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Abstract

The use of Magnetic Resonance Imaging (MRI) as both a clinical and research
tool has increased substantially over the last 40 years. However, one area of use
that has seen a smaller benefit from this increase is the structure and function of
the gastrointestinal system. Faster acquisition methods and improved computer
analysis techniques now mean that measures that are routinely made outside of
the abdomen can start to be utilised in the gastrointestinal system.

The aim of this thesis was to address key gaps in the availability of quan-
titative measures in the gastrointestinal system using MRI. Whilst there are
many challenges that could have been addressed, three areas which all relate to
inflammatory gastrointestinal diseases were chosen.

The first relates to the lymphatic system which plays an essential role in all
inflammatory diseases. Quantitative measures of the lymphatic system in the
abdomen could provide further insight into Gl diseases. In this thesis methods to
visualise the abdominal lymph nodes were developed and significant differences
between the lymph nodes in patients with inflammatory gastrointestinal disease
and healthy volunteers were measured.

The second area of focus was the bowel wall which is implicated in many
inflammatory gastrointestinal diseases. lIts relatively small size and unpredictable
motion have meant that common MRI measures such as T1 and T2 have never
been made in the non-enlarged bowel wall. In this thesis T2 was shown to
correlate with the current standard measures of bowel wall permeability providing
a new non-invasive method of investigating the structure of the bowel wall.

The third and final area was the quantification of fat in the abdomen. Whilst
this topic has largely been tackled in the liver at low field strengths the con-
founding factors that effect its measurement have not been taken into account
outside the liver or at higher field strengths. The current methods of fat quan-
tification were tested and found to not be appropriate for use in the colon at
3T due to the large field inhomogeneities present. The first in vivo fat quan-
tification maps at 7T were generated using in-house fitting methods which was

found to perform better than the current vendor product for fat quantification.



Bringing these three topics together provides a good starting block for tackling
the deficiencies currently present in quantitative GI MRI and the tools developed
throughout this thesis will be applicable across many diseases that impact the

gastrointestinal system.
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1. Introduction

1 Introduction

Gastrointestinal (Gl) diseases are a major burden on the UK health care system
with around 1 in 6 hospital admissions and 1 in 6 surgical procedures relating to
gastrointestinal diseases. Gl diseases also have a huge impact on the quality of
life of patients with symptoms ranging from mild abdominal pain to malnutrition
and severe pain. The incidences of most gastrointestinal diseases are increasing
in the UK (). Currently there is a lack of non-invasive methods to study and
monitor gastrointestinal diseases with patients undergoing endoscopies, colono-
scopies and biopsies in order to be diagnosed and monitored.

Magnetic Resonance Imaging (MRI) has the potential to meet the shortfall in
non-invasive methods to diagnose, assess and research gastrointestinal diseases.
Hardware deficiencies meant that initially radio frequency (RF) drop out was
common in the centre of the abdomen until dual transmit systems were intro-
duced. Despite this being resolved quantitative MRl measures of the structure
of the Gl system fall far behind their counterparts based outside of the abdomen.
This is probably due to the increased difficulty in the acquisition and analysis of
images from the abdomen because of respiratory motion and peristalsis.

The overall aim of this thesis was to develop quantitative MRl measures
of the gastrointestinal system which are applicable to a range of gastrointesti-
nal diseases and where possible to investigate the variation of these measures

between healthy volunteers and patients.

1.1 Overview of Thesis

Chapter 2 provides the theoretical background required for the work carried out
in this thesis. It covers the principles of Nuclear Magnetic Resonance (NMR),
Magnetic Resonance Imaging and the image acquisition methods used through-

out this thesis.

Chapter 3 provides the medical background relevant to this thesis. Included

is a description of the gastrointestinal system, its structure and function and a
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1. Introduction

basic description of the Gl diseases investigated throughout this thesis.

Chapter 4 provides details of experimental work that was aimed at developing
quantitative measures of the lymph nodes in the abdomen and the optimisation
of the acquisition techniques used. The chapter details the first quantitative
measures of the abdominal lymph nodes that have been acquired in healthy vol-
unteers. It then progresses to detail a patient study that compared quantitative
measures of lymph nodes between healthy volunteers and patients with a range

of gastrointestinal diseases.

Chapter 5 describes the first quantitative T1 and T2 measures of the healthy
bowel wall. The main focus of the chapter was not the acquisition of the im-
ages, which is relatively straight forward, but the development of an automated
analysis package which could serve as a clinical tool to make T1 and T2 mea-
surements of the bowel wall. The developed programme was used in a healthy
volunteer provocation study aimed at measuring small changes in the bowel wall
and in a follow up study measuring the inter observer and intra subject repro-

ducibility of these measures.

Chapter 6 describes the use of fat quantification in regions which do not fall
into the target areas for vendor fat quantification products which are optimised
to work mainly in the liver at 1.5T and 3T. Outside of the liver and at higher
field strengths it is unlikely that vendor products use fully optimised algorithms
which could result in a decreased accuracy in fat quantification. Two key ar-
eas were selected for fat quantification, the liver at 7T and the colon at 3T.
Monte Carlo simulations were used to test currently used liver fat quantification
methods at 3T and 7T. The aim of the simulations was to determine whether
currently used methods and the assumptions that accompany them can be made
in more difficult to image areas such as the colon at 3T and in the liver at 7T.
The first in vivo liver fat quantification at 7T is presented along with preliminary

in vivo measurements of colonic fat at 3T.
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2. MRI Theory

2 MRI Theory

2.1 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) was first described by Bloch and Purcell
in 1946 (1, 2). NMR describes the interaction of a nucleus with an external
magnetic field. For their work they were both awarded the Nobel Prize for
Physics in 1952. Lauterbur and Mansfield later went on to apply the principles of
NMR to the field of medicine, bringing about a new medical imaging technique,
Magnetic Resonance Imaging (MRI), which in 2003 won them the Nobel Prize in
Medicine (3, [4)). This chapter firstly describes the basic principles of NMR and
how these are used to produce magnetic resonance images. The MRI techniques
that are used in the experimental chapters of this thesis are also described.

2.1.1 Spin and Nuclear Magnetism

NMR describes the interaction between a nucleus, which possesses an intrinsic
property called spin, with an external magnetic field. A nucleus with a spin, T,

is said to have a spin angular momentum, J, which can be calculated as

J=nJ/I0I+1) (2.1)

where here h is h/27, where h is Plank’s constant.

Both J and I are quantum numbers with I being restricted to integer, or
half integer values. Paired nucleons within a nucleus cancel each other out,
therefore only nuclei with an odd number of protons or neutrons possess an
overall non-zero spin. For a proton I = 1/2. As protons are charged the spin

angular momentum produces a magnetic moment g,

p=nJ. (2.2)

where 7y is the gyromagnetic ratio of the nucleus and is dependent on the charge

16



2. MRI Theory

and mass of the nuclei. In classical physics 7 is calculated as

q
V=5 (2.3)
Due to its high abundance in the human body the hydrogen nucleus is used to
generate the majority of magnetic resonance (MR) images. It has a gyromag-
netic ratio of 42.58 MHzT~!, the highest of any nucleus. Another commonly
used nucleus in the body is sodium which has a gyromagnetic ratio of 11.27
MHzT~!. A high gyromagnetic ratio gives a high signal to noise ratio in an MR

image. All work in this thesis uses 'H protons.

2.1.2 Nuclei in an External Magnetic Field

Without the presence of an external magnetic field spins are randomly orientated
which, in large spin systems, produces a net magnetization of zero. However,
when an external magnetic field is applied the spins either align along the direc-
tion of the external field (parallel) or against it (anti-parallel) (Figure [2.1).

The magnetic dipole moment, as described by the quantum model, has a
restricted number of orientations limited by its spin quantum number m;. The
number of orientations is given by 27 + 1, for example a nucleus with spin I can
take on the values m; = -I, (-I+1), (-1+2),...,0,...,(1-2),(I-1),I. Therefore for a
hydrogen nucleus with spin number I = 1/2, two orientations exist, m; = +1/2
orm; = —1/2.

Using m; the angular momentum of the spin in an external field, u., is
calculated as

w = yhmy (2.4)

where z is the direction of the external magnetic field By. This gives rise to two
possible angular momentum states in which hydrogen nuclei can exist: p, =
+1/2 giving p = +~h/2 2, or p, = —1/2 giving p = —vh/2 2.

In an external magnetic field both these states have an energy associated

17



2. MRI Theory

Pz
+1/2F) e m z=+1/2
» Pxy
e )0 7 ) — m 2=- 1 / 2

Figure 2.1: In an external magnetic field spins can exist in the up state where
m, = +1/2 or in the down state where m, = —1/2.

with them which is calculated as
E=—uB. (2.5)
In MRI the external field, BO, is applied in the z direction, giving
E = —u.By = —vhm;By. (2.6)

The spins aligned along the magnetic field have a lower energy than those that
are aligned against the field and thus an energy difference, AF), exists between

the two states.

The spins will tend to exist in the lower energy state, and it is the difference in
the number of spins between the low and high energy states that gives rise to
the bulk magnetism which is utilised in magnetic resonance imaging.

As the nuclei have an angular momentum, they experience a torque, 7, when

placed in an external magnetic field B, which is given by
T=puxB. (2.8)

18



2. MRI Theory

The torque is equal to the change in angular momentum over time,

dJ

= — 2.
= (2.9)
which can also be expressed as
dJ .
T:E:uszvaB:%}Bosmé. (2.10)

Figure 2.2: Mechanics of the spins in the up state where the angular momentum
vector J oscillates around the direction of the external magnetic field, By. The
change in momentum is given by dJ and the change in angle of the vector is
given by do¢.

From the geometry in Figure it can be shown that
dJ = Jsinfde. (2.11)
The precessional frequency, w, is given by the rate of change in ¢,
do
= — 2.12
YT (2.12)
which when combined with Equations and gives

w = vDBy. (2.13)
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2. MRI Theory

E = +1/2yhBg

AE = hw = yhBg
»Bo

E = -1/2yhBg

Figure 2.3: Energy level diagram for a proton in an external magnetic field,By.

This rate of precession can also be calculated from the energy difference between
the two states (Figure [2.3]). Using Planck’s equation

AE = hw (2.14)

and
AFE = ~hB (2.15)

the frequency of radiation required to excite between the two states can be
defined as
w =~B. (2.16)

This frequency, known as the Larmor frequency, is directly related to the strength
of the external magnetic field. When energy is applied at or near the Larmor
frequency, magnetic resonance is said to occur; when the system absorbs the
energy allowing the spins to transition between the two states. As this energy
is absorbed more spins will begin to reside in the higher energy state. Once the

source of energy is removed the system will return to its equilibrium state.

2.1.3 Bulk Magnetism

In order to calculate the bulk magnetism of a spin system (Figure [2.4]) we must

refer to Boltzmann statistics to calculate the probability of the spins existing in
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2. MRI Theory

each state. This requires the assumption that the spin system has a temperature
well above absolute zero. At equilibrium the ratio of spins in the up state (aligned
along the external magnetic field) to those in the down state (aligned against

the external magnetic field) is given by
— = exphT (2.17)

where T is the temperature of the system and k; is Boltzmann's constant. The
energy difference between the spin states is small and Equation [2.17] can be

approximated to
Ny AFE

~1+ —. 2.1
N T BT (218)
Combining this with Equation gives
YhBy
Ny — N, =N : 2.1
1= Ne= N (2.19)

Assuming that the population difference is small V| can be approximated by
N/2, where N is the total number of spins. The difference in population, n,

can then be expressed as

yhBy
2kgT"

n=Ny—N =N (2.20)

The net magnetization, My, in the z direction (along the external field) can be

calculated by summing the magnetic field due to all the spins in the system,

N
My = pe. (2.21)
n=1

As the up and down spins cancel each other out only the magnetization from n

spins needs to be taken into consideration, giving

My = npu,. (2.22)
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2. MRI Theory

Therefore, using Equation [2.20] M, can be calculated as

’Yzh?BoN N
= —Z

M, = 2.2
0 4k, T (2.23)

“ N T F

Figure 2.4: Left: A spins system with no external magnetic field applied. The
spins are randomly orientated resulting in no net magnetization. Right: A spin
system with an external magnetic field applied, spins either align with the field
or against it, resulting in a bulk magnetization.

2.1.4 Excitation

My is extremely small in comparison with the external field By, and so measuring
it when aligned with the external field is difficult. By rotating My by 90° into the
transverse plane it can be measured much more easily. In order to do this energy
in the form of a radio frequency (RF) pulse must be put into the system. When
a radio frequency pulse is applied, providing that the frequency of the pulse
matches the Larmor frequency, some of the spins absorb the energy and transfer
from the lower energy state into the higher energy state. Over time more and
more spins absorb the energy and transfer into the higher energy state. This
results in the bulk magnetic field being rotated away from the direction of the
external field. The effects of a radio frequency pulse, known as the B; field, can

be more easily visualised by moving from the laboratory frame into a rotating

frame (Figures [2.5 and [2.6).
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2. MRI Theory

/ >y >y
X X
Figure 2.5: Left: Magnetization vector in the lab frame. Right: Magnetization

vector in the rotating frame.

z z

>y —>»Y

X X

Figure 2.6: Evolution of the magnetization vector, M, when an RF pulse is
applied in the lab frame (left) and the rotating frame (right).

The B, field can be described in the laboratory frame (z, vy, z) by

By (t) cos(wt)
Bi(t) = | —B(t) sin(wt) | . (2.24)
0

The rotating frame (2, %/, 2’) is related to the lab frame by the following equa-

tions:

wt) (2.25)
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2. MRI Theory

Using these the oscillating B; field can be transformed into the rotating frame:

By cos(wot) —sin(wot) 0 By (t) cos(wt)
By, | = | sin(wot) cos(wot) O [ =Bi(t)sin(wt) [.  (2.26)
Bl,z/ 0 0 1 0

Evaluating this when the B; field frequency matches that of the Larmor fre-

quency gives

Bi(t)
B, = 0 . (2.27)
0
On resonance, in the rotating frame the B; field appears stationary in the z'y/
plane (e.g. points along the 2’ axis). When on resonance the B field will cause

the magnetization vector to rotate around the &’ axis. The rate of rotation can

be calculated as
w=— =7B(t) (2.28)
= /fyBl (1). (2.29)

From this the angle, 8, through which the magnetization vector rotates when a

B, field is applied for a time t is given by
6 = vBit. (2.30)

It is common to refer to RF pulses by the angle through which they rotate M.
For example a 90° pulse will rotate M by 90°. This rotation of the magnetic
field vector away from its equilibrium point is known as excitation. The radio

frequency pulse also has the effect of bringing all the spins into a coherent phase.

2.1.5 Relaxation and the Free Induction Decay

After an RF pulse is switched off the magnetization returns to its equilibrium

state. This decay is known as the free induction decay (FID) of the observable
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2. MRI Theory

magnetization, and can be measured by receive coils surrounding the spin system
(Figure 2.7). Two types of relaxation occur, longitudinal relaxation and trans-
verse relaxation. Longitudinal, spin-lattice or T1 relaxation is due to the spins
returning to their equilibrium magnetization, Mg, and involves the emission of
energy obtained from the RF pulse into the surrounding spin system. Transverse,
spin-spin or T2 relaxation is due to the phase of the spins returning to randomly
phased states with respect to one another. T1 and T2 are time constants and

are dependent on the structure and environment of the spin system.

Signal
A

BENEERYBYRVA >
IR Time

Figure 2.7: A free induction decay of the signal after the B; field is removed.

The change in the magnetization of the spin system over time was originally

described by Bloch as
dM

dt
Bloch also took account of the free induction decay which, in the rotating frame,
can be expressed as

= ~[M x B]. (2.31)

M M,— Mo), M+ My
dt 1T - T2

These equations are known as the Bloch equations.

=7(M><B)—<

(2.32)
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2.1.6 T1 Relaxation

Longitudinal, spin-lattice, or T1, relaxation refers to the relaxation of the mag-

netization in the longitudinal, or z axis. T1 decay is the process by which the

system returns to thermal equilibrium. When the RF pulse is removed the spin

states are in a higher energy level than at equilibrium, the spins then return

to their equilibrium state, emitting the energy difference which is absorbed by

the surrounding lattice. This process is termed spin-lattice relaxation. The net

longitudinal magnetization vector M, follows an exponential recovery, gradu-

ally returning to its equilibrium position Mg (Figure . The z component of

Equation [2.32) can be used to obtain the following relationship:

dM.(t) (M. — M)

dt T

which gives the magnetization in the z direction at time ¢ as

|\/|ZA
Mo — Mz(0)=0
— Mz(0) =-Mg
0 >
_MO

(2.33)

(2.34)

Figure 2.8: Longitudinal relaxation after an inversion pulse (red) and a 90° pulse

(blue).

In order to measure T1, an inversion recovery sequence can be used (Figure

. An inversion recovery sequence involves applying a 180° pulse and waiting
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an inversion time (TI) before measuring the signal. The signal is measured by
applying a 90° pulse to rotate the magnetization from the z plane into the zy
plane. This allows the M, component of the signal at Tl to be measured. Due
to the 180° pulse, at t = 0 M,(0) = -M; and thus Equation becomes

M.(t) = M, (1 - 26*%> . (2.35)

Repeating this process for a range of different Tl values allows for T1 to be
calculated by fitting Equation to the measured signal.

180°

RF pulse _‘ 90°
[ ] >

Inversion Time

MZ /\/ )t

Figure 2.9: Schematic of a T1 inversion recovery sequence where an initial
inversion pulse is applied followed by a 90° pulse after waiting for a set inversion
time (TI).

2.1.7 T2 Relaxation

T2, or transverse relaxation, refers to the dephasing of the spins in the zy plane.
The application of an RF pulse brings all the spins into phase with each other,
however after its removal the spins will all have slightly different precessional

frequencies. This results in the transverse magnetization dephasing over time,
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and returning to its equilibrium state of zero (Figure [2.10)).
The Bloch equations characterising this dephasing can be summarised as

AMay(t) _  May(t)

= — 2.36
dt T2 ( )

which means that the xy magnetization at a given time is
My, (t) = Mye™ 7= (2.37)

By applying a 180° pulse the spins can be forced to come back into phase (Figure
2.11)). This is known as a spin echo (5)) and it is used to measure T2. To do
this a 90° pulse is applied, then after waiting a set time a 180° pulse is used
to get the spins back in phase. The time that the echo occurs is know as the
echo time (TE) and is twice the length from the 90° pulse to the 180° pulse.
By repeating this for a number of different echo times the exponential decay
described in Equation can be sampled and T2 calculated (Figure .

a) Mxy after b) Mxy after time c) Spins completely
90° pulse t, spins are dephased Myy =0
dephasing

Figure 2.10: a) Immediately after a 90° pulse the spins are in phase. b) The
spins start to dephase according to T2. c) The spins are completely dephased.
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(S0

a) Mxy after b) Mxy after c) Spins after d) Spins completely
90° pulse time t, spins a 180° rephased
are dephasing refocusing pulse

Figure 2.11: a) Immediately after a 90° pulse the spins are in phase. b) The
spins start to dephase according to T2. c) After a 180° refocusing pulse the
spins start to come back into phase. d) The spins are completely in phase.

Signal

A

(a)

e T2 envelope

Time

Figure 2.12: An FID followed by a spin echo with the T2 decay envelope shown.
Points a, b, ¢, and d match those in Figure m
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2.1.8 T2* Relaxation

In reality it is not just the spin system itself that causes the spins to dephase.
Inhomogeneities in the By field can accelerate the dephasing making T2 appear
shorter than theoretically predicted. This faster dephasing is called T2* decay
and encompasses both the T2 decay and the effects of field inhomogeneities

such that
1 1 1

T T2 T2
The T2' effects are static in relation to time and thus can be reversed allowing
for T2 to be measured. In the spin echo sequence in Figure the dephasing

effects caused by By inhomogeneities are reversed by the 180° pulse and therefore

(2.38)

pure T2 is measured. In order to measure T2* the decay of the FID over time

is measured.

Signal
T

. T2* envelope

i,

Figure 2.13: An FID shown with the T2* decay of the signal which occurs once
the RF pulse is removed.

T2* is measured from the FID decay, or using a gradient echo for imaging. After
the application of a 90° pulse, rather than apply a 180° pulse and wait for a spin
echo to form, the formation of a gradient echo can be forced. This is done by

applying a dephasing gradient which causes the spins to become less coherent
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and then applying the same gradient but in the opposite direction. This reversed
gradient forces the spins into phase forming a gradient echo. The rephasing that
occurs does not undo the dephasing caused by T2 decay as this is due to random
processes that cannot be undone by the gradients. By repeating the process the
decay of the FID can be measured giving T2*. For imaging it is preferred to
have symmetric signal which gives a real Fourier transform, i.e. the exact phase
at t = 0 does not matter. So a gradient echo is used rather than an FID for

imaging if possible.

2.1.9 Correlation Time

The relaxation times that are measured are determined by the properties of the
spin system. In the spin system the rotational motion of the molecules causes
interactions between spins and their surroundings which determine the relaxation
times of the system. Each molecule has its own magnetic dipole moment which,
when close enough together, can interact with each other in so called dipole-
dipole interactions. The most prominent features of the spins which influences
the dipole-dipole interactions in proton NMR is the rate at which they tumble.
For T1 relaxation to occur a magnetic interaction at the Larmor frequency is
required to cause it to revert back to the lower energy state. This interaction is
in the form of dipole-dipole interactions. As the Larmor frequency increases with
field strength the T1 of the spin system will be longer at higher field strengths.
T2 relaxation is due to interactions that cause different spins to experience
slightly different magnetic fields, resulting in different spins precessing at dif-
ferent frequencies. In liquids these magnetic fields fluctuate much more rapidly
than in solids. The fluctuating fields in liquids results in the dephasing occur-
ring much more slowly as the fluctuating fields average out (long T2), whereas
in solids the fields are much more static and therefore dephasing occurs much
faster (short T2). T2 is mainly unaffected by field strength however at high field
strengths such as 7T diffusion effects can shorten the measured T2.
Quantitatively these effects can be explained by looking at the motion of

molecules in the spin system. The rotational motion of a molecule, or its molec-
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ular tumbling, is determined by its correlation time 7., defined as the time it
takes the molecule to rotate by 1 radian. Small molecules will rotate faster than
larger ones and hence have a shorter correlation time. The correlation time of
a molecule depends on its kinetic energy, which is not identical for each iden-
tical molecule. The spectral density function .J(w), the probability of finding a
molecule tumbling at a given frequency, is proportional to this function. For a

spherical molecule
TC

- 1+ w?r2

J(w) (2.39)

In 1955 Solomon gave a model which explained and could predict the T1 and
T2 of protons (6):

1 6 k2 . Ar,
1 _5 7.( Te T ) (2.40)

T1 20" 76 "\ 14 w272 1+ 4wr2

1 3 Ryt 5T, 27,
—_— = .| 37 . 241
T2~ 207 6 (T+1+w273+1+4w273) (2.41)

From these equations the relationships between tumbling rate and T1 and T2
can be demonstrated (Figure [2.14)).

From Figure [2.14] it can be seen that solids which have a slow molecular
tumbling rate will have a high T1 and low T2 whereas free water will have a
long T1 and T2.
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Time A
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T2
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Tumbling Rate

Figure 2.14: Relationship between the tumbling rate of a molecule and its T1
and T2.

2.1.10 Chemical Shift

The Larmor frequency of a nucleus is dependent on the magnetic field in which it
sits. The magnetic field which a nucleus experiences is called the local magnetic
field Bjye, and it differs from the external magnetic field By due to the local
chemical environment. Electrons in the chemical to which the nucleus belongs
can shield them from the magnetic field resulting in a difference between By, and
By. Therefore a hydrogen nucleus attached to a water molecule will experience
a different magnetic field to one attached to a fat molecule and will therefore

resonate at a different frequency. The field experienced can be expressed as
Bioe = Bo(1 —0) (2.42)

where ¢ is the shielding factor.
Differences in the Larmor frequency can be utilised in Magnetic Resonance
Spectroscopy (MRS) in order to identify the relative abundance of a certain

chemical in the species being imaged. To do this a spectral frequency is collected
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and the peaks compared to a reference standard. The chemical shift of a species,

which is usually expressed in parts per million, can be calculated as

)= (fsample - freference)/freference- (243)

Here fsampie is the frequency of the sample, and frcference is the frequency of
the external reference. The chemical shift values of many species are readily

available for identification of the chemicals contained within a sample.

2.1.11 Susceptibility

The extent to which a substance is magnetized by an external magnetic field is
determined by its magnetic susceptibility, x. The susceptibility of the substance

can influence the surrounding magnetic field, B.y; which can be calculated as
Beff = (1 + X)Bo (244)

These changes in the local magnetic field can cause artefacts in MR images.
Two common causes of susceptibility artefacts in gastrointestinal MRI are the
presence of iron in the liver and the presence of air in the gut. These cause
variations in the local magnetic field which in turn creates variations in the
precessional frequencies of the surrounding substances. This causes livers with
iron overload to appear very dark on MR images due to rapid dephasing caused

by the varying precessional frequencies.

2.2 Magnetic Resonance Image Encoding

In the 1970s Mansfield and Lauterbur put NMR to use in the field of medical
imaging (3, 4). Using magnetic field gradients they were able to localise NMR
signals and produce in vivo images of human tissue. Since those first images, the
field has grown to produce faster, higher resolution and more complex images of

the human body. In this section basic image encoding methods are discussed.
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2.2.1 Slice Selection

With the use of magnetic field gradients a particular imaging slice can be selected
(7). In order to achieve this a magnetic field gradient is applied perpendicular to
the desired slice (Figure . A radio frequency pulse is then applied such that
the frequency of the pulse matches the Larmor frequency of the nuclei within

the desired slice.

Frequency A

Aw

Y

Az v4

Imaging slice

—

C——=

Figure 2.15: A gradient applied in the z direction gives spatially dependent
Larmor frequencies in the z direction. Only those spins that have a Larmor
frequency matching that of the imaging slice region are excited. A slice of width
Az is excited with the spins within the slice having a frequency range of Aw
which is known as the bandwidth.

If a gradient G, is applied then the Larmor frequency is given as
w(z) = v(Bo + 2G.). (2.45)

The slice required will have a finite thickness chosen by the user, corresponding
to a range of Larmor frequencies within the slice. This requires that the radio

frequency pulse has a finite bandwidth. The bandwidth required to create a slice
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of thickness Az is given by
Aw = AzyG,. (2.46)

A smaller slice thickness requires a smaller band width or a larger magnetic field
gradient, the increase of both demand more from the MR hardware.

In general a rectangular slice is required which can be achieved by using
a sinc RF pulse with an infinite number of side lobes. However due to time
restriction the sinc pulse is truncated which can lead to an imperfect imaging
slice (Figure . Typical RF pulses are in the MHz range and are applied for

a few milliseconds.

RF pulse

I\Al\l\l\n AAI\I\)\I\ ﬂ
AR ILAL U

|
Sinc pulse Truncated sinc pulse

<
<

Slice profile

Figure 2.16: Example of a sinc pulse which created a rectangular slice profile
and a truncated sinc pulse which creates a imperfect slice profile.

2.2.2 Frequency Encoding

Frequency encoding uses the same principles as slice selection to allow the lo-
calisation of the signal in the z direction (Figure . In frequency encoding
a gradient is applied in the x plane such that the Larmor frequency of nuclei in
the x plane varies as

w(z) = v(Bo + 2Gy). (2.47)

The signal can now be expressed as a function of position, 7 and sample time ¢
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Figure 2.17: A gradient applied in the = direction produces spatially dependent
Larmor frequencies which can be used to determine the location of a spin in the
x direction.

as
S(r,t) p(r)e:vpifot w(r,m)dr (2.48)

where 7 is time, w(r, ) is the Larmor frequency of the spins and p(r) is the
density of the spins. This can be extended to the signal acquired from the whole

sample of volume V' as
S(t) o / p(r)e:vpifg‘“(r’T)deV (2.49)
1%

The magnetic field experienced by the spin which determines the frequency at
which it precesses, therefore Equation [2.49| can be expressed in terms of the

magnetic field gradients.

S(t) oc/p(r)exp(”fotr‘G(T)dT)dV, (2.50)
v

where G(7) is the gradient applied in all directions. These gradients can be
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used to describe the evolution of the phase of the spins over time such that

k(t) = fy/OtG(T)dT (2.51)

where k is the wave number. Combining the above equations gives
S(k) o / p(k)exp™®)qy. (2.52)
v

This equation is an inverse Fourier Transform. The Fourier Transform of the
signal results in the proton density. By acquiring the signal at a range of different
frequencies the Fourier transform can be solved and the proton density calculated

i.e. the image.
p(r) = /S(k;)exp(_"'k(t))d‘/. (2.53)

2.2.3 Phase Encoding

In order to encode the signal in the third dimension phase encoding is used.
When a gradient is applied to the spin system the resonant frequency of the
spins temporarily changes. Once removed the spins return to their original
resonant frequency but their phase will have changed. The amount by which
the phase will have changed is dependent on the strength of the gradient and
the amount of time it is applied for.

The precession frequency can be calculated as
w(y) =7(Bo + yGy). (2.54)

Therefore the phase acquired over the time of the gradient application can be

calculated as

o) = [ Gt (2.55)

Using Equation this can be further simplified to

¢ = yk,. (2.56)
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2.2.4 k Space

This leads onto the concept of k space. k space is the 2D Fourier transform
of the image space (Figure . It allows the visualisation of the spatial
frequencies contained within the MR image. Images are acquired in k space,
and are then Fourier Transformed to give the MR image in Cartesian coordinates.

Ak
—>AX<— y l — ﬁ— ky
? A A A i
TAy TAky
FOVy > X 2Kymax »| kx
\] \/
) FOVX ] ) 2kxmax i
(a) Image space (b) k space

Figure 2.18: The relationship between image space (a) and k space (b).

k is a characteristic of the signal being collected. It is the wave number (the
number of waves per unit space (spatial frequency)) and is inversely related to
wavelength. This is akin to the temporal frequency which is the number of waves
per unit time. k space and the image space are linked. k, is typically taken to
be the frequency encoding direction and k, the phase encoding direction. The
number of frequency encoding steps determines how many times the echo is
sampled. The phase encoding steps determine how many echoes are sampled.
Each sample of signal that is taken corresponds to a location in % space. High
spatial frequencies in k space represent edges and details in the image whilst low
spatial frequencies represent the general image contrast and shape. Therefore
collecting only the centre of k space gives a rough representative image but the

outer regions of k space are required for the finer details. The field of view of
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the image is given by

1
F = —. 2.
OV, = xp (257)

FOVa= 7
After the application of the slice select gradient spins are in phase and sampling
begins at the centre of k space. The spin system can be moved away from
the centre of k space by applying the relevant gradients in the x and y planes.
During a constant gradient along the x axis k& space sampling will move linearly
along the k, axis, and similarly for gradients in the y direction. Spin warp
imaging is the simplest acquisition method and fills a single line of k space per
repetition time (TR) (Figure 2.19).

After an RF pulse and slice selection gradient, a phase encoding gradient is
applied. This is followed by a longer frequency encoding gradient. After a time
TR the process is repeated. Each phase encoding gradient moves up a line in
k space whilst the frequency encoding gradient moves the sampling along the

frequency encoding direction. This results in one line of k space filled for each
repetition time (Figure [2.20]).
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Figure 2.19: A Spin echo sequence. On the left is the pulse sequence with
the corresponding k space trajectory shown on the right. The gradient in the
x direction determines the position on the k, axis with the gradient in the y
direction determining the position on the k, axis. Each of the dashed lines on
the G, gradient refer to a new line in k space (Figure .
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Figure 2.20: k space trajectory during a spin echo imaging sequence. Each new
line occurs with the repetition of the pulse sequence shown in Figure after
a given repetition time.
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2.2.5 Partial Fourier Imaging

Partial Fourier Imaging stems from a property of k& space called conjugate sym-
metry. Conjugate symmetry means that each point in k space has a conjugate
pair. Say, for example, a point in k space is at a + bi, its conjugate pair will
exist at a — bi. This symmetry can be exploited and allows the collection of
as little as half of k£ space to reduce the acquisition time, however problems
do arise from Partial Fourier imaging. Phase effects cannot be corrected by
only collecting half of %k space, therefore around 60-70% of k space is usually
collected to allow for a phase correction map to be generated. The time saved
must be balanced with the signal to noise ratio (SNR) loss which is reduced by
around 30%. Two different types of symmetry can be used: phase-symmetry
and read symmetry. Phase encoding direction symmetry under samples in the
phase encoding direction, this is known as Half-scan on Philips systems. Read
encoding direction symmetry under samples in the frequency encoding direction
and only samples part of the echoes. This allows for a reduction in the echo

time, known as Partial Echo on Philips systems.

2.2.6 Parallel Imaging

In non-parallel imaging multiple surface coils are sometimes used to collect the
MR signal, which are then combined to produce the full signal. Having multiple
coils improves the SNR but does not make use of the varying sensitivity of
each coil. The signal from each surface coil can be processed separately in
‘parallel’ providing some spatial information. In parallel imaging the number of
phase encoding steps is reduced which results in a wrap around effect. These
wrapped images are then ‘unwrapped’ by using the relative sensitivities of the
coils (Figure . The sensitivity maps are made from low resolution images
that are acquired separately for each coil. They are then normalised by dividing
them by a low resolution image from the body coil. These maps give a relevant
weight to the signal in each voxel for each coil. A voxel far away from the coil
will have a low weight in that coil, whilst a voxel close to the coil will have a

higher weight. This ensures voxels will have their final signal dictated mainly by
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the closest coil.

Two methods to unwrap the images commonly exist, SENSE (SENSitiv-
ity Encoding (8)) and GRAPPA (GeneRalized Auto-calibrating Partial Parallel
Acquisition (9)). SENSE unwraps the images in the image domain whereas
GRAPPA unwraps the images in the k space domain. In this thesis only SENSE

is used and so shall be explained here in more detail.

Aliased Coil Sensitivity Maps

images e
.ﬁ—&/

N} S— T el Unaliased im age

ADFFT / coil

Figure 2.21: SENSE coil sensitivities. Four coils are used in this example each
producing their own image. The images are then combined with a weighting for
the relative sensitivities for the locations within each image for each coil (10).

There are two main benefits to parallel imaging: firstly, the acquisition time is
accelerated, with the amount of acceleration achieved described by the accel-
eration factor (R). The acceleration is achieved by acquiring fewer lines of k
space in the phase encoding direction. An acceleration factor of 2 is achieved
by acquiring every other line of k space.

Secondly, the amount of susceptibility artefacts are reduced in echo planar
imaging (EPI). This is due to the lower amount of phase encoding steps acquired.
There are also two main drawbacks to parallel imaging: there is a reduction in
SNR, for example when R = 2 the reduction in SNR is around 40%. Secondly,
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parallel imaging artefacts (Figure [2.22)) arise from errors in the coil sensitivities.
These artefacts appear as fold over artefacts in the phase encoding direction of

the reconstructed image.

Figure 2.22: SENSE artefacts of the spine are shown by the red arrows.

In SENSE each coil has its own sensitivity map. These are generated before
each acquisition that uses SENSE. The image is then acquired and the signals
from each coil digitised separately and reconstructed into separate images.
After the images are acquired they are combined using matrix inversions. An
example of how unfolding works is as follows: if there are two voxels A and B
at locations 1 and 2 and two coils 1 and 2. The signals from these two voxels
wrap around. Therefore the signal P measured in locations 1 and 2 is measured

as

Pl = A.SlA + B.SlB

(2.58)
PQ = A.SQA + B-SZB

where S is the sensitivity of each coil. Knowing the relative sensitivities and the
measured values of P, the true signal from voxels A and B can be calculated.

In the Philips systems used through this thesis 32 coil sensitivity maps are used.
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2.2.7 Multiband Imaging

Multiband imaging is a relatively new technique which allows for multiple slices
to be acquired at the same time. A complex B; field is used to excite slices
in different spatial locations. Coil encoding is combined with gradient or RF
encoding to distinguish the two slices (11)). By encoding multiple slices simul-
taneously the acquisition time can be reduced or alternatively more data can be

acquired in the same amount of time.

2.3 Magnetic Resonance Image Acquisition Schemes

The way that k space is sampled in magnetic resonance imaging is widely var-
ied with different acquisition methods suiting different purposes. The different

acquisition methods used in this thesis are discussed here.

2.3.1 Turbo Spin Echo

Turbo Spin Echo (TSE), also know as Fast Spin Echo (FSE), originated from
the RARE (Rapid Acquisition with Relaxation Enhancement) sequence proposed
by Hennig in 1986 (9). It is commonly used and in this thesis is put to use as a
T2 weighted anatomical scan. In conventional spin echo sequences one line of k
space is filled for each repetition time. Turbo spin sequences differ from this as
they fill several lines of k space in one repetition time, speeding up the acquisition
process (Figure . In order to do this, in one repetition time rather than
have one refocusing 180° pulse creating one echo, several 180° refocusing pulses
are applied. Each 180° pulse has a different phase encoding gradient allowing
a new line of k space to be filled for each refocusing pulse. This allows several
lines of k space to be filled in a single TR. The number of echoes per repetition
time is known as the turbo factor or TSE factor. The echo time of the sequence
is given as the time at which the centre of k space is traversed. Using a long
TR and a long TE a T2 weighted image can be obtained.

TSE can also be performed in a single shot. This acquisition is known as
HASTE (Half-Fourier Acquisition Single-shot Turbo spin Echo) or SSH-TSE
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Figure 2.23: Schematic of the pulse sequence used in a Turbo Spin Echo se-
quence.

(Single Shot Turbo Spin Echo). This single shot acquisition makes use of phase
conjugate symmetry (Section to reduce the amount of k space that needs
to be sampled. This allows for half of k space to be acquired after a single
excitation by the use of long echo chains. These extremely short scans are
often used when time is the most important factor in obtaining the image,
for example in patients who cannot stay still for very long or non-breath held

abdominal imaging.

2.3.2 Echo Planar Imaging

Echo Planar Imaging (EPI) was first proposed by Mansfield in the 1970s (12)).
EPI provides a method to collect the whole of k space in a single repetition time
(Figures[2.24] and [2.25)). Compared with spin warp imaging the new acquisition
method was significantly faster allowing new insights into physiological function.
Typically, EPI allows for the whole of k space to be sampled in under a second. It
is of particular use in this thesis as abdominal imaging is affected by respiratory
motion. This fast acquisition method allows abdominal images to be acquired
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in a single breath hold, eliminating the blurring effects of respiratory motion.
EPI is used as a read out method in this thesis for diffusion weighted imaging

of the abdominal lymph nodes.

RF pulse A\ 3
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Figure 2.24: Schematic of the pulse sequence used in an EPI acquisition.
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Figure 2.25: k space trajectory during an EPI sequence. The whole of k space
is traversed in a single repetition time.

EPI makes use of a fast switching gradient in the frequency encoding direction
along with a blipped gradient in the phase encoding direction. The resulting
trajectory in k space is a zigzag path starting at the bottom of k space and
working its way to the top. The large phase encoding gradient applied at the
start of the readout ensures that the encoding starts at the edge of k space.
This collection method is known as single shot EPI, however multishot EPI can
also be used to collect all of k space in a small number of shots. On a Philips
scanner the term EPI factor refers to the number of lines of k£ space that are
collected in a single shot, this is also known as the Echo Train Length (ETL).
As the whole of k space is sampled following a single RF pulse, EPI is
particularly susceptible to artefacts. Any field inhomogeneities or susceptibility
effects can effect the evolution of the phase which is propagated through the
whole of k space. A common example of an EPI artefact is the misregistration
of fat (Figure [2.26). Fat and water have a phase difference caused by the
different precessional frequencies of the two chemicals. This phase difference in
EPI imaging is propagated throughout the whole collection of k space which can
cause large differences in the phases of fat and water. There is a low bandwidth
in the phase encoding direction which causes fat and water become separated by
several pixels in the phase encoding direction. This is often seen in abdominal

imaging due to the presence of subcutaneous and visceral fat (Figure [2.26)]).
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These effects can be overcome by using a lower resolution image, changing the

frequency and phase encoding directions or reducing the echo time.

Figure 2.26: Fat misregistration on an EPl image. The yellow arrows show where
the fat signal has moved to the right of the image by a few voxels creating areas
of white where the signal has been added to that of other tissue and areas of
black where it originated from (red arrows) (13).

2.3.3 Gradient Echoes and Steady State Imaging

Gradient echo sequences (Figure employ a dephasing gradient followed
by a rephasing gradient to produce gradient echoes. The application of these
gradients rather than a refocusing RF pulse allows an echo to be produced
much more rapidly than in a spin echo sequence. If a low flip angle is used
then recovery of the signal requires a short time and thus short repetition times
can be used. These factors mean imaging that requires fast acquisitions often
use gradient echo sequences. The gradient echo does not undo any dephasing
caused by field inhomogeneities or susceptibility issues, and therefore can exhibit
artefacts related to these effects. Gradient echoes can be acquired in multiple
shots providing that T2* decay has not significantly diminished the signal by the
time the secondary echoes have been acquired.

In a gradient echo sequence several types of echo occur. Firstly there is the
gradient echo mentioned above. Secondly there is a spin echo that is created

by a pair of RF pulses. The third type is a Stimulated Echo.
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Three main types of gradient echo acquisitions exist. Firstly, one which only
refocuses the FID (called FFE), secondly ones which refocus the echoes (T2 -
FFE) and thirdly those which refocus both the FID and echoes (bFFE).

The first group, called ‘coherent gradient echo sequences’, retain the M,
magnetization. The second group use spoiler gradients to dephase and hence
diminish the M,, magnetization. Spoiling gradients aim to completely dephase
any transverse magnetization that exists before the application of the next RF
pulse, i.e. the coherence in the zy plane is ‘spoiled’. This thesis uses both of
these types of gradient echo sequence and they are described in Sections
and 2.3.5]

RF pulse _aflis > t
Gzi' [ W
Spoiler
Rewinder
Gx A >t
- -
Signal /\v >t

Figure 2.27: Schematic of the pulse sequence used in a steady state gradient
echo sequence.

If the repetition time in a gradient echo sequence is sufficiently short the system
can reach what is known as a steady state (Figure 2.28). In this state the

magnetization does not reach equilibrium before the next pulse occurs. After a
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number of RF excitations (with the number being dependent on T1, T2 and flip
angle) the amount of M, magnetization that is present before the next RF pulse
becomes constant, i.e. the signal is at steady state. By imaging in the steady
state we do not have to wait for the full T1 recovery and T2 decay to occur

before collecting the next echo, allowing a reduction in the acquisition time.

Mz, Mz,
SO SO My L Mo
_____________________________________________ MSS
[\ Time Time
A (TR O R o |
RF pulses RF pulses

(A) (B)

Figure 2.28: A) Magnetisation that fully recovers after a single RF pulse. B)
Magnetization after repeated RF pulses are applied before the magnetization
has returned to its equilibrium state. The magnetization reaches a steady state
after several applications of the RF pulse.

2.3.4 Spoiled Gradient Echo (FLASH)

In this thesis a spoiled gradient echo sequence was used to measure the T1 of the
small bowel wall. Spoiled gradient echo, also know as FLASH (Fast Low Angle
SHot), uses low flip angles and short TRs to reach the steady state along with
spoiler gradients to dephase the transverse magnetization before the application
of a new RF pulse (14). RF spoiling can also be used the dephase the transverse
magnetization, in this a case a different phase is used for each RF pulse which
effectively dephases the transverse magnetization. T2 decay can be used as a
means to dephase the transverse magnetization but the use of spoiler gradients

means that the dephasing occurs much faster than it would naturally. In the
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FLASH sequence the magnetization after the first RF pulse is given by
M, = Mycos(0) (2.59)

M,,, = Mysin(0) (2.60)

where 6 is the angle of the RF pulse (typically around 15° for this sequence).
After the application of the first RF pulse M, begins to recover towards its
equilibrium value. However, before it can reach this state a second RF pulse is
applied. The process is repeated until the steady state is reached (around 12

echoes). The longitudinal magnetization in the steady state is given by

B My (1 — exp<_%))

M;s = — (2.61)
1-— exp(T)cos(Q)
and the transverse magnetization is given by
M,, = Msssin(é)exp<_ﬁ). (2.62)

To calculate the maximum signal that is theoretically obtainable in the xy plane

after the application of an RF pulse we solve

d .
@Msssm(@) =0. (2.63)

Substituting M, from Equation gives
0p = cos™* (exp_%%> : (2.64)

This gives the angle, 0, of the RF pulse which produces the maximum signal to
be sampled, known as the Ernst angle. When TR << T1 two approximations
can be used, cos(0) ~ 1 — % and exp(z) ~ 1+ x (the first for small angles and

the second for exponentials of small numbers).
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Using these the Ernst angle can be approximated as

2TR
b =\ 7 (2.65)

The FLASH readout is put to use after an inversion recovery in this thesis as a
way of measuring T1 of the small bowel wall. FLASH was chosen as it provides

a fast method of sampling k space in the restricted time of a single breath hold.

2.3.5 Balanced Turbo Field Echo (bTFE)

In this thesis balanced turbo field echoes (bTFEs), or FISPs (Fast Imaging with
Steady-state Precession), (15]) are used to measure the apparent T2 of the small
bowel wall. bTFE is a gradient echo acquisition however unlike FLASH does not
use spoiler gradients to destroy the transverse magnetization but refocuses it
completely or to some extent. This results in the steady state magnetization
being reliant on T2 as well as flip angle, TR and T1. The steady state mag-
netization is also dependent on the angle through which the phase precesses
between each RF pulse, 3, which can cause banding artefacts (Figure . In-
homogeneities in the field or imperfect gradients mean that this rotation through
B may not always be perfectly refocused. If the 3 differences are spatially de-

pendent then banding artefacts can be seen in the image.
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Figure 2.29: Banding artefacts (red arrows) seen in the lower half of a bTFE
image.

In the case where the gradients are balanced the phase of the transverse mag-
netization is maintained throughout the acquisition i.e. the phase during one
TR is the same throughout all other TRs. The computation of the steady state
magnetization is much more complex compared to FLASH. The signal obtained

from this balanced state can be shown to be

]_ —TE
T2, 2.66
1+ cos(6) + (1 — cos(0)) %exp (2.66)

Spar x sin ()

It can be shown that this is maximum at the optimal angle

T1/T2 -1
_ -1
b= cos (Tl/T2 + 1) ‘ (267)

Therefore the optimal angle for bTFE is dependent on the ratio of T1/T2.
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2.3.6 Diffusion Weighted Imaging

Diffusion is the random motion of molecules due to their thermal energy. It was
first observed as Brownian motion by Robert Brown ([16]) and then later described
mathematically by Albert Einstein (LI7). The diffusion coefficient, D, gives the
rate of flux of molecules. For example free water collides with a relatively low
number of molecules in a given amount of time and so its diffusion distance is
relatively long. In comparison a molecule in a viscous fluid will undergo many
more collisions and so its diffusion distance will be much shorter. Therefore free
water has a much higher diffusion coefficient (3.0 x 10~ mm?/s) than biological
tissue (=~ 1.0 x 1073 mm?/s). The diffusion coefficient, D, can be described by
the Stokes-Einstein equation (17)).

kT
- 6wy’

D (2.68)

where T is the temperature of the system, r is the radius of the particle and 7 is
the viscosity of the medium. From this coefficient the distance that a molecule in
a liquid of temperature T would move in a particular time, t, can be calculated.

In one dimension the distance moved by a molecule is given by
2Dt. (2.69)

It has been shown that the diffusion coefficient of a tissue can change with
disease. In necrotic tissue the cellularity is reduced and the cell membrane
integrity decreases which causes the diffusion coefficient to be increased (18)).
In inflammation and highly cellular tumours the intracellular space is reduced
and therefore the diffusion coefficient is also decreased (19 20). Structures
such as nerves allow diffusion to occur more freely in one direction than others
which creates and anisotropy in the diffusion coefficient. In this thesis only the
average diffusion coefficient over three dimensions is used but the anisotropy of
diffusion coefficients in different directions can provide insight into structures

such as tracts in the brain.
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In 3D the diffusion tensor can be expressed as

Dwm Dacy Dzz
D=|D,, Dy D, (2.70)
sz Dzy Dzz
For a perfectly isotropic system the diffusion tensor is given by
D 0 0
D=|0 D 0]. (2.71)
0 0 D

The diffusion acquisition sequence makes use of a pair of identical diffusