarrheal use 0 = no, 1 = yes 30 

Abdominal mass 0 = none, 2 = questionable, 5 = definite 10 

Hematocrit 47- hematocrit (males) 6 

42- hematocrit (females) 6 

Body weight below 

standard 

100 [1 − (body weight/standard weight*)] 1 

*Standard Body weight is defined as body weight before CD. If it is unavailable, the 

population mean weight for a patient's sex, age, and height is used. 
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observations such as deep ulcers, superficial ulcers, the ratio of surface affected by 

disease and the ratio of surface affected by ulcers. Each of these variables is given a 

specific weight, and a total score is calculated (Mary & Modigliani, 1989). In 2004 a 

group of researchers developed a simplified endoscopic scoring system called 

simplified endoscopic activity score for CD (SES-CD) (Daperno et al., 2004), which 

relies on ulcer size, ulcerated and affected surfaces, and stenosis. CD can also be 

monitored by examining mucosal healing. Research data indicates that achieving 

mucosal healing monitored by endoscopy may improve the outcome of the disease 

(Schnitzler et al., 2009) (Baert et al., 2010). 

Both CDEIS and SES-CD demonstrated a good correlation with disease activity when 

they were used to track therapeutic changes in CD (Sipponen et al., 2010). However, it 

is very difficult to rely solely on endoscopy to assess disease activity as it has 

significant drawbacks. These disadvantages include not providing detection of 

inflammation on deeper layers of the intestine and the extraintestinal and dependency 

on the operator. Patients do not usually consent to endoscopy even though its relatively 

safe, and finally, the required degree of endoscopic healing and the different types of 

lesions are not well established (Benitez et al., 2013). 

3.2.3 Biochemical Biomarkers 

Some biochemical biomarkers, such as faecal calprotectin (FC), are also used in the 

diagnostic process of IBDs due to their easy accessibility. In some cases, faecal markers 

can even help avoid endoscopic procedures (Vermeire et al., 2006). The presence of 

several neutrophil-derived proteins in the stools, such as calprotectin, is proportional 

to neutrophil migration to the gastrointestinal tract and can predict mucosal healing 

(Røseth et al., 2004). As it is a measure of inflammation, FC is not disease specific. 

While FC can be a reliable tool for the detection of colonic mucosal inflammation, it is 

less sensitive in the detection of small intestinal CD (Zittan et al., 2018). FC is typically 

used in conjunction with endoscopic examination (Bjarnason, 2017). 

C-reactive protein (CRP) is considered one of the most important up-regulated proteins 

during an acute-phase stimulus. Several conditions are associated with a CRP response, 
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such as inflammatory diseases, infectious stimuli, tissue necrosis, neoplasia and 

childbirth. Researchers and clinicians use CRP as one of the biomarkers when making 

treatment decisions for CD patients (S. Vermeire, Van Assche, & Rutgeerts, 2004). 

While both moderate and severe patients show high levels of CRP (Baumgart, 2018), 

the sensitivity of CRP in predicting disease activity is highly dependent on cut-off 

values, and a significant number of CD patients demonstrated low CRP levels despite 

clinically active disease (Magro et al., 2014). 

3.3 Cross Sectional Imaging in CD 

Due to their practical, objective, and non-invasive approach, the use of cross-sectional 

imaging techniques to monitor CD have been increasing rapidly. These techniques 

include Ultrasound (US), Computed tomography (CT) and MRI. Cross-sectional 

imaging allows for the analysis of features and characteristics of the abdomen that are 

inaccessible via traditional endoscopic techniques (Benitez et al., 2013). Because of 

this, the disease assessment criteria and variables for CD in cross-sectional imaging 

differ from endoscopic indexes of disease activity. While US has been used in CD, it 

is reported to have an inferior diagnostic accuracy and poorer disease localisation for 

CD compared to existing MRI techniques, with greater inter- and intra-observer 

variability (Taylor et al., 2018). Many CT and MR imaging procedures used for CD 

require the intestines to be distended using relatively high amounts of intraluminal 

contrast agents for better visualisation of anatomical references and of morphologic 

features caused by the disease (Furukawa et al., 2007). More specifically, MRI and CT 

require the use of oral and intravenous contrast agents to better highlight the inflamed 

regions. 

3.3.1 MRI Disease Activity Indexes 

Recent advances in MRI enable it to achieve very high accuracy for assessing disease 

activity in CD. Hence, MRI became one of the most popular CD assessment modalities 

for its ability to image soft tissues without the use of the harmful ionising radiation 

found in CT.  
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Multiple MRI-based disease activity indexes and grading systems were developed for 

monitoring CD. The Magnetic Resonance Index of Activity (MaRIA) (Rimola et al., 

2011) mainly focuses on five aspects of the disease. These aspects include bowel wall 

thickness (in mm), ulcers, oedema, measurements of wall signal intensity (WSI) before 

and after intravenous (IV) contrast administration and relative contrast enhancement 

(RCE) of the intestinal wall.  

The MaRIA score depends on intravenous injection of gadolinium as a contrast agent 

for the measurement of bowel wall thickness, where a volumetric interpolated breath-

hold examination (VIBE) sequences is acquired before and after administering 

gadolinium. T2-weighted scans and pre- and postcontrast-enhanced T1-weighted scans 

are used along with fat saturation to detect the presence of oedema. This is because fat 

saturation allows for better identification of mural oedema and perienteric 

inflammatory changes. Each patient is required to consume 1500 mL of a 2.5% 

mannitol solution 45 minutes prior to the MRI in order to achieve an adequate 

distension of the entire small intestine. Patients who could can not tolerate such a large 

volume of luminal contrast are instructed to consume 750–1000 mL of the same 

solution instead, as this amount is sufficient to achieve the ideal distension of the 

terminal ileum. The MaRIA score was validated by comparing the results with the 

endoscopic CDEIS index. 

MaRIA score is calculated using the following formula for each segment: 

MaRIA (segment) = (Wall thickness in millimetres × 1.5) + (Relative contrast 

enhancement × 0.02) + (Oedema × 5) + (Ulceration × 10). 

Figure 3.1 shows MRI images acquired for MaRIA score index along with a 

corresponding endoscopic image. 
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Similar to the MaRIA score, the Clermont score is a T2-weighted imaging based system 

which relies on quantitative measurements such as bowel wall thickness (in mm), 

ulcers, and oedema (Buisson et al., 2013). Table 3.2 shows the different parameters 

used in calculating MaRIA and Clermont indexes. The key difference in the Clermont 

score method is that it avoids the use of gadolinium by taking advantage of Diffusion 

Weighted Imaging (DWI). Using the most affected digestive segment to calculate the 

Apparent Diffusion Coefficient (ADC) showed a high correlation with MaRIA scores. 

This was also confirmed by other studies (Rozendorn et al., 2018). 

Other disease activity indexes, such as the Crohn's Disease MRI Index (CDMI) 

(Steward et al., 2012), which relies on expert radiologists to rank disease features found 

on MRI images on a scale of 0-3 based on observed features severity. The Magnetic 

Figure 3.1: Ulcerative lesions of large bowel using MaRIA score method. (A) Bowel wall thickening 

and diffuse hyperenhancement after intravenous contrast of the distal ileum and splenic flexure 

(arrows). Ulcers can also be seen in T2 sequences (arrowhead in B). (C) Ulceration in the same segment 

seen at endoscopy. (D) Ulceration in the terminal ileum (arrowheads), along with the presence of wall 

thickening and hyperenhancement of the ileal segment (Rimola et al., 2011). 
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Resonance Enterography Global Score (MEGS) is an index based on CDMI, however, 

it involves the addition of another specific key parameter, the length of the affected 

bowel (Makanyanga et al., 2014) (Rozendorn et al., 2018). 

 

As traditional MRI-based disease assessment methods rely on intravenous gadolinium, 

CD patients typically undergo repeated exposure to gadolinium administration which 

adds cost and places patients at risk of various complications. These complications 

include possible nephrogenic systemic fibrosis, allergic reaction, and long-term brain 

deposition following repeated use (US FDA, 2017). Hence, the development of 

contrast-free MRI imaging sequences eliminates these risks associated with gadolinium 

and allow for a more frequent and overall safer assessment of the disease progression. 

3.3.2 Computed Tomography 

CT has been used for many years as a diagnostic tool for CD. CT Enterography (CTE) 

is a non-invasive imaging technique that offers a better small bowel visualisation than 

the standard abdominopelvic CT. CTE complements ileocolonoscopy (IC) and can 

visualise and even reveal small bowel inflammation in approximately 50% of CD 

patients who show no signs of CD in endoscopic examination. This diagnostic method 

also has evolved more recently in contrast-enhanced examination that uses intravenous 

administration of iodine contrast agents and CT-enteroclysis, which can be obtained by 

using a sizable amount of contrast agent administered orally (1500 to 2000 mL or more) 

or by positioning a nasojejunal tube; this technique typically allows the evaluation of 

the colon as well (Saibeni et al., 2007). The CT technique combines small bowel 

Table 3.2: MRI-based parameters included in MaRIA and Clermont activity index  

 MaRIA Clermont 

Relative Contrast (RCE) 0.02 × (RCE) - 

Bowel wall Enhancement 

thickness  

1.5 × thickness in (mm) 1.646 × thickness in (mm) 

Presence of ulcers +10 (if yes) +8.036 (if yes) 

Presence of Oedema +5 (if yes) +5.613 (if yes) 

Apparent Diffusion 

Coefficient (ADC) 

_______ -1.321×ADC 

Constant +5.039 ________ 
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distension with oral contrast and abdominopelvic CT examination in the intestinal 

phase after intravenous contrast medium administration. Patients are required to drink 

approximately 1.5–2 litres of oral contrast over 45–60 min. Contrast agents maximise 

the contrast between the small bowel wall and the lumen, providing an assessment of 

bowel wall enhancement patterns and mucosal thickening. The most common CT scan 

findings in CD patients include submucosal fibro-fatty infiltration, mesenteric 

adenopathy, engorged ileal vasa recta, small bowel wall stratification and thickening, 

with or without contrast enhancement (Saibeni et al., 2007). Figure 3.2 shows examples 

of active CD manifestations in CT.  

 

Precise small bowel distension is essential for evaluating bowel wall thickness and 

mucosal enhancement. Accurate detection of small bowel pathology requires detailed 

luminal navigation from the gastro-oesophagal junction to the anus (Ilangovan et al., 

2012).  

Figure 3.2: Examples of active CD manifestations in CT. A: wall thickening and mucosal hyperemia 

encompassing a segment of ileum (arrow). B: long segment of markedly thickened inflamed bowel in 

the pelvis (arrows).  C: an acutely inflamed loop of colon (arrow). D: thickening and mucosal 

hyperemia of the terminal ileum. E: thickening of an intermediate length segment of terminal ileum 

(arrow); F: marked thickening, mucosal hyperemia, and adjacent vasa recta engorgement of the neo-

terminal ileum (arrow) (Guglielmo et al., 2020) 
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Mao et al., compared the use of CTE in evaluating postoperative recurrence of CD after 

ileocolic resection (ICR). They examined 32 CD patients that underwent ICR. 

Rutgeerts score (i0-i4) was used to define endoscopic recurrence, whereas CTE 

recurrence was determined by a previously validated CTE score (CTE0–CTE3). Their 

results shows a good correlation between CTE and endoscopic recurrence (r = 0.782, 

P < 0.0001) (Mao et al., 2013).  

Mohamed et al., evaluated the accuracy of CTE radiological signs of gastrointestinal 

inflammation in determining disease activity in CD patients. Parameters such as 

abnormal wall thickening, mucosal enhancement, enlarged mesenteric lymph nodes, 

engorged vasa recta, and increased mesenteric fat density were assessed using CT 

enterography in 26 CD patients. Their results showed significant differences between 

moderate and severe histological findings when assessing engorged vasa recta, fat 

oedema and lymph node enlargement. However, no significant differences between 

moderate and severe diseases were found in bowel wall thickening and mucosal 

enhancement (Mohamed et al., 2012).  

While CT has a better spatial and temporal resolution, MRI offers a better contrast 

resolution and may show fistulae better than CT. Adults may also experience less risk 

from gadolinium-based intravenous contrast than they would from iodinated contrast 

in a CT scan (Ilangovan et al., 2012). Nevertheless, research revealed that the 

diagnostic performance of small intestinal CT and MRI was comparable. Radiation 

exposure is also considered as a major drawback of CT. Puylaert et al., analysed 19 

publications that used imaging modalities as a grading method for disease activity in 

CD. Their data showed a disease grading accuracy of 86% for MRI, 84% for CT and 

44% for Ultrasound on a per-patient study basis (Puylaert et al., 2015). 

3.4 CD Treatment 

As a chronic illness, CD therapy mainly focuses on treating symptoms, inducing 

remission as an interim measure, and maintaining remission in the long term. Hence, 

CD management requires a stepwise escalation of treatment measures tethered with 

constant monitoring of the disease activity levels and progression. In the initial 
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diagnosis and management of CD, laboratory testing, endoscopic evaluation, and faecal 

biomarkers are frequently used. Imaging is also crucial to the diagnosis and assessment 

of IBD. Throughout a patient's lifetime, many imaging modalities can be employed, 

from the initial screening and diagnosis of IBD to establishing the degree of intestinal 

involvement, tracking disease activity, and assessing for consequences of untreated 

IBD. When considering factors such as the cost, radiation exposure, the requirement 

for anaesthesia, and image quality, each available imaging modality has its own set of 

advantages and risks (Haas et al., 2016). 

Intestinal resection is needed in about two-thirds of CD patients at some point 

throughout their history. The diseased bowel cannot be completely removed surgically, 

and postoperative recurrence (POR) is still a common complication. Within a year of 

resection, 70% to 90% of patients experienced endoscopic recurrence. Currently, 

Ileocolonoscopy (IC) is regarded as the "gold standard" for POR detection. The 

severity of the recurrence, as determined by the Rutgeerts score, strongly predicts the 

return of symptoms, the emergence of CD-related problems, and the requirement for 

additional surgery. However, IC can only distinguish the intestinal mucosa inside the 

endoscope's field of view. Patients with proximal upper small bowel lesions and 

anastomotic stenosis could not be examined for neoterminal ileum lesions. 

Additionally, IC was unable to detect extraintestinal problems, including abscess and 

fistula, which may have affected the therapeutic approach (Mao et al., 2013). 

When Crohn's disease first presents or flares up in a 12-month period, monotherapy 

with traditional glucocorticosteroid is used to induce remission. Glucocorticoids can 

suppress proinflammatory proteins' expression and up-regulate anti-inflammatory 

proteins (Rhen & Cidlowski, 2005). Immunomodulatory drugs, such as thiopurines or 

methotrexate are effectively considered as first line therapies in the management of 

CD. Patients who are intolerant or refractory to immunomodulatory agents can be 

treated with biological agents like anti-TNF therapy (Infliximab, NAPP 

pharmaceuticals or Adalimumab, Abbvie), anti-integrin therapy (Vedolizumab, 

Takeda) and the recently licenced antibody to the p40 subunit of IL-12/23, 

Ustekinumab (Janssen Pharmaceuticals, Johnson and Johnson). It is best practice to 
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undertake a clinical assessment of disease activity using one or a number of the above 

mentioned modalities in a timely manner and whenever patients have symptoms 

(NICE, 2019). 

Monitoring the patient's response to treatment, disease activity, and progression is 

essential, as each patient may respond differently to the prescribed treatment. For those 

with active fistulising CD who have not responded to conventional therapy, are 

intolerant of it, or have contraindications, infliximab is advised as a treatment option. 

Infliximab is prescribed as part of a scheduled course of therapy up to 12 months 

following the start of therapy or until treatment failure (including the requirement for 

surgery), whichever comes first. In order to determine whether continued treatment is 

still clinically appropriate, patients have their disease re-evaluated. 

The three main surgical options for CD are bowel resection, strictureplasty, and bypass. 

Bowel resection with or without anastomosis is the most popular surgical procedure. 

However, strictureplasty has revolutionised the surgical concept of CD over the past 

20 years. This is because strictureplasty does not require the removal of any part of the 

intestines, rather it repairs a stricture by widening the narrow area. Another option is 

to use a bypass, which could be external, like a stoma, or internal, with or without 

exclusion. Due to the possibility of developing an infected mucocele and the increased 

risk of cancer in the excluded segment, internal bypass is now typically avoided. It is 

occasionally carried out in the form of a gastroenterostomy on patients with 

gastroduodenal CD (Chandra & Moore, 2011). 

As the assessment of disease progression and response to treatment forms an essential 

part of CD management, advances in diagnostic tools, medical imaging modalities, and 

algorithmic disease activity metrics can help to develop more robust and reliable 

treatment regimens for CD.  
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4 Visceral Fat Hypertrophy and Abdominal Fat 

Segmentation Algorithm 

4.1 Visceral Fat Hypertrophy  

The mesentery is defined as a double layer of the peritoneal membrane that supports 

the small intestine. It is of a fan shape, and its shorter edge is attached to the back wall 

of the abdomen while the small intestine lies within its longer boundary (Healy & 

Reznek, 2000). 

Visceral fat hypertrophy, also known as fat wrapping or 

creeping fat, refers to the extension and thickening of 

mesenteric fat to partially, or in some cases fully, cover 

the small or large intestine. Figure 4.1 illustrates this 

phenomenon. Crohn BB first described it in the original 

publication as a sign of CD (Crohn et al., 1932). The 

visceral hypertrophy of mesenteric fat surrounds the 

inflamed segments of the gut covering more than 50% 

of the intestinal circumference, which is of significant 

importance and a common and specific feature of CD. 

Fat wrapping has been found to correlate well with 

fibrosis, muscular hypertrophy, transmural 

inflammation, and stricture formation (Peyrin-Biroulet et al., 2007). For this reason, fat 

wrapping became a radiological hallmark for CD and has been used by clinicians to 

identify sites of inflammation (Sheehan et al., 1992). 

Abdominal fat is mainly classified into Subcutaneous Adipose Tissue (SAT) and 

Visceral Adipose Tissue (VAT). As a result of visceral fat hypertrophy, CD patients 

tend to have higher ratios of VAT to SAT (Cravo et al., 2017). 

Adipocytes are the main cellular components of white adipose tissue (WAT). While 

their primary function is to control energy balance by storing and redirecting 

triacylglycerol, they also play vital roles as endocrine and paracrine organs. When 

Figure 4.1: Intestinal cross-

sections (A) showing fat wrapping 

in CD and (B) normal comparison 

(Fink, Karagiannides,et al., 2012) 
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adipocytes accumulate in large numbers, they form adipose tissue (Ali et al., 2013). 

Adipocytes are generally divided into brown, beige, and white cells covering diverse 

intermediate forms. White fat cells represent the main type in adipose tissues in adults 

(Huh et al., 2014). 

Interestingly, the absolute number of adipocyte cells is bound by genetic factors and 

tends to remain relatively stable after the end of the growth phase (Rosen & 

Spiegelman, 2014). In the case of obesity, the enlargement of adipocytes occurs, 

causing the expansion of VAT in the abdomen, which can lead to hormonal alteration 

and inflammation. However, histological evidence shows that in the case of visceral 

fat hypertrophy, the number of adipose cells increases around the inflamed areas and 

the cells become smaller in size and higher in density (Peyrin-Biroulet et al., 2007) 

(Shen et al., 2019). Figure 4.2 shows the differences in density of adipose cells in VAT 

of CD patients compared to that of healthy controls. The humoral and cellular 

alterations within creeping fat tissue differ from the cellular alterations  observed in the 

case of obesity (Kredel & Siegmund, 2014). 

 

Subcutaneous fat 
Healthy CD patient  

Visceral  

fat 

Figure 4.2: shows the differences in visceral fat concentrations on MRI and histological examinations 

(Shen et al., 2019). 
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The exact cause of fat wrapping in CD has been widely debated. Recent studies suggest 

that fat wrapping is triggered by inflammatory stimuli and bacterial translocation. 

While clinicians used to consider fat wrapping as an outcome of the disease pathology 

changes, research indicates that it may be a contributing factor to inflammation as 

adipocytes in CD patients are found to be the main source of cellular pro-inflammatory 

cytokines (TNFα), interleukin-6 and C-reactive protein (CRP) (Peyrin-Biroulet et al., 

2007) (Kredel & Siegmund, 2014). A study comparing conventional ileocolic 

resections with intestinal resections, including excision of the mesentery, found that 

the inclusion of the mesentery in ileocolic resection for CD is associated with a 

reduction in disease recurrence (Coffey et al., 2018) which indicates that the mesenteric 

fat in CD patients is contributing towards CD recurrence after surgery. A similar study 

in 2021 investigated the association between resection of the mesentery and 

postoperative outcomes in patients with Crohn's colitis undergoing colorectal surgery. 

Their results showed that the inclusion of the mesentery in colorectal resection surgery 

is associated with improved long-term outcomes (Zhu et al., 2021). 

In clinical practice, fat wrapping is often used to further confirm a diagnosis of CD 

(Golder, 2009), and surgeons use it to outline the extent of active disease in the bowels 

(Sheehan et al., 1992). However, the complexity of the abdominal visceral fat structure 

makes it difficult to objectively quantify it as a disease activity metric. Hence, most 

research investigating the impact of fat wrapping and its utility as a disease activity 

biomarker consider it as a binary measure where they confirm or reject the presence of 

fat wrapping in CD patients. This is most evident in ultrasound, as it has been used for 

many years as a tool for identifying fat wrapping due to its wide availability and 

sensitivity to tissue density. Kucharzik et al. used ultrasound to investigate many CD 

activity biomarkers, including fat hypertrophy, on 134 CD patients at baseline and after 

3, 6, and 12 months of treatment. At baseline, 63 patients were identified to have 

mesenteric fat hypertrophy on ultrasound scans. After 12 months of treatment, the 

number of patients with fat wrapping decreased gradually throughout the study 

reaching 24 patients (Kucharzik et al., 2017). Maconi et al. also investigated the 

presence of fat wrapping on 185 CD patients using ultrasound. Out of the 185 patients, 

mesenteric fat hypertrophy was detected in 88 (47.6%) CD patients. Their results 
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showed that the presence of fat hypertrophy significantly correlated with established 

disease measures such as CDAI, CRP and erythrocyte sedimentation rate (ESR) 

(Maconi et al., 2008). 

Maconi et al.’s criteria for the presence of fat hypertrophy on ultrasound was a 

hyperechoic halo surrounding the bowel wall with a thickness larger than 5 mm as 

shown in Figure 4.3. Such a criterion was chosen arbitrarily based on their 

observations. This demonstrates some of the main drawbacks of using ultrasound to 

detect fat hypertrophy in CD patients. The lack of established criteria in literature and 

clinical practice for fat wrapping in ultrasound, along with the subjectivity of ultrasonic 

imaging techniques, makes it difficult to use ultrasound as an objective quantification 

method for fat wrapping in CD. 

 

CT is considered the ideal modality for studying fat quantification due to its ability to 

calculate tissue attenuation coefficients. This results in an accurate differentiation 

between muscles and fat tissue (Rossner et al., 1990)  

Several studies conducted using CT indicated a positive correlation between VAT area 

measurements and various CD complications. The exact measurements of attenuation 

coefficients for muscles and fat can vary. Cravo et al. found that the Hounsfield unit 

Figure 4.3: Ultrasonographic images of (A) severe mesenteric fat hypertrophy (m) assessed as a 

hyperechoic halo surrounding bowel wall (bw) in transverse section, and (B) mild mesenteric fat 

hypertrophy (m) in CD patients (Maconi et al., 2008). 
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(HU) for muscles ranges from -29 to 150; VAT from -150 to -50 HU, and SAT ranges 

from -190 to -30 HU. By using these different attenuation coefficients, they were able 

to calculate VAT and SAT areas at the level of the third lumbar vertebrae (L3). They 

found a higher correlation between increased VAT/SAT ratios in patients with 

inflammation in the colon than patients with inflammation at the terminal ileum (Cravo 

et al., 2017). 

Li et al.  used CT to calculate the ratio of VAT area to SAT area in CD patients at the 

level of the umbilicus, with the patient in the supine position. Their research showed 

that VAT areas and mesenteric fat index (MFI) (defined as the ratio of the VAT area 

to SAT area) measurements correlated well with a postoperative endoscopic recurrence 

at six months after surgery in 48 CD patients (Li et al., 2015). Figure 4.4 shows Li et 

al.’s results. Another study found that patients with visceral obesity had a significantly 

longer operative time (P = 0.012), more blood loss (P = 0.019), longer bowel resection 

length (P = 0.003), postoperative ileus (P = 0.039) and a greater number of 

complications overall thus implying a possible relationship between visceral fat 

hypertrophy and disease burden.  

While the typical modality for single-slice body fat measurements is CT, recent 

advances in MRI fat and water separation techniques proved that MRI could be a 

reliable modality for imaging fat (Klopfenstein et al., 2012). MRI is considered to be 

the preferred method for repeated volumetric measurements of abdominal fat quantity 

due to the exposure to ionizing radiation in CT scans (Seidell et al., 1990). When 

imaging a large field of view such as the abdomen, the Dixon method offers a better 

and more accurate water and fat separation compared to other sequences due to its 

robustness and SNR efficiency (Seidell et al., 1990). 
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4.2 Abdominal Fat Segmentation in MRI 

As previously mentioned, in CT, the differences between VAT and SAT fat can be 

detected using differences in attenuation coefficients between the tissues; however, 

standard MRI fat imaging techniques do not offer the same level of sensitivity to 

different types of fat tissue density. Therefore, to assess abdominal fat volumes in MRI, 

a post-processing segmentation method is required to differentiate between VAT and 

SAT. Due to this issue, some studies resorted to visual assessments by radiologists to 

indicate the existence of fat wrapping on MRE scans (Althoff et al., 2019) and manual 

segmentation for quantification of VAT and SAT areas (Z. Zhou et al., 2021). 

In Desreumaux et al.'s research, the intra-abdominal fat accumulation was quantified 

using a turbo-spin-echo sequence in patients with CD and healthy controls. In 

Figure 4.4: CT measurement of the visceral fat area (VFA) and subcutaneous fat area (SFA) of a patient 

with CD. (a) Original transverse CT imaging at the level of the umbilicus. (b) Total fat tissue was 

extracted from the original image. (c, d) VAT extracted from the original image. (e, f) SAT extracted 

from the original image. Correlation between the visceral fat area (VFA) (G), the mesenteric fat index 

(MFI) (H) and Rutgeerts scores in patients with available postoperative endoscopy results. r, 

Spearman’s correlation coefficient (Li et al., 2015). 
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transverse 6-mm-thick slices around the umbilicus region, areas of intra-abdominal and 

abdominal SAT tissues were estimated. A total of 31 abdominal fat and intra-

abdominal fat areas were quantified by manually outlining the total and intra-

abdominal fat areas. The abdominal SAT area was calculated by subtracting the intra-

abdominal fat area from the total fat tissue. Their results showed that while CD patients 

and HVs had similar total abdominal VAT and SAT fat areas, CD patients had a 

significantly higher ratio of intra-abdominal to total abdominal fat compared to HVs 

(0.34 ± 0.11 vs 0.22 ± 0.07; P= 0.012) (Desreumaux et al., 1999). 

In order to study the effects of fat wrapping on VAT, a segmentation method is needed 

to separate VAT and SAT fat in the abdomen. Traditionally, manual segmentation is 

used where a trained researcher draws lines separating VAT from the  SAT fat on the 

axial plane (Holt et al., 2017) (Kullberg et al., 2009).  Hence, researchers tend to use 

semi-automated segmentation methods such as active contouring (Benfield et al., 2008) 

and magic wand selection (Gronemeyer et al., 2000) to accelerate the segmentation 

process. However, both manual and semi-automated segmentation methods are time-

consuming and prone to biases by the operator. Some researchers developed fully 

automated segmentation algorithms based on fuzzy clustering (A. Zhou et al., 2011),  

graph-cuts (Christensen et al., 2017) and machine learning (Estrada et al., 2020). Many 

of these algorithms are bound to a specific region in the abdomen (Kullberg et al., 2007) 

or require access to high-performance computers and large training databases, such as 

the case for machine learning approaches. 

 

4.3 Aims and Objectives 

In order to establish an objective measurement of abdominal fat volumes, an automated 

segmentation algorithm was developed on MATLAB to calculate VAT and SAT 

volumes in axial MRI abdominal scans. 

Aim: To develop a segmentation algorithm to measure VAT and SAT volumes on 2-

point Dixon MRI scans and validate its performance against manual segmentation. 
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Objectives: 

• Develop a fast and easy to use segmentation algorithm that can differentiate 

between VAT and SAT accurately. 

• Compare the results generated by algorithm with manually segmented images. 

 

4.4 Methods 

4.4.1  Automated Abdominal Fat Segmentation Algorithm 

In order to employ image analysis techniques on MRI images to study abdominal fat, 

one of the most critical issues that needs to be resolved is distinguishing between VAT 

and SAT fat automatically. Once an automated and reliable algorithm has been 

developed to solve this problem, the rest of the image processing challenges are easier 

to solve. For this research, an algorithm has been created that utilizes a combination of 

adaptive grayscale thresholding, gaussian filters and morphological operations to find 

the inner abdominal area, which is then used to differentiate between VAT and SAT 

fat. Figure 4.5 shows a step-by-step diagram explaining the fat segmentation algorithm 

process.  

4.4.1.1 Selection of the Slices to be Used 

When the user runs the code, an interactive pop-up window will appear, showing the 

images in multiple orientations to aid the user in identifying the axial slices included 

in the quantification. A second window then asks the user to input the analysis's start 

and ending axial slice numbers. For this study, a region between the top of the hip joint 

and second lumbar vertebrae (L2) was selected for quantification across all subjects. 

Due to the height and position variations between each subject, this region's size and 

location can vary; hence, it was identified visually using the vertebral column as a 

reference. The imported images are converted into a black and white binary image 

using Otsu's adaptive thresholding method, which chooses a threshold that minimizes 

the interclass variance of the thresholded black and white pixels (Otsu, 1979). 
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Figure 4.5: A diagram explaining the fat segmentation algorithm in steps. 
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4.4.1.2 Line Extraction Function 

The algorithm loops through each axial slice utilizing a variation of MATLAB's 

"bwboundaries" function which is based on Moore-Neighbor tracing algorithm 

modified by Jacob's stopping criteria (MATLAB Bwboundaries - MathWorks, n.d.) to 

identify and label each connected shape and hole (zero pixels surrounded by one pixels) 

on the binary image. This is shown as step 2 in Figure 4.5. As the fat on the binary axial 

image appears as one connected bright shape, the function identifies the muscles as a 

large "hole" in that shape, which consists of muscles and organs. This is shown as step 

3 in Figure 4.5. After this hole has been identified, the algorithm runs multiple gaussian 

filters and morphological operations filling the mid-section of the shape with each step. 

At the end of this process, the resulting shape closely resembles the inner-abdominal 

area. This is shown as step 4 in Figure 4.5. Once all the axial slices have been processed, 

the algorithm performs multiple correction steps on the newly formed 3D inner-

abdominal structure by filling all missing gaps in the 3D inner-abdominal volume 

adjusting the shapes in each slice to closely resemble the shape in the slice before and 

after it. This process can even produce new axial inner-abdominal shapes to fill the 

missing slices if the first process failed to produce one. 

4.4.1.3 Segmenting Visceral Fat and Subcutaneous Fat 

The final 3D inter-abdominal shape is then used to differentiate between the SAT and 

VAT fat on the original image. The segmented images are then viewed on the software 

to evaluate the algorithm's performance on the coronal, sagittal, and axial planes. In the 

software viewing window, the VAT is outlined in green, and the SAT fat is outlined in 

red. This is shown as the final step in Figure 4.5. 

4.4.2 Dixon Images Segmentation Validation 

To validate the segmentation algorithm performance, 10 manually segmented Dixon 

images acquired from a previous study (Murray et al., 2019) were used as reference. 

Segmented images using the algorithm were compared to their corresponding manually 

segmented images using the Sørensen–Dice coefficient, which calculates the 
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similarities between two data sets (automated and manual segmentation) (Zou et al., 

2004).  

 

The validation scans were manually segmented into three regions, SAT region, VAT 

region and intramuscular & Spinal Tissue region (IMST). However, the algorithm only 

segments two regions, SAT and VAT which includes spinal and intramuscular fat as 

shown in Figure 4.6 A. While the algorithm performs multiple filtration steps to remove 

some of the spinal and intra-muscular fat, they are generally characterized as part of 

the VAT region. To evaluate the algorithm’s performance, fat tissues characterised as 

VAT in the algorithm segmentation was compared with fat tissue characterized as VAT 

in manual masks and it was also compared to the sum of the fat tissues from the 

VAT+IMST regions as the sum of these two masks generate a closer form to the 

intended segmentation as shown in Figure 4.6 B.  
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Figure 4.6: Segmentation masks generated from manual segmentation compared to 

algorithm generated masks. 
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4.4.3 Statistical analysis 

Shapiro-Wilk normality test was conducted on both groups to test the null hypothesis 

that the data has an abnormal distribution. 

Statistical analysis with unpaired, two-tailed t-tests were conducted, and differences 

were considered significant when the p-value was ≤ 0.05. All absolute values are 

presented as mean ± SD. 

Linear regression and Pearson's correlation coefficient (r) were used to calculate the 

correlation between fat volumes calculated using the automated algorithm and manual 

segmentation.  

4.5 Results 

A total of 10 manually segmented Dixon images (BMI=29.6±4.7 kg/m2) were used for 

evaluating the performance of the automated segmentation algorithm. Table 4.1 shows 

the segmentation validation results using Dice coefficient and correlation R values 

comparing fat volumes and ratios measured using automated and manual segmentation. 

Figure 4.7 shows VAT and SAT volumes calculated using the automated segmentation 

algorithm plotted against manually segmented SAT and VAT using the VAT manual 

mask. Table 4.1 show the performance of the segmentation algorithm in more detail. 

 

 

 

 

 

 

 

Figure 4.7: Plot diagram showing the correlation between fat volumes calculated using 

automated and manual segmentation. 
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For SAT, automated segmentation highly correlated with manual segmentation with a 

Pearson's correlation coefficient of 0.99; p>0.001 and a mean Dice coefficient of 

0.95±0.022. When comparing the VAT algorithm segmentation with the manual 

VAT+IMST mask segmentation, the results show an r value of 0.98 and a Dice 

coefficient of 0.90±0.03 compared to 0.85±0.034 when only the manual VAT mask 

was used as a reference as shown in Figure 4.8. While using different manual 

segmentation masks as a reference for VAT resulted in different dice coefficients, both 

manual masks resulted in a high correlation value (r= 0.98). 

The average algorithm processing time is 60 seconds on a machine with 2.6 GHz Intel 

i7-6700HQ CPU processor and 16.0 GB RAM. 

 

 Table 4.1: Segmentation algorithm performance validated against manual segmentation 

 Masks VAT VAT+IMST SAT VAT/TAT 

 Mean Manual Data (ml) 7860±2481 10096±2788 12816±6810 0.4±0.11 

 Range (ml) 4378-12251 6149-14786 5086-28860 0.24-0.57 

 Mean Auto Data (ml) 8903±2651 13038±6985 0.426±0.1 

 Range (ml) 5146-13400 5514-29590 0.27-0.59 

 Correlation (r) 0.98* 0.98* 0.99* 0.99* 

 Mean Dice Co-efficient 0.85±0.034 0.90±0.03 0.95±0.022 −−−− 

 * p-value<0.001 

Figure 4.8: Box plot showing the Dice coefficient 

values for VAT, SAT and VAT+IMST areas. 
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4.6 Discussion 

It is clear from Figure 4.7 that for the calculations of both VAT and SAT volumes the 

automated segmentation algorithm were very close to those calculated by the manual 

segmentation. The SAT trendline sits on top of the line of identity (the x=y line). 

However, the VAT trendline sits slightly above it. This indicates that the results from 

the automated algorithm were slightly higher than those calculated manually. This was 

to be expected as the automated algorithm results were compared to the VAT manual 

mask not the VAT+IMST mask.  

Looking at Table 4.1, the automated segmentation algorithm performed very well 

compared to manual segmentation with r values of above 0.98 overall and an average 

dice coefficient of 0.95±0.022 for SAT and 0.9±0.034 for VAT. This allows for a fast 

and objective measurements of abdominal fat volumes in MRI.  

While the algorithm demonstrated a high correlation with manual segmentation, 

removing the intramuscular and spinal fat from the VAT volume was not taken into 

account which explains the lower dice coefficient values for VAT segmentation when 

compared with manual VAT mask segmentation. 

The manual segmentation relies on identifying the greyscale threshold value visually 

for each scan. However, the algorithm uses adaptive Otsu’s automated thresholding 

method (Otsu, 1979). This introduces further discrepancies between the automated and 

manual segmentation.  

4.7 Conclusion 

The developed algorithm offers a fast and objective method to measure abdominal fat 

volumes. The algorithm was designed with a simple structure avoiding the need for 

high performance computers or long processing time. This allows for measuring a 

larger abdominal area and simplifying the measurement of abdominal fat in MRI for 

researchers and clinicians. 
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5  MRI Changes in Visceral Fat in Crohn’s Disease 

5.1 Introduction 

As explained in Chapter 3, fat hypertrophy is a radiological hallmark for CD that 

correlates well with fibrosis, transmural inflammation, and stricture formation. The 

developed segmentation algorithm simplifies abdominal fat analysis allowing for an 

objective and detailed measurements of abdominal fat in CD patients.  

 

5.2 Single Slice Versus Volumetric Measurement of 

Abdominal Fat 

While some studies examine abdominal fat measurements using volumetric 

measurements, most studies rely on single-slice cross-sectional imaging.  In CT scans, 

single-slice measurements of abdominal fat tissue were primarily adapted to limit 

exposure to ionizing radiation. The use of manual and semi-automated segmentation 

methods in MRI limits the use of volumetric measurements as they are time-

consuming. Some studies have shown that measurements of abdominal fat areas around 

the L3 and the L4 can be used as a surrogate measure for volumetric body fat in healthy 

volunteers (HV) (Shen et al., 2004) (Mourtzakis et al., 2008). However, other studies 

have indicated significant variations between single-slice and multi slice measurements 

(Ellis et al., 2007) (Kanaley et al., 2007). CD induces irregularity in abdominal fat 

tissue distribution, which may not be captured using single-slice imaging.  

 

Erhayiem et al. investigated the utility of abdominal fat ratios in differentiating between 

inflammatory CD and complicated CD in a retrospective study. They collected CT 

scans from 50 CD patients (29 patients with complicated CD and 21 patients with 

inflammatory CD). The ratio of VAT to SAT fat areas was measured using a single-

slice cross-sectional image at the level of the umbilicus (around the L4 vertebra). Their 

results demonstrated that patients with complicated CD had significantly higher 

abdominal fat ratios compared to patients with inflammatory CD (mean fat ratio for 
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complicated CD =0.48 ± 0.18, inflammatory CD=0.22 ± 0.09; p=.01). Figure 5.1 

shows their results (Erhayiem et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Büning et al.'s study included 24 CD patients and 11 healthy controls, which were 

scanned using axial T1w-flash MRI sequences and total fat mass (FM) with air-

displacement plethysmography. Both patients and HVs were females of similar age (P 

= 0.42) and BMI (P= 0.15). Their results showed a higher VAT/ total fat ratio in CD 

patients compared to healthy controls (65.2±24.4 mL/kg vs 36.7±24.5 mL/kg 

P=0.004). Figure 5.2 shows their results. Unlike the single-slice cross-sectional 

scanning method used in CT studies, the abdomen was scanned in the area between the 

symphysis pubis and the liver. Using a semi-automated segmentation software, they 

calculated different types of abdominal fat tissue volumes. They found that, on average, 

patients with CD accumulated nearly twice as much fat in the form of VAT compared 

to the healthy controls. Furthermore, their results showed an increased VAT/FM ratio 

at baseline, but not BMI, related to a higher disease activity six months later. This 

indicates that the assessment of VAT/FM ratios could have prognostic value in patients 

with CD (Büning et al., 2015).  

Figure 5.1: Differences in the ratio of VAT/SAT (MFI) between patients 

with inflammatory CD and patients with complicated CD plotted against 

the duration of the disease in years (Erhayiem et al., 2011). 
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Another study compared single-slice CT measurements at the L3 level with volumetric 

fat measurements on Dual-energy X-ray absorptiometry (DXA) in Crohn's patients. 

This study compared abdominal fat tissue measured from DXA scans with fat area 

measured from single-slice CT scans. While the study focused on muscle mass, their 

results show a very high correlation between CT measurements at the L3 and whole-

body DXA scans in SAT volume measurements (r=0.928, p<0.001, n=37); however, 

the study did not mention any significant correlation in VAT volumes which is where 

fat hypertrophy may induce fat volume variations across the abdomen (Bredella et al., 

2010). 

As the developed segmentation algorithm eliminates the time-consuming process of 

manual segmentation, it allows for a direct comparison between single-slice and 

volumetric measurements on the same MRI scans. 

5.3 Long Term Effects of Visceral Fat Hypertrophy  

Another aspect of fat wrapping that can be studied with the aid of automated 

segmentation, is the long-term effects of fat wrapping. While it’s been established as a 

marker for CD, long-term changes in abdominal fat due to CD has not been investigated 

thoroughly in research. 

Figure 5.2: Results of measuring VAT to abdominal fat ratio produced by Büning by using 

air-displacement plethysmography to measure total abdominal fat (Büning et al., 2015). 
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Z. Zhou et al. performed a longitudinal retrospective study evaluating the changes in 

MRI-based body composition during follow-ups in patients with CD. They included 

data from 49 CD patients that had baseline and follow-up MRE scans. VAT and SAT 

were manually segmented and measured at the level of the third lumbar vertebra (L3) 

from the axial T1-weighted images. The study compared multiple body compositions 

such as VAT areas, SAT areas, skeletal muscle and ratio of VAT to total abdominal fat 

(VAT/TAT) and compared them with disease activity biomarkers such as CRP and 

MRE scores. The correlation between CRP and body composition parameters was only 

reflected in the VA/TAT ratio (r = 0.355, p < 0.05). VA/TAT also showed high 

correlation with MRE scores proposed by Kitazume et al. (r = 0.479, p < 0.01) 

(Kitazume et al., 2019). Results also showed a decrease in the abdominal fat ratio 

(VAT/TAT) on follow-up scans compared to baseline scans in CD patients regardless 

of follow-up duration and treatment type implying that VAT/TAT ratios changes with 

treatment as patients go into remission (Figure 5.3) (Zhou et al., 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: (A) Changes in abdominal fat areas during follow-up in three CD cases. The VAT/TAT ratio 

changes of all three cases are − 11.95%, − 9.01% and − 12.88%, respectively. (B) Value of VAT/TAT 

index at baseline and follow-up (Zhou et al., 2021). 
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5.4 Aims and Objectives 

Based on the literature available, which depicts visceral fat hypertrophy as a 

radiological finding in CD, we hypothesize that it would be possible to use MRI 

volumetric measurements of intra- abdominal fat to assess the effects of fat wrapping 

in CD patients using the developed segmentation algorithm. 

Aim: To quantify mesenteric fat hypertrophy by measuring VAT and SAT volumes on 

MRI scans using the developed segmentation algorithm. 

Hypothesis: In a comparative study, the measured ratio of VAT to total adipose tissue 

(TAT) on MRI images will be higher in CD than in HVs. The measured ratio of VAT 

to TAT will change over time as a result of fat hypertrophy in CD patients in a 

retrospective longitudinal study using clinical MRI scans. 

Objectives: 

• Measure the ratio of VAT to TAT on retrospective scans of CD patients and 

HVs. 

• Recruit and scan a cohort of HVs and CD patients for a prospective comparison 

test. 

• Compare the results acquired from CD patients to HVs. 

• Implement a sub-analysis across a selected group of CD patients and HVs 

matched for BMI to investigate the dependency of VAT/TAT measurements on 

BMI. 

• Compare volumetric to single-slice measurements on 2-point Dixon MRI scans. 

• Measure the ratio of VAT/TAT in CD patients on multiple MRI scans acquired 

across long periods to trace abdominal fat growth in each CD patient. 

 

This chapter describes two separate retrospective studies and a prospective study 

performed to evaluate the extent of fat wrapping in CD patients. The first retrospective 

study compares 2-point Dixon MRI scans of CD patients and HVs to evaluate the 

differences in abdominal fat ratios in both groups. The second retrospective study 

evaluates abdominal fat volume changes across long periods of time by examining 
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retrospective MRE scans of CD patients that were acquired as part of their standard 

care practices. And finally, a prospective study evaluates the differences between 

patients with active CD and HVs recruited with a wide range of BMIs. The prospective 

study data was also used to examine the differences between single slice and volumetric 

measurements of abdominal fat. 

5.5 Methods 

5.5.1 Retrospective Comparative Study 

2-point Dixon scans of CD patients and HVs were acquired from four previous studies. 

HV scans were acquired from and “The Effects of Oral Feeding and Gastric Emptying” 

(Murray et al., 2019) study which was approved by NHS ethics committee (ref: 

A16042015, issued: 12/04/2016). CD patients’ scans were acquired from (Khalaf et al., 

2018) and (Mcging et al., 2022). 

5.5.2 Prospective Study Scanning Parameters 

2-point Dixon axial scans were acquired in the supine 

position between the top of the hip joint and L2 

vertebra on a Philips 3T Ingenia wide bore scanner 

(Philips, Best, The Netherlands). Table 5.1 shows the 

full scanning parameters. 

The study was approved by the University of 

Nottingham ethics committee (ref: 197-1901, issued: 

17/05/2019) for recruiting HVs and the NHS ethics 

committee (ref: 19/YH/0337, issued: 26/11/2019) for 

recruiting CD patients. All subjects gave informed 

consent and were required to fast for a minimum of 6 

hours prior to the scan. A planned sub-analysis was 

implemented across CD patients and HVs matched for BMI to investigate the effects 

of BMI variations on VAT and SAT volumes. Each patient was matched with a HV 

with the same gender and BMI (±1 kg/m2). 

Table 5.1: Prospective study 

scanning parameters 

Parameter 2-echo 

Dixon 

Plane Axial 

TR (ms) 3.7 

TE (ms) 1.19, 2.37 

Flip angle 10 

Turbo factor 1 

FOV (mm) 300×240×40

0 

Matrix size 384×384 

×150 

ST 3 mm 

Pixel spacing 

(x,y) (in mm) 

1.25×1.25 

Compression SENSE2 
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5.5.3 Prospective Study Eligibility Criteria 

CD patients inclusion criteria: 

• Age > 16 years 

• Active CD defined as: 

• Intestinal inflammation or deep ulceration seen on CT or MR 

enterography, with the disease activity quantified via the MaRIA score. 

• Ulceration seen at ileocolonoscopy, aiming for a simple endoscopic 

score for Crohn's disease (SES-CD) of 4-19 in the absence of 

complicated disease.  

• Faecal calprotectin of >250µg/g.   

• C-Reactive protein >5mg/dl.  

• Ability to give informed consent. 

• Willingness to adhere to the study protocol. 

CD patients' exclusion criteria: 

• Significant physical disability. 

• Abnormal blood results other than those explained by CD. 

• Pregnancy or breastfeeding. 

• Contraindications for MRI scanning, e.g. pacemaker. 

• Have any other inflammatory bowel disease other than CD that could 

influence the study's outcome. 

HVs Inclusion criteria: 

• Healthy. 

• Aged 18-75. 

• Male or female. 

• Able to give informed consent. 

HVs exclusion criteria: 

• Pregnancy declared by the candidate. 

• Contraindications for MRI scanning, i.e. metallic implants, pacemakers, 

history of metallic foreign body in the eye(s) and penetrating eye injury. 
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• History declared by the candidate of pre-existing gastrointestinal disorders 

that would affect the study results, such as inflammatory bowel disease, 

chronic liver disease and cancer in the abdomen. 

 

5.5.4 Comparing Single-Slice to Volumetric Measurements on Dixon 

Scans 

Single slice measurements in CT and MRI scans are typically applied on a 6 mm slice 

thickness. The study MRI scans have a slice thickness of 3 mm. Hence, to compare 

single slice to volumetric measurements, the automated segmentation software was 

used to segment two slices (6mm slice equivalence) around the L2, L3, L4 & L5 spinal 

regions. Pearson's correlation coefficient was used to calculate the correlation between 

volumetric and fat measurement in each region.  

5.5.5 Longitudinal Retrospective Study Data Collection 

MRE scans were acquired from NHS records under the following inclusion criteria: 

• Age > 16 years. 

• Participants have had multiple MRI scans across longs periods of times. 

• Active CD defined as Intestinal inflammation or deep ulceration seen on 

MR enterography 

• A minimum period of 6 months between each scan. 

6 patients were excluded from the study for having different scanning resolutions 

between each scan, which can affect the comparative measurements. 

All acquired MRE scans were taken between the year 2012 to 2022 under NHS ethical 

approval (ref: 296172 issued: 01/07/2021). 

5.5.6 Abdominal Fat Analysis in Clinical MRI Scans 

As mentioned in the previous chapter, a crucial part of the algorithm process is finding 

the line between VAT and SAT on an MRI image. Converting the MRI image to a 

binary image before the line extraction processes take place allows this algorithm to 
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work on various axial MRI scans by modifying the adaptive thresholding level to work 

for intended images. MRI sequences such as T1 weighted and 2-point Dixon scans are 

traditionally used for fat analysis. However, the line extraction function can also work 

on Time-of-Flight MR Angiography scans (Chapter 6) and MRI scans that clinicians 

routinely acquire as part of CD patients' clinical care.  

An MRI sequence that offers fat and water separation is required to study abdominal 

fat. For accuracy, the participant is typically asked to fast for a minimum of six hours 

before the scan, making sure that bowels are empty. If the patients' bowels contained 

water, they would appear bright on the image and might be misidentified as fat. CD 

patients typically undergo MRE scans as part of their treatment process, which are 

optimized to examine the bowels. Hence, prior to an MRE scan, the patient is required 

to drink an oral contrast agent making sure that the patient's bowels appear bright. An 

MRE scan requires multiple scanning sequences, which includes axial Single-Shot Fast 

Spin Echo (SS-FSE) used to assess for mural oedema and axial T2 Fast Imaging 

Employing Steady-state Acquisition (FIESTA) which is used for differentiating 

between oedema and submucosal fat (Griffin et al., 2012). On SS-FSE images, fat 

appears bright compared to muscles which can be utilized for fat measurements; 

however, the contrast agent in the bowel causes them to have a similar contrast to the 

fat. On FIESTA fat-saturated images, fat tissue appears dark with bright bowels. By 

combing both images, the FIESTA images can be used as a reference to remove the 

bowels from the SS-FSE image as shown in Figure 5.4. Once the bowels are deleted 

from the SS-FSE images, the resulting binary image can be used to measure VAT and 

SAT fat using the line extraction function. 
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5.5.7 MRE Scans Segmentation Validation 

To validate the automated segmentation performance on MRE scans, 2 slices were 

manually segmented around the L4 region on 11 SS-FSE MRI scans. Pearson's 

correlation coefficient was used to calculates the correlation between fat volumes 

calculated using automated and single-slice manual segmentation. 

5.5.8 Statistical analysis 

Shapiro-Wilk normality test was conducted on both groups to test the null hypothesis 

that the data has an abnormal distribution. Effect sizes were measured in normally 

distributed data using Cohen's d test with effect sizes of (d = 0.2) considered as small, 

(d = 0.5) as medium, and (d ≥ 0.8) as large based on benchmarks suggested by Cohen 

(Cohen, 1988). 

Statistical analysis with unpaired, two-tailed t-tests were conducted, and differences 

were considered significant when the p-value was ≤ 0.05. All absolute values are 

presented as mean ± SD. 

Figure 5.4: The use of FIESTA images to identify bowels in SSFSE images. 
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Linear regression and Pearson's correlation coefficient were calculated to evaluate the 

effects BMI and abdominal VAT volumes have on VAT/TAT fat ratios using SPSS 

software.  

 

5.6 Results 

5.6.1 Retrospective Comparative Study 

At total of 48 2-point Dixon scans were acquired from previous studies. Out of the 48, 

17 were CD patients (9 males and 8 females) and 31 HVs (25 males and 6 females).  

Average BMIs were 26±5 kg/m2 for CD patients and 27±5 kg/m2 HVs. CD patients 

had slightly higher fat ratios compared to HVs (mean VAT/TAT in HV= 0.3±0.1 and 

CD=0.34±0.1; p=0.37). Male CD patients had significantly higher VAT/TAT ratios 

compared to male HVs (mean VAT/TAT in Male HV= 0.33±0.095 and Male 

CD=0.42±0.085; p=0.02). A Shapiro-Wilk test was performed on both CD and HV 

groups which did not show evidence of non-normality for VAT/TAT fat ratios (CD; 

W= .969, p = .803) (HV; W= .943, p = .097). These can be seen in Figure 5.5. No 

significant differences were observed in the measured in VAT and SAT volumes 

between CD patients and HVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

* ** 

* 

* Nonsignificant p-value (>0.05) 

** p-value=0.023 

Figure 5.5: Box diagram showing the differences in VAT/TAT ratios in CD patients compared HVs. 
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5.6.2 Prospective Comparative Study Results 

15 patients with active CD and 17 HVs were 

recruited for this study. Details of the cohort are 

shown in Table 5.2. The HVs were selected to 

have a widespread BMI to investigate the effect 

of visceral fat growth on vascularity (BMI 

ranging from 21 to 42 kg/m2 with an average of 

29±7 kg/m2). CD patients had an average BMI 

of 25±3 kg/m2. The recruited patients had a 

higher average age compared with HVs. 13 out 

of the 15 CD patients underwent bowel 

resection surgery prior to the scan as part of their 

treatment. CD patients had significantly higher fat ratios compared to HVs (mean 

VAT/TAT in HV= 0.25±0.15 and CD=0.41±0.12; p=0.0013, d=1.17). Splitting the 

data by gender shows significant differences in VAT/TAT ratios in CD compared to 

HVs for both genders (mean VAT/TAT in females: HV= 0.17±0.04, CD=0.3±0.08; p 

=0.004) (mean VAT/TAT in Males: HV= 0.34±0.17, CD=0.49±0.06; p =0.03, d=1.12). 

These results are shown in Figure 5.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2: Prospective comparative study 

participant’s demographics  
 CD Control 

n 15 17 

Sex (%) 

Male 7 (54%) 8 (47%) 

Female 6 (46%) 9 (53%) 

Age (yr)   

Mean 49±14 30±10 

Range 25-81 22-62 

Mean BMI (±SD) 

(kg/m) 

24(±3) 29(±7) 

Mean CRP 

(±SD) (mg/L) 

6.6±6.8  ___ 

FC (±SD) (μg/g) 538±938 ___ 

* p-value <0.005 

** p-value<0.05 

Figure 5.6: Box diagram showing the differences in VAT/TAT ratios in CD patients compared to 

HVs in the competitive prospective study. 

* ** 

* 
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No significant differences were found in VAT and SAT volumes between CD patients 

and HVs. The results showed no significant correlation between VAT/TAT ratio and 

BMIs for both CD patients (r= -0.025; p= 0.92) and HVs (r=-0.22; p= 0.39). These 

results are shown in Figure 5.7. 

 

 

 

 

 

 

 

 

In HVs, a higher correlation was found between SAT and BMIs (r= 0.909, p <0.001) 

compared to VAT (r= 0.498, p = 0.042). In CD patients, both SAT and VAT fairly 

correlated with BMIs (VAT; r= 0.56, p = 0.024), (SAT; r= 0.569, p = 0.021). These 

results are shown in Figure 5.8. 

 

 

 

 

 

 

 

Figure 5.7: VAT/TAT ratio of CD patients and HVs plotted against their BMIs. 

Figure 5.8: VAT and SAT volumes for HV (left) and CD patients’ (right) plotted against their 

BMIs.  
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Out of the 17 HVs, 8 were selected to match 8 CD patients in BMIs and gender (mean 

BMI= 26±3 kg/m2) for further comparison between the two groups. CD patients 

showed higher VAT/TAT values in the sub-analysis compared to HV with matched 

BMIs (mean VAT/TAT in matched BMIs test HVs=0.25±0.13 compared to 0.4±0.11 

for CD; p=0.03). Figure 5.9 shows the VAT/TAT ratios of each HV paired with a CD 

patient with a matching BMI and gender.  

 

 

 

 

 

 

 

 

 

5.6.3 Comparing Single-Slice to Volumetric Abdominal Fat 

Measurements  

Single slice measurements in CT and MRI scans are typically applied on a 6 mm slice 

thickness. This study’s MRI scans have a slice thickness of 3 mm. Hence, to evaluate 

the efficiency of using single-slice abdominal fat measurements compared to 

volumetric measurements, the automated segmentation software was used to segment 

two slices (6mm slice equivalence) around the L2, L3, L4 & L5 spinal regions. 

Table 5.3 shows the results of comparing volumetric fat measurements (L2 to the hip 

joint) to single-slice measurements around the L2, L3, L4 and L5 regions for CD 

patients and HVs. 

Figure 5.9: Paired dot graph showing HVs 

compared with CD patients with matching 

BMIs. 
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Results showed very high correlation between single-slice and volumetric fat 

measurements (L2 to the hip joint) and single-slice measurements for both CD and HVs 

with highest correlation for VAT, SAT, and VAT/TAT ratio around the L5 region.  

 

Figure 5.10 shows VAT, SAT and VAT/TAT ratios calculated from single-slice 

measurements around the four spinal regions plotted against volumetric measurements 

for HVs and CD patients. 

  

 

 

 

 

 

Table 5.3: Comparing the results of single-slice and volumetric measurements  

 

VAT SAT VAT/TAT 

HV CD HV CD HV CD 

Average fat volume ± std 

Volumetric 2038±1304 2509±1031 6607±4089 3622±1630 0.25±0.14 0.41±0.12 

L2 61±46 71±42 123±91 69±34 0.34±0.17 0.47±0.13 

L3 58±41 67±38 152±99 84±39 0.28±0.15 0.43±0.15 

L4 50±37 65±31 182±107 99±44 0.22±0.14 0.39±0.12 

L5 57±32 65±26 197±121 113±51 0.25±0.14 0.37±0.11 

Pearson’s correlation with volumetric measurements 

L2 0.967* 0.847* 0.977* 0.918* 0.940* 0.866* 

L3 0.988* 0.891* 0.982* 0.941* 0.979* 0.933* 

L4 0.985* 0.937* 0.991* 0.911* 0.982* 0.943* 

L5 0.982* 0.958* 0.994* 0.971* 0.977* 0.954* 

* p-value<0.001 
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Figure 5.10: Scatter plots showing the correlation between single-slice (L3 and L5) and volumetric 

measurements for VAT (first row), SAT (second row) and VAT/TAT ratios (bottom row) for HVs (left) 

and CD patients (right). 
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5.6.4 Longitudinal Retrospective Study 

A total of 41 MRE scans from 16 CD patients with multiple MRE scans were acquired 

from NHS records. 6 patients were excluded from the study for having different 

scanning resolutions between each scan, which can affect the comparative 

measurements. As a result, 25 MRE scans acquired from 10 CD patients (5 males) were 

included in the study. Out of the 10 patients, 5 had three scans at separate time points, 

and 5 had two scans with a minimum of one year between each MRE scan. 

To validate the performance of the segmentation algorithm on the CD patients’ scans 

collected from NUH database, out of the 25 scans included in this study 11 scans were 

randomly selected for manual segmentation. Two axial slices were manually 

segmented around the L4 region as some of the scans did not include the L5 region. 

Results showed a very high correlation between manual single-slice measurements and 

automated algorithm volumetric measurements for VAT (r=0.98; p<0.001), SAT 

(r=0.87; p<0.001) and VAT/TAT ratios (r=0.92; p<0.001). These results are shown in 

Figure 5.11. 

 

 

 

 

 

 

 

 

 

Between the first and the last scan, 7 patients (4 males and 3 females) showed an 

increase in VAT/TAT ratio (mean VAT/TAT changes= +5.9%±5.6%; over a period of 

125±64 months) and 3 patients had a decrease in VAT/TAT ratios (mean VAT/TAT 

changes= 4.5% ±3.7%; over a period of 77±43 months). For VAT volumes, 5 CD 

Figure 5.11: Scatter plots showing the correlation between manual single-slice and automated 

volumetric measurements for VAT & SAT (left) and VAT/TAT ratios (right).   
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patients showed an increase between the first and last acquired scan (mean VAT 

changes= +21%±14%; over a period of 103±59 months) and 5 patients showed a 

decrease in VAT volumes (mean VAT changes= -15%±12%; over a period of 91±44 

months). For SAT volumes, 5 CD patients showed an increase between the first and 

last acquired scan (mean SAT changes= +20%±13%; over a period of 81±37 months) 

and 5 patients showed a decrease in VAT volumes (mean SAT changes= -18%±8%; 

over a period of 89±47 months). These are shown in Figure 5.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.12: Changes in VAT/TAT ratio (top), VAT (middle), SAT (bottom) plotted against time 

since the first scan in months. 
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5.7 Discussion 
 

Using the segmentation algorithm, a retrospective study was performed using MRI 

Dixon images of CD patients and HVs acquired from previous studies. These results 

were shown in Figure 5.5 (Chapter 5.6.2). These results did not show significant 

differences in VAT/TAT ratios between the two groups which could be explained by 

the high ratio of males to females in HVs (25 males and 6 females). Splitting the data 

by gender revealed significant differences in VAT/TAT ratios between male CD and 

HVs (mean VAT/TAT in HV= 0.33±0.095 and CD=0.42±0.085; p =0.02). No 

significant differences between female HVs and CD patients were found which can be 

explained by the small number of female subjects in both groups (8 CD and 6 HVs) 

and the significant differences in BMIs (26±4 kg/m2 for CD patients compared to 23±2 

kg/m2 for HVs).  

For further analysis, we recruited a cohort of 15 CD patients and 17 HVs with a wide 

range of BMIs for a prospective comparative study. Results shown in Figure 5.6 

indicate that CD patients had a significantly higher VAT/TAT fat ratios compared to 

HVs (mean VAT/TAT in HV= 0.25±0.15 and CD=0.41±0.12; p =0.0013, d=1.12). The 

differences proceeded even after splitting the data by gender (mean VAT/TAT in 

females: HV= 0.17±0.04, CD=0.3±0.08; p =0.004) (mean VAT/TAT in Males: HV= 

0.34±0.17, CD=0.49±0.06; p =0.03). Sub-analysis results displayed in Figure 5.9 

showed that CD patients had a significantly higher VAT/TAT ratios compared to HVs 

after matching for BMI and gender. While VAT and SAT volumes showed significant 

correlation with BMI (as shown in Figure 5.8), VAT/TAT ratios showed no correlation 

with BMI (as shown in Figure 5.7) making it a more robust measurement to assess the 

effects of fat wrapping in CD patients. These results agree with previous studies which 

showed significant differences in VAT/TAT ratio between CD patients and HVs 

(Desreumaux et al., 1999), CD patients with higher and lower disease activity 

(Labarthe et al., 2020) and CD patients with complicated and inflammatory CD 

(Erhayiem et al., 2011).  
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Table 5.3 shows a detailed analysis comparing volumetric fat measurements with 

single-slice measurements taken at the level of L2, L3, L4 and L5. Results showed that 

single-slice measurements highly correlated with volumetric measurements across all 

regions. Measurements at the L5 level showed correlation values above 0.95 for both 

fat tissues across CD patients and HVs. Previous studies have been conducted on the 

validity of single-slice fat tissue measurements however, they were mostly conducted 

on HVs (Shen et al., 2004) (Mourtzakis et al., 2008). These results showed that while 

the correlation between single-slice and multi-slice measurements can vary depending 

on the spinal position in CD patients, they can still be used as a surrogate measurement 

for volumetric fat volumes. However, these small variations may have a larger impact 

on studies with small sample size. For example, for the sub-analysis group, volumetric 

measurements revealed significant differences between HVs and CD patients (mean 

VAT/TAT in HVs=0.25±0.13 compared to 0.4±0.11 for CD; p=0.03), these differences 

become insignificant when using measurements at L5 (mean VAT/TAT in 

HVs=0.25±0.11 and 0.35±0.09 for CD; p=0.08). 

For the longitudinal retrospective study, automated volumetric fat measurements 

showed high correlation to manual single-slice measurements at the L4 region on 11 

randomly selected MRE scans. 

Results showed that even though VAT and SAT volumes fluctuated between each scan, 

VAT/TAT ratios increased in 7 out of the 10 CD patients between their first and last 

acquired MRE scan. While more information regarding treatment and surgical history 

is required for further analysis, previous studies showed a high correlation between 

disease activity and VAT/TAT ratios in longitudinal studies of CD patients. Z. Zhou et 

al.’s study showed a decrease in the VAT/TAT ratios on follow-up scans compared to 

baseline scans in CD patients regardless of follow-up duration and treatment type. 

However, their results also showed that VAT/TAT correlated well with CRP (r = 0.355, 

p < 0.05) and MRE scores (r = 0.479, p < 0.01) (Zhou et al., 2021). Büning et al. used 

air-displacement plethysmography to measure total abdominal fat. Their results 

showed an increased VAT/FM ratio at baseline, but not BMI, which related to a higher 

disease activity six months after the baseline measurements (Büning et al., 2015). 
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The results further validate the value of abdominal fat measurements for IBD diseases 

such as CD. Fast and automated measurements of abdominal fat tissues not only can 

aid in quantifying the effects of visceral fat hypertrophy, but they also allow for further 

detailed analysis of abdominal fat distribution such as comparing the fat volumes at the 

L2, L3, L4 and L5. Characterizing abdominal fat distribution can potentially reveal 

whether the effects of fat wrapping are higher around the effected bowel segments 

compared with the rest of the abdominal region. 

The use of FIESTA and SS-FSE scans allow for identification of the bowel location 

however, patient movement between each scan causes further segmentation errors. In 

the prospective study, CD patients had a higher age compared to HV (CD age =49±14 

and HV age=30±100) which may influence abdominal fat differences between the two 

groups. For the retrospective longitudinal study, more information about the treatment, 

surgeries, and medical history is required for further analysis. Since the MRE scan 

sequences were not optimized for imaging fat, noise interferences and image contrast 

variations cause some fat mis-registrations. 

5.8 Conclusion  

Establishing a significant correlation between single-slice and volumetric abdominal 

fat measurements in CD patients could potentially help future IBD researchers that do 

not have access to an automated segmentation method. 

Both retrospective and prospective comparative studies showed significant differences 

in VAT/TAT ratio between CD patients and HVs demonstrating the usefulness of the 

VAT/TAT ratio as a surrogate measure for fat wrapping in CD. Thus, paving the way 

for the inclusion of an accurate and objective assessment of fat wrapping in CD disease 

activity metrics. Further validation to standard disease activity metrics is needed across 

larger cohorts to better investigate the utility of abdominal fat ratios as a potential 

biomarker as a non-invasive measure of disease activity. 
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6 Mesenteric Blood Flow 

6.1 Introduction 

CD is known to be associated with hypervascularity of the mesentery, including 

vascular dilation and wide spacing of the vasa recta (Meyers & McGuire, 1995). The 

arteries supply to the small bowel branch out to a series of intestinal arteries within the 

mesentery. The terminal branches, or vasa recta, appear tall and widely spaced in the 

jejunum and become shorter and more closely arranged in the ileum (Stallard et al., 

1994). Mesenteric hypervascularity is not specific to CD and could be seen in 

mesenteric thromboembolism, vasculitis, and bowel strangulation. The presence of the 

comb sign helps to identify acute inflammation in the patient with known CD and can 

help in differentiating active CD from hypovascular diseases such as lymphoma 

(Madureira, 2004). 

6.2 Mesenteric Vascularity in CT 

CT is regarded as the ideal modality to view the effects of hypervascularity in CD. On 

CT enterography scans (CTE), the hypervascularity of the mesentery with vascular 

dilation resembles the shape of the teeth of a comb; hence it's known as the comb sign. 

Some studies attempted to quantify the effects of the comb sign using CT; in most 

cases, it is used as a binary marker rather than a quantitative measurement where 

radiologists view each image and confirm or deny its presence in each subject. These 

binary measurements form a part of a more extensive disease activity scoring index 

(M. Chen et al., 2017).  

Sakurai et al. investigated disease activity parameters on CTE including bowel-wall 

thickening, mural hyperenhancement, mesenteric hypervascularity (comb sign), 

increased fat density, mesenteric fibrofatty proliferation, and enlarged mesenteric 

lymph nodes validated against endoscopic findings using the Simple Endoscopic Score 

for Crohn’s Disease (SES-CD) (Sakurai et al., 2017). The severity of mesenteric 

hypervascularity was assessed by measuring the diameter of each vessel and 
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characterising it as normal, mild or severe and was given a score of 0, 1 or 2 

accordingly. Their results show that mesenteric hypervascularity exhibited a higher 

correlation with SES-CD compared with standard bowel wall measurements. 

Wu et al. implanted a manual quantification method for measuring mesenteric 

hypervascularity in CD using CTE scans. This was done by drawing multiple 1 cm2 

ROIs around the mesentery in each scan, where expert radiologists manually calculated 

the number of vessels in each ROI in a double-blind manner (as shown in Figure 6.1). 

Their work showed that accurate quantification of the comb sign could be used as a 

categorical variable in a disease activity index for CD (Wu et al., 2012). 

 

 

 

 

 

 

 

 

Mesenteric angiography is a contrast agent-based X-ray diagnostic tool employed to 

examine vessels in the abdomen. While its primary use is to identify the source of 

bleeding in intestinal haemorrhage, it can be used to investigate the blood vessels that 

supply the small and large intestines. Figure 6.2 shows mesenteric angiography applied 

on a CD patient in a case study (Friedman & Tegtmeyer, 1979). 

 

 

Figure 6.1:  Coronal CTE images showing mesenteric vessels in a CD patient (A) compared to a 

healthy volunteer (B). A White arrow indicates a 1 cm2 ROI used for generating a comb sign score 

(Wu et al., 2012). 
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However, ionising radiation and the use of contrast agents limit the utility of CT and 

X-ray-based angiographic diagnostic tools for repeated assessment of hypervascularity 

in CD. Magnetic resonance angiographic imaging (MRA) techniques offer a safer and 

non-invasive alternative for visualising mesenteric vessels in CD. 

6.3 Visualising Mesenteric Blood Flow Using MRA 

Phase-Contrast angiography (PC-MRA) is used to study blood flow by applying 

bipolar magnetic field gradients, which cause a phase shift in moving spins. When 

stationary spins are subjected to bipolar gradients, they experience no net phase shift, 

but moving spins will gain a net phase shift proportionate to their flow rate. Spins 

flowing with the same speed but in opposite directions will have equal but opposite 

phase shifts. Blood flow velocity can be quantified by measuring phase changes. 

Although PC-MRA can provide quantitative measures, it typically requires a longer 

scanning time than other MRA methods. Its most common use is as a low-resolution 

sequence for identifying the location of the carotid arteries and distinguishing the 

degrees of stenosis in renal and carotid arteries (Wheaton & Miyazaki, 2012). Since 

PC-MRA requires a longer scanning time and cannot provide high-resolution images, 

 

Figure 6.2: Mesenteric angiography used on a CD patient 

showing dilation of the vasa recta and tangled small blood 

vessels (Friedman & Tegtmeyer, 1979). 



Mesenteric Blood Flow 

107 
 

it is rarely used for simple angiography (without quantification) across large areas of 

the body, such as the abdomen.  

Contrast-enhanced angiography uses contrast agents to shorten the T1 of blood in 

vessels and hence provide contrast with respect to background tissue in a T1 weighted 

image. This method can provide quantitative information about inflow when applied 

as a dynamic imaging approach. However, it does involve high costs, inconvenience, 

risk of using a contrast agent, and limited spatial resolution because of the need to 

image rapidly during the inflow. 

Time of Flight (TOF) is one of the most widely used MRA imaging techniques, 

although it is not generally quantitative (it is closely related to Arterial Spin Labelling). 

TOF-MRA uses inflow-related enhancement to visualise the vessels. It obtains contrast 

between flowing blood and background tissues by altering the magnetization in the 

imaging slice, such that the magnitude of the magnetization from new spins moving 

into the slice is much larger than the magnitude of the magnetization from the stationary 

tissue spins (Ivancevic et al., 2009). This is achieved by applying multiple repetitive 

RF pulses, causing the stationary tissues in an image to be magnetically saturated with 

low steady-state magnetization levels. The new blood that flows into the slice has not 

experienced these pulses and thus possesses a higher initial magnetization. This causes 

the new blood to appear much brighter compared to background tissue as illustrated in 

Figure 6.3. 

 

Repetitive  

RF pulses  

RF pulses saturate spins in slice Unsaturated blood flows into slice 

Bright blood with dark background  

Slice thickness 

Figure 6.3: Illustration of TOF MRA flow-related enhancement, where fully magnetized blood flows 

into a slab of magnetically saturated tissue whose signal has been suppressed by repetitive RF pulses. 
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Figure 6.4 shows the difference between 2D TOF and Contrast-enhanced TOF imaging 

(Babiarz et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

While there are other more advanced angiographic sequences, such as the quiescent 

interval single shot (QISS) and flow-sensitive dephasing (FSD) (Wheaton & Miyazaki, 

2012), the simplicity of 2D TOF-MRA, along with its fast acquisition, makes it an ideal 

scanning sequence for quantifying mesenteric vessels across the whole abdominal 

region. 

In order to use TOF-MRA to quantify mesenteric hypervascularity objectively, a fully 

automated image analysis algorithm is needed to characterise an increase in the volume 

of abdominal vessels robustly without relying on a visual assessment by radiologists. 

Most angiographic quantification methods take into account signal intensity, vessels' 

length, volume, and the number of branches (L. Chen et al., 2019) (Fedorov et al., 

2012). Many algorithms developed for quantitatively characterising angiographic 

images operate in a semi-automated fashion, such as region growing techniques (Elena 

Martínez-Pérez et al., 1999) and active contouring (Nain et al., 2004). Fully automated 

methods have also been developed, such as Fuzzy-based Vascular Structure 

Enhancement (Forkert et al., 2011) and DeepVesselNet (Tetteh et al., 2020); however, 

Figure 6.4: A sample carotid artery scanned using 2D TOF without 

Contrast enhancement (A) and contrast enhanced MRA (B) (Babiarz et 

al., 2009). 
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they are aimed at volumetric measurements or rely on machine learning which requires 

large training data. 

A simpler quantification method can be obtained using a morphometric approach 

where a single line of pixels represents each vessel in a process known as 

skeletonization. This approach allows for easier vessel tracing and measurement of 

vessels’ lengths and branching points (L. Chen et al., 2018) (L. Chen et al., 2019). This 

study focuses on measuring the number of vessels’ branching points as a primary 

outcome. The low-resolution nature of contrast free TOF-MRA scans in the abdomen 

inhibits the ability of capturing the small vessels around the bowel that appear on CT 

images as the comb sign. Vessels arborization though are assumed to be good 

surrogates of vasodilation and increased blood flow typically observed in an inflamed 

segment of bowel. We hypothesise that arborization as measured through the 

arborization index is a sensitive measure of intestinal hyperaemia and intestinal 

inflammation. 

6.4 Aims and Objectives 

Aim: To develop an objective method to quantify mesenteric hyperaemia in 

vascularization of the bowel on TOF-MRA using a fully automated algorithm and test 

it in a small comparative study on a group of CD patients and HVs 

Hypothesis: The  detected vascularization on TOF images will be higher in CD than 

HVs. 

Objectives: 

• Develop and test a TOF-MRA sequence for imaging vessels across the whole 

abdominal area. 

• Develop and test a MATLAB algorithm to automatically trace and quantify the 

extent of vessels breaching in the abdomen as a measure for the comb sign. 

• Recruit and scan a cohort of HVs and CD patients for a comparison test. 
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• Validate the repeatability of the developed method by acquiring multiple scans 

of the same subjects, testing the coefficient of variance, biological variations 

and data distribution. 

• Compare the results acquired from CD patients to HVs. 

• Implement a sub-analysis across a selected group of CD patients and HVs 

matched for BMI to investigate the effect of visceral fat growth on vessels’ 

breaching. 

• Compare the measured volume of vessels breaching points to abdominal fat 

distribution measured using 2-point Dixon scans in both CD and HVs to 

investigate the relationship between vascularization and visceral fat as it has 

been suggested that fat is proinflammatory. 

This chapter is split into three sections, first describing the optimisation of the MRI 

sequence, the second describing the development of the quantification algorithm and 

finally, the last detailing the study performed using this approach. 

6.5 Methods 

6.5.1  Optimisation of the MRI Sequence 

TOF-MRA relies on flow-related perturbation of the saturation of the magnetization 

which occurs when stationary tissues are subjected to multiple RF pulses. These RF 

pulses repeatedly flip the longitudinal magnetisation towards the transverse plane. 

While increasing TR allows more time for T1 relaxation between pulses, if the RF 

pulses are widely spaced, complete recovery occurs, and no saturation effect is 

observed. Hence, most TOF imaging sequences utilise shorter TR where the next RF 

pulse is applied before fully recovering longitudinal magnetisation. The longitudinal 

magnetisation evolves to a new lower steady state. The tissues within the imaged 

volume are partially saturated, lowering their MR signal. Fresh unsaturated blood 

flowing into the imaged area has not been subjected to these RF pulses and is therefore 

fully magnetised. When fresh blood enters a slice and is subjected to its first set of RF 

pulses, its signal is stronger than that from the tissues within the slab. A longer TE 
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increases the signal from vessels; however, this also causes signal loss due to spin-

phase dispersion. A larger flip angle causes more background suppression but increases 

the power deposited in the subject and can thus limit the TR and scan time.  

Maximum flow-related enhancement arises when inflowing blood completely replaces 

pre-existing blood in the slice. When blood flow is perpendicular to the slice, maximum 

enhancement occurs when: 

                 𝑣 ≥
𝑆𝐿

𝑇𝑅
,                                         (6.1) 

where v is the velocity of blood flow and SL is the slice thickness.  Hence, smaller slice 

thickness ensures that slower blood flow is included in the imaging. 

All these parameters are limited by the maximum possible scanning time, especially 

when imaging the whole abdomen where each area of the scan is acquired during a 

breath hold to minimise motion artefacts. 

An ideal abdominal angiographic sequence produces an image with high contrast 

between bright vessels and dark background tissue whilst allowing the data to be 

acquired in breath holds to minimise the effects of diaphragm motion during a 

reasonable scan time (total number of breath-holds required to cover the whole 

abdomen). 

To investigate these trade-offs and identify an angiographic sequence that can be used 

for visualizing abdominal vessels, a total of 9 TOF-MRA scans were performed on a 

female HV (BMI=23) using a 3T Ingenia wide bore scanner (Philips, Best, The 

Netherlands). The scans were acquired under a Development Ethics Approval for 

scanning HVs. Each scan was performed with different parameters such as flip angle 

(FA), echo times (TE), repetition time (TR), slice thickness (ST) and slice orientation, 

as shown in Table 6.1. 
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The TOF sequences' performance was evaluated by examining the histograms of the 

images and applying multiple grayscale thresholds on the images from each sequence, 

to determine a sequence that could offer the best separation between the dark 

background and the bright vessels. Figure 6.5 shows three images scanned using flip 

angles of 30⁰, 50⁰, and 60⁰. Applying different grayscale thresholds to each image 

indicates that a larger flip angle provides a darker background and a wider separation 

between the vessels and the rest of the body (including fat which has a short T1 and 

hence shows brighter signals on these heavily T1 weighted images).  

Table 6.1: TOF test scans parameters 

Orientation  TR (ms) TE (ms) FA (ms) ST (mm) 

Transverse 6 2.5 30 3 

Transverse 6.8 1.88 50 3 

Transverse 6.8 2.2 50 3 

Transverse 6.8 2.2 60 3 

Transverse 9.8 2.16 60 3 

Sagittal 6 2.5 30 3 

Sagittal 6 2.5 30 4 

Sagittal 6.8 2.2 50 3 

Coronal 6 2.5 30 3 

TR, Repetition Time; TE, Echo Time; FA, Flip Angle; ST, Slice Thickness. 

      FA=30⁰                        FA=50⁰                        FA=60⁰ 

Threshold 

=10% 

Threshold 

=20% 

Threshold 

=30% 

Figure 6.5: TOF images scanned with flip angles of 30⁰, 50 ⁰and 60⁰ converted into binary images 

using thresholds of 10%, 20% and 30%. 
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These tests demonstrated that to visualise abdominal vessels, the ideal TOF scanning 

parameters are FA=60, TR=9.8, TE=2.16, ST=3 mm with a resolution of 0.9×1.2×3 

mm. Visual examination showed that scans acquired in the transverse plane performed 

better than other orientations due to the direction of blood flow in the abdomen, despite 

taking longer to cover the whole abdomen. The scan was divided into five sets, each 

consisting of 16 slices. Each set was acquired during a breath-hold to avoid any motion 

artefacts in the images. Each breath-hold lasted 19 seconds with a short resting period 

between every breath-hold for the subject. The five sections were combined to form a 

data set of 80 slices covering the whole abdomen from the kidneys to the pelvic region.  

 

6.5.2 TOF Quantification Algorithm 

To objectively quantify the extent of vascular branching in the abdomen, a MATLAB 

algorithm was developed that tracks the vessels on a TOF-MRA data set using  

morphological operation, image filtering and maximum intensity projection. Figure 6.6 

shows a brief outline of the subsequent algorithm.  

 

 

 

 

 

 

 

 

 

 

 

Convert binary image to a skeletonized 

image using morphological operations 

(section 6.5.2.5) 

Remove subcutaneous fat using the modified 

line extraction function (section 6.5.2.3) 

Display the original MIP with skeletonized vessels highlighted 

in red and branching points highlighted in yellow (Figure 6.12) 

The user chooses the slices to be included 

from the imported images (section 6.5.2.1) 

Count the number of branching points on 

skeletonized image (section 6.5.2.6) 

Import TOF images 

Create a binary image from the images using 

threshold optimisation (section 6.5.2.2) 

Create a 3D maximum intensity 

projection (MIP) (section 6.5.2.4) 

Figure 6.6: Flow chart showing a brief outline of the algorithm process 
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6.5.2.1 Selection of The Slices to be Used 

When the user runs the code, an interactive pop-up window will appear, showing the 

images in multiple orientations to aid the user in identifying the axial slices included 

in the quantification. A second window then asks the user to input the start and ending 

axial slice numbers for the analysis. For this study, a region between the top of the hip 

joint and second lumbar vertebrae (L2) was selected for quantification across all 

subjects. Due to the height and position variations between each subject, this region's 

size and location can vary; hence, it was identified visually. 

6.5.2.2 Threshold Optimisation 

To apply morphological operations and shape filtering, a binary black and white image 

is required. To adequately convert the grayscale TOF images into a binary image, the 

threshold used to distinguish between the foreground and background needs to be 

chosen so that the binary image contains the highest possible volume of vessels while 

minimising background noise. Multiple grayscale thresholding methods have 

previously been developed to find the optimum threshold using the image's intensity 

histogram, such as Otsu's method, which chooses a threshold that minimises the 

intraclass variance of the converted image's black and white pixels. While these 

methods work very well for standard MRI images such as T2-weight images, the 

vessels on TOF images have very bright pixels compared to the background, and their 

volume constitutes a small percentage of the whole image. Hence, the intensity 

histogram of a TOF images looks more compact towards the lower pixel intensity 

values as shown in Figure 6.7. For this reason, typical thresholding methods cannot 

successfully identify the vessels and isolate them from the rest of the darker anatomical 

background. 
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Therefore, a specialised function was developed to find the ideal threshold for axial 

TOF images. This is done by an iterative thresholding method which finds the threshold 

value that offers the highest volume of pixels in the middle area of the image (largely 

visceral vessels and visceral fat) while having the lowest volume of pixels in the outer 

area of the image (largely SAT fat). The inner area is defined as a box in the centre of 

the image (as shown in Figure 6.8) that contains a third of the image's volume, whereas 

most of the background and noise and unwanted anatomical structures (particularly fat) 

are found outside this area. 

 

 

 

 

 

Figure 6.7: pixel intensity histogram of a TOF image compared with a T2-weighted image of the 

same subject. 
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6.5.2.3 Modified Line Extraction Function 

The line extraction function described in Chapter 4.4.1.2 was adapted to work with 

different types of MRI sequences. By choosing a low threshold for the TOF sequence, 

VAT and SAT tissues become more pronounced , as shown in figure 6.8. The resulting 

binary image can then be used to segment the VAT area using the line extraction 

function. Vessels from the kidneys and liver which were included in the region of 

interest, were manually segmented out. 

6.5.2.4 Maximum Intensity Projection 

Almost all MRI methods for visualising vessels use maximum intensity projection 

(MIP) to display the results. The MIP is created by automatically selecting the 

maximum value of each voxel across multiple slices and showing the selected voxels 

in a single slice image. This technique allows for a 3D reconstruction of the vessels on 

a 2D plane, as shown in Figure 6.9. Generating multiple MIPs of a volumetric scan can 

provide depth information from the rotating perspective. 

The 

correct 

threshold 

Figure 6.8: TOF iterative thresholding method where the algorithm generates multiple 

thresholds and finds the value which offers the maximum number of pixels in the yellow box 

and the lowest number of pixels in the red box. 

5% 11% 

14% 17% 20% 

8% 
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The algorithm generates a 3D MIP within the masked and thresholded TOF-MRA 

dataset. This is done by rotating the TOF image 360⁰ in 20⁰ increments and creating a 

MIP after each increment resulting in a total of 18 MIP images for each scan. While 

measurements on a MIP image may be proportional to the true values, it does not reflect 

the exact measurements in mm due to the loss of depth information in the projection 

image. 

6.5.2.5 Morphological Skeletonization and Branching Points 

 In order to analyse the vessels’ length and branching points, each vessel is converted 

into a single line of pixels. This process is known as skeletonization. Similar to the 

erosion function described in Chapter 2.3.5, the function uses a combination of 

morphological operations and filters to achieve the desired structure (Kerschnitzki et 

al., 2013) (Lee et al., 1994). By using the right filters and structuring elements, each 

group of connected pixels can be eroded into a single pixel as shown in Figure 6.10. 

Figure 6.9: Maximum Intensity projection (MIP) diagram showing an overview of how projection 

images can be produced from a multi-slice MRA image data (Biglands et al., 2012). 

Slices from MRA 

pulses sequence 

stored and 

processed as 

volumetric data set 
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As a result, each vessel in converted into a single line of pixels. This process is then 

repeated for each generated MIP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.5.2.6 Vessels’ Branching Points Detection 

Once the binary image has been converted into a skeletonized version, branching points 

can be detected by using a structuring element that reflects the branching angle and 

shape. Figure 6.11 shows an example of using one structuring element to detect all 

branching points on an image by applying the AND operator on all orientations of the 

structuring element. 

 

Convert 

to binary 

Skeletonization  

Figure 6.10: Vessels’ tracing process in steps using skeletonization. 

MIP 
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After going through all these steps, the algorithm displays a 360 MIP of the TOF-MRA 

scan with vessels traced by the algorithm highlighted in red and branching points 

highlighted in yellow. Figure 6.12 shows the final result produced by the algorithm. 

The algorithm produces an arborization index - which is the total number of branching 

points seen on all MIP images of the TOF scan divided by 18 (number of MIPs for 

each scan). The algorithm also produces a secondary measurement that represents the 

total vessels length which is the sum of all the pixels in the traced vessels divided by 

the number of projections (18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: Vessels branching points detection process using AND operator on multiple orientations 

of the same structuring element. 

Figure 6.12: TOF MIP with the vessels traced denoted in red and vessels branching 

denoted in yellow 
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6.5.3 Study Scanning Parameters 

The developed scanning sequence and quantification 

algorithm were tested out in a human study 

comparing CD patients with HVs. 2D TOF scans 

were acquired in the supine position between the top 

of the hip joint and L2 vertebra on a Philips 3T 

Ingenia wide bore scanner (Philips, Best, The 

Netherlands). Table 6.2 shows the full scanning 

parameters.  

The study was approved by the University of 

Nottingham ethics committee (ref: 197-1901) for 

recruiting HVs and the NHS ethics committee (ref: 

19-YH-0337) for recruiting CD patients. All subjects gave informed consent and were 

required to fast for a minimum of 6 hours prior to the scan. No contrast agents were 

used for the TOF-MRA scans. 

6.5.4 Statistical Analysis 

Second TOF scans were acquired for 6 HVs and 8 CD at the end of each scan to 

evaluate the variability of the quantification method.  

To assess the accuracy of the measurement method, biological variations within each 

group and test-retest repeatability were evaluated using the coefficient of variation 

(CV):  

Biological variations CV = 

[
SD(arborization index of all subjects within each group)

mean(arborization index of all subjects within each group)
] × 100        (4.2) 

Test − retest variability CV = 

[
SD(arborization index of all repeated scans of each volunteer)

mean(arborization index of all repeated scans of each volunteer)
] × 100     (4.3) 

Table 6.2: TOF scanning 

parameters 

Parameter 2D TOF 

Plane Axial 

TR (ms) 9.8 

TE (ms) 2.16 

Flip angle 60 

Turbo factor 1 

FOV (mm) 300×240×400 

Matrix size 336×336×80 

ST 3 mm 

Pixel spacing 

(x,y)(in mm) 

1.19×1.19 

Compression SENSE2 

TR, Repetition Time; TE, Echo Time; 

FA, Flip Angle; ST, Slice Thickness. 
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Shapiro-Wilk normality test was conducted on both groups to test the null hypothesis 

that the data has an abnormal distribution.  

A planned sub-analysis was implemented across CD patients and HVs matched for 

BMI to investigate the effect of visceral fat growth on the arborization index. Each 

patient was matched with a HV with the same BMI (±1 kg/m2). 

Statistical analysis with unpaired, two-tailed t-tests were conducted, and differences 

were considered significant when the p-value was ≤ 0.05. All absolute values are 

presented as mean ± SD. Effect sizes were measured in normally distributed data using 

Cohen's d test with effect sizes of (d = 0.2) considered as small, (d = 0.5) as medium, 

and (d ≥ 0.8) as large based on benchmarks suggested by Cohen (Cohen, 1988). 

 

Linear regression and Pearson's correlation coefficient (PCC) were calculated to 

evaluate the relations between BMI, abdominal fat ratios (VAT/TAT), abdominal VAT 

and the arborization index using SPSS software. 

 

6.6 Results 

15 patients with active CD and 17 HVs were recruited for this study (Table 6.3 shows 

the details of the cohort). The HVs were selected to have a widespread of BMIs to 

investigate the effect of visceral fat growth on vascularity (BMI ranging from 21 to 42 

kg/m2 with an average of 29±7 kg/m2). CD patients had an average BMI of 25±3 kg/m2. 

 

 

 

 

 

 

 

 

 

 

 

Table 6.3: Participant’s demographics  

 CD Control 

 n 15 17 

 Sex (%)   
 Male 7 (54%) 8 (47%) 

 Female 6 (46%) 9 (53%) 

 Age (yr)   
 Mean 46 28 

 Range 25-67 22-62 

 Mean BMI (±SD) (kg/m) 24(±3) 29(±7) 

 Mean CRP (±SD) (mg/L) 6.6±6.8  ----- 

 FC (±SD) (μg/g) 538±938  ___ 
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Figure 6.13 shows the visual difference between a CD patient and a HV on the TOF 

MIPs. The Figure shows the vessels traced by the algorithm in red and the branching 

points highlighted in yellow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14 reveals that CD patients showed a significantly higher vessels arborization 

in the abdomen when compared with HVs (mean arborization in HVs= 98±34 and 

CD=137±34; p =0.001, d=1.3). Out of the 16 HVs, 10 with an average BMI of 23±3 

kg/m2 were selected to match 10 CD patients with an average BMI of 23±3 kg/m2 for 

further comparison between the two groups. CD patients showed higher arborization 

values in the sub-analysis compared with a group of 10 HV with matched BMIs (mean 

arborization in matched HVs= 103±24 compared to 145±36 for CD; p=0.007, d=1.37). 

Figure 6.15 shows the arborization index of each HV paired with a CD patient with a 

matching BMI. 

 

 

 

 

 

 

Figure 6.13: TOF MIP of CD patient (left) and a HV (right) with the vessels traced denoted in red and 

vessels branching denoted in yellow.  

Female CD patient, BMI=25 Female HV, BMI=28 
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CD patients also showed a significantly higher vessels length in the abdomen when 

compared with HV (mean vessels length in HV= 817±143 and CD=990±169; p-value 

=0.004, d=1.1) (Figure 6.16). CD patients showed higher vessels length values in the 

sub-analysis compared with a group of 10 HV with matched BMIs (mean vessels length 

in matched HVs= 836±124 compared to 1032±189 for CD; p=0.015, d=1.23). Figure 

6.17 shows the vessels length index of each HV paired with a CD patient with a 

matching BMI. 

 

The average algorithm processing time is 60 seconds on a machine with 2.6 GHz Intel 

i7-6700HQ CPU processor and 16.0 GB RAM. 

 

 

 

Figure 6.14: Box diagram showing the difference in 

arborization between HVs and CDs patients.  

p-value= 0.001  
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Figure 6.15: A dot plot showing arborization 

index of 10 HV compared with 10 CD patients 

with matching BMI. 
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6.6.1 Biomarker Technical Validation 

The CVs for biological variations were 25% in the arborization index and 17% in the 

vessels’ length index for both groups. Test and retest variability calculated from a total 

of 15 repeated TOF scans of the same subjects gave a mean CV of 9±6% for the 

arborization index and 5±4% for the vessels’ length index for both groups combined. 

  

A Shapiro-Wilk test was performed on both measurement methods CD and HV groups 

and did not show evidence of non-normality (CD; W = 0.97, p = 0.98) (HV; W = 0.94, 

p = 0.34) for the arborization index and (CD; W = 0.93, p= 0.35) (HV; W = 0.9, p = 

0.09) for the vessels’ length index. 

Figure 6.18 shows a high correlation between the arborization index and the measured 

total vessels length with a correlation coefficient of r= 0.926; p<0.001 for both groups 

combined. 

 

Figure 6.16: Box diagram showing the difference 

in vessels length between CD and HVs. 

p-value= 0.004  

Figure 6.17: A dot plot showing total vessels’ 

length of 10 HV compared with 10 CD patients 

with matching BMI. 
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Figure 6.19 shows the arborization index for both groups plotted against BMI. The 

results show no significant correlation between the arborization index and BMIs (r= -

0.2601; p=0.31 for HVs and r=-0.20; p=0.44), which indicates that the arborization 

index is not significantly affected by BMI for both CD patients and HVs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.20 shows a diagram of CD and HVs' arborization index plotted against VAT 

fat volumes in ml calculated from 2-point Dixon scans which produced a Pearson 

correlation coefficient with an r=0.24; p=0.34 for HVs and r= 0.46; p=0.082 for CD 

Figure 6.18: plot diagram showing arborization index of CD and HVs plotted against vessels length. 

Figure 6.19: plot diagram showing arborization index of CD and HVs plotted against their BMI. 

A
rb

o
ri

za
ti

o
n

 in
d

ex
 



Mesenteric Blood Flow 

126 
 

patients. This shows that the measured arborization index does not increase with higher 

fat volumes in both HVs and CD patients. 

 

 

 

 

 
 

 

 

 

 

 

Figure 6.21 shows the arborization index of CD and HVs plotted against abdominal fat 

ratios (VAT/TAT) calculated from 2-point Dixon scans which gave correlation 

coefficient values of r=0.25, p=0.33 for HVs and r=0.52, p=0.045 for CD. Higher 

abdominal fat ratios suggest the existence of fat wrapping in CD patients.  

 

 

 

 

 

 

 

Figure 6.20: Plot diagram showing CD and HVs’ arborization index plotted against VAT fat volumes 

in ml. 
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Figure 6.21: Plot diagram showing CD and HVs’ arborization index plotted against abdominal 

fat ratios.  
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6.7 Discussion 

The study showed that the arborization index measured from TOF-MRA scans using 

the automated quantification algorithm resulted in significant increase in vascularity of 

the visceral region in CD patients compared to HVs agreeing with prior hypothesis.  

CD patients had significantly higher vessel arborization in the abdomen when 

compared with HVs (as show in Figure 6.14). To validate that the measured 

arborization index reflects hypervascularity caused by CD opposed to healthy fat tissue 

growth in the abdomen, we measured the regression of the arborization index with 

BMI, VAT volumes and abdominal fat ratios (as shown in Figure 6.19, Figure 6.20, 

and Figure 6.21). No significant correlation was found in between the arborization 

index and BMI or VAT volumes for both CD patients and HVs, indicating that healthy 

abdominal fat growth does not influence the measured arborization for this study’s 

sample. Calculating the total length of all the vessels traced on TOF-MRA MIPs also 

resulted in significant differences between the CD patients and HV (p =0.004, d=1.1).  

Sub-analysis of 10 CD patients and 10 HVs showed that the differences in measured 

arborization and total vessels length between CD and HVs persisted after controlling 

for BMI (as shown in Figure 6.15 and Figure 6.17). 

While measuring vessels lengths is likely more prone to noise, resolution changes, and 

torso length, comparing the two acquired measurements showed a very high correlation 

between the arborization index and the total vessels length with r=0.926; p<0.001. 

Figure 6.21 shows a high correlation in CD patients between the arborization index and 

VAT/TAT abdominal fat ratio measurements taken from 2 point-Dixon scans with an 

r-value of 0.52; p=0.045 for CD patients compared to r= 0.25; p=0.33 for HVs. This 

indicates that the measured hypervascularity correlates with increased VAT/TAT ratio 

in CD, which could relate to the effect of fat wrapping potentially causing an increased 

abdominal fat ratio (VAT/TAT). 
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While TOF scans reflect the structure of abdominal vessels, they rely on blood flow 

through these vessels to generate the contrast seen in the images. In the case of 

increased disease activity and inflammation in a patient, it is suspected that more 

vessels will appear on these scans as there will be increased blood flow to these sites. 

On the other hand, in the case of decreased disease activity and inflammation in a 

patient, although the number of vessels may stay the same, fewer vessels will appear 

on these scans as there is less blood flow to these sites. This makes TOF an ideal 

biomarker for evaluating the performance of treatments and disease progression. 

The association of mesenteric hypervascularity with CD has been established in the 

literature however, most research approaches have been done using visual assessment 

by radiologists on CTE images as a binary biomarker for CD activity where radiologists 

visually assess the images and confirm or deny the existence of the comb sign (M. Chen 

et al., 2017) (Colombel et al., 2006). Wu et al. implemented a retrospective 

quantification of the comb sign by drawing 20 regions of interest (ROIs) with an area 

of 1 cm2 on CTE images. They were used to count the number of vessels manually by 

radiologists in each ROI and averaged across each subject. 72 CD patients and 42 HVs 

scans were used in this study. The patient group was further divided into active and 

inactive CD groups using Rutgeerts' score. They found that quantitative comb sign 

scores were significantly higher in the CD than in the control group and noticeably 

higher in active CD patients when compared to inactive CD patients. Erythrocyte 

sedimentation rate (ESR) levels were well correlated with quantitative comb sign 

scores at arterial and venous stages. This study found that an accurate quantification 

comb sign predicted CD activity with an accuracy rate of 78.4% at the arterial stage 

and 80% at the venous stage (Wu et al., 2012). 

Vessel branching and length measurements have been used as a metric for vascular 

features extraction in TOF-MRA, primarily in brain imaging (L. Chen et al., 2018) (L. 

Chen et al., 2019). Most automated or semi-automated vascular measurements methods 

attempt to quantify anatomical features of arterial vasculature, such as size, symmetry, 

branching characteristics, and bifurcation angles (Wright et al., 2013). Y. C. Chen et 

al.  demonstrated that the number of lenticulostriate arteries measured on TOF-MRA 



Mesenteric Blood Flow 

129 
 

scans could be used as a biomarker for hypertension (Y. C. Chen et al., 2011). 

However, a direct translation of these methods into imaging the abdomen is not trivial 

and often requires a specialized sequence development which most likely will generate 

further complications such as abdominal motion, fat structure complexity and, use of 

contrast agents. This level of detailed analysis could be achieved in the brain by using 

3D TOF-MRA, which requires a long scanning time. This is not feasible for abdominal 

imaging, which requires the scan to be acquired during a breath hold. As a result, 

abdominal TOF-MRA has a lower resolution and larger slice thickness than what's 

traditionally used in the brain. 

While MRI can be used to visualise the comb sign using different methods such as 

post-contrast T1-weighted MRI (Stanley et al., 2016) (Salerno et al., 2019), MRI based 

CD activity indices such as Clermont, and MaRIA scores do not take quantitative 

measurements of the comb sign into account when evaluating the severity of the 

disease. The difficulty of objectively quantifying hypervascularity in MRI caused it to 

be overlooked when formulating methods for disease activity assessment. TOF-MRA, 

along with the developed algorithm, offer a simple and reliable method to quantify 

hypervascularity without the need for contrast agents or any manual effort, which will 

facilitate the adoption of this measure as a biomarker of disease activity. 

The simplicity of the TOF-MRA scanning sequence, which can be applied in many 

clinical MRI scanners without the need for a contrast agent, makes it an ideal addition 

to standard MRI scanning sequences used in clinical practice for the assessment of CD 

activity. The algorithm was designed to be light and easy to use on any computer by 

researchers or health care specialists without the need for high-performance computers 

or training data, such as is required for machine learning approaches. 

Several filtering and noise correction steps were implemented in the algorithm structure 

to limit background noise and minimise misregistration of vessels' branching points. 

However, some misregistration occurs due to motion, water in the bowels, and Stair-

Step artifacts. Scans need to be acquired during a 19-second breath hold, which some 

patients might find harder to manage. If a patient failed to hold their breath during a 

scan, tissue motion might cause bright areas to appear on the image masking vessels in 
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that area and in some cases bright vertical lines caused by abdominal motion might be 

characterized as vessels. The visibility of the vessels on the TOF images depends on 

the rate of flow through the vessels, which may affect the results. It may be likely that 

practical abdominal MRI scans will be unable to detect the most distal small vessels.   

In interpreting the reported results of the arborization index analysis, it is important to 

consider potential confounding factors that may have influenced the observed 

differences between the groups. One notable confound is age, as the CD patients were 

older than the healthy volunteers (Table 6.3). Age could potentially impact mesenteric 

vessels morphology and may therefore affect the arborization index measurements. 

Similarly, other demographic factors such as height and BMI may also have influenced 

the results. 

To ensure that the comparisons made reflect the true mesenteric vessels branching, it 

would have been beneficial to account for these confounds in the analysis. For instance, 

a covariate analysis could have been performed, where age, height, and BMI were 

included as covariates in the statistical model. This would allow for a more accurate 

assessment of mesenteric vessels arborization, while controlling for potential 

confounding factors. 

Furthermore, other variables such as disease activity, medication, and duration of 

illness may also have influenced the results. Including these variables in the analysis 

would help to clarify their contributions to the observed differences in the arborization 

index. 

For this study we did not look to optimise the sequence acquisition at 1.5 T, however 

lower SNR may not allow the same precision of the algorithm to detect the branching 

points. These factors have not been fully investigated yet but may prevent the adaption 

of the method to 1.5 T clinical scanners. 

Further validation to standard disease activity measures is needed across larger cohorts 

to better investigate the utility and reversibility of this biomarker as a non-invasive 
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measure of disease activity. This is a small pilot study, but a larger group of CD patients 

is currently being recruited. 

6.8 Conclusion 

We have produced an automated and objective method of assessing the arborization of 

vessels in the abdomen using a simple sequence which can be implemented on widely 

accessible MRI scanners without the need for a contrast agent. We have used this to 

detect the expected increase in arborization in CD patients. 

Our preliminary data suggest that the arborization index can detect hypervascularity 

which may be a result of intestinal inflammation in IBD. Further validation to standard 

disease activity measures is needed across larger cohorts to better investigate the utility 

of this potential biomarker as a non-invasive measure of disease activity and its 

reversibility to IBD therapies. 
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7 Conclusions and Future Work 

The main objectives of this thesis have been to develop and evaluate non-invasive 

MRI-based methods for assessing disease activity in CD. Accurate and reliable 

methods for monitoring disease activity and assessing treatment response are essential 

for effective CD management, but traditional techniques, such as endoscopy are 

invasive, may be uncomfortable and unable to completely assess the small bowel. 

 

The first part of this study investigated the potential use of abdominal fat measurements 

as a biomarker for fat wrapping, a characteristic feature of CD. Both retrospective and 

prospective comparative studies showed significant differences in the ratio of VAT to 

total abdominal fat (VAT/TAT) between CD patients and HVs, suggesting that this 

ratio could be used as a surrogate measure for fat wrapping in CD. These findings 

provide support for the inclusion of an accurate and objective assessment of fat 

wrapping in CD disease activity metrics and suggest that abdominal fat ratios may have 

potential as a non-invasive biomarker for CD. The development of an automated 

abdominal fat segmentation algorithm, which was used to measure abdominal fat 

volumes in this study, represents an important step towards more objective and 

quantitative assessments of fat wrapping in CD. 

 

The second part of the study developed and validated an automated algorithm for 

tracing and analysing abdominal vessels on time-of-flight MRA scans to assess 

mesenteric vascularization in CD patients. The results showed an expected increase in 

vessel arborization in CD patients, which forms part of the pathophysiological process 

of intestinal inflammation. These findings suggest that the arborization index could be 

used as a potential biomarker for non-invasively assessing disease activity and 

evaluating the response to treatment in CD. The ability to automatically trace and 

quantify vessel arborization on MRI scans using this algorithm represents a significant 

advancement in the field, as it allows for more objective and quantitative assessments 

of mesenteric vascularization in CD patients. 
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Overall, the results of this study provide promising evidence for the utility of both 

abdominal fat ratios and vessel arborization as non-invasive measures of disease 

activity. These methods offer a valuable alternative to traditional invasive techniques, 

and have the potential to improve the accuracy and reliability of disease activity 

assessment in CD. However, it is important to note that these methods are still in the 

early stages of development and further validation across larger cohorts and 

comparison to standard disease activity metrics is needed to fully evaluate their 

potential as biomarkers and to understand their relevance to CD management. 

 

In addition, there are several limitations and potential sources of bias that should be 

considered when interpreting the results of this study. The sample size of the CD patient 

group in both parts of the study was relatively small, and the results may not be 

generalizable to other populations. It is also possible that other factors, such as 

medications, diet, and lifestyle, may have influenced the results and should be taken 

into account in future studies. 

 

Despite these limitations, the findings of this thesis contribute to the growing body of 

knowledge on the use of MRI-based methods for non-invasive assessment of disease 

activity in CD and highlight the potential of these methods as a valuable tool for CD 

management. Further research is needed to fully understand the clinical utility and 

relevance of these methods and to optimize their use in clinical practice. 

 

7.1 Future Work 

For this study, recruited patients had undergone clinical MRE scans close to the date 

of their study scan. Expert radiologists are currently evaluating the clinical scans to 

generate a MaRIA score disease activity index which will be used to further validate 

the results of this study. 

The next step in this research will be to finish gathering data through the recruitment 

and evaluation of additional patients in order to expand the sample size and data 

diversity. Currently, a multi-centre study is being set up in which TOF scans are 
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collected from CD patients as part of their clinical scans. TOF scans may be useful for 

evaluating the effectiveness of treatments and disease progression in CD by examining 

the changes in blood flow to abdominal vessels due to changes in inflammation and 

disease activity. The results of this study could potentially provide insight into the 

usefulness of TOF scans as a biomarker for monitoring the effectiveness of treatments 

and disease progression in CD patients. Additionally, a scanning sequence is also being 

developed to work on clinical MRI scanners from a variety of manufacturers. This is 

important as most clinical scans are acquired using 1.5 T MRI scanners, and the ability 

to use the developed scanning sequence on these scanners would make it more widely 

applicable in clinical practice. By focusing on the development of a scanning sequences 

that are compatible with a range of clinical scanners, it will be possible to gather a 

larger and more diverse sample of data, enabling a more robust evaluation of the utility 

of the arborization index as a non-invasive measure of disease activity in CD and its 

reactivity to medical and surgical intervention. 

Another area of focus for future work will be to investigate the potential applications 

of the automated segmentation algorithm developed in this study in other contexts, such 

as monitoring the response to weight loss and evaluating the impact of surgical 

interventions on abdominal fat. The segmentation algorithm is currently being used in 

multiple research projects, including studies on the effects of exercise training on liver 

fat composition and visceral fat volumes in individuals with type 2 diabetes. This 

demonstrates the potential utility the developed algorithm in a variety of settings and 

highlights the need for further research to explore their potential applications. 

One extension of this research is the use of magnetic resonance spectroscopy (MRS) 

to examine the biochemical composition of VAT in CD patients. MRS is a non-

invasive technique that can be used to measure the concentrations of various 

metabolites in tissues, including fat. By analyzing the MRS spectra of VAT in CD 

patients, it may be possible to identify specific biochemical changes that are associated 

with disease activity or treatment response. This could provide additional insights into 

the underlying mechanisms of fat wrapping and further evolve our understanding of 

the physiology behind its formation.  
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Another extension of this research is the use of multi-echo Dixon techniques which 

could be explored to study changes in visceral fat. These techniques involve the 

acquisition of multiple echoes at different echo times, which is used to separate fat and 

water signals and quantify their relative contributions to the signal intensity. This 

results in what is known as Proton Density Fat Fraction (PDFF). As fat hypertrophy  

consists of densely packed adipose cells, fat fraction could potentially reveal the exact 

location of fat hypertrophy  in visceral fat. 

Further efforts will also be made to improve the algorithms by incorporating additional 

imaging sequences and using more advanced image processing techniques in order to 

enhance their sensitivity, specificity and pave the way for their application in clinical 

practice. 
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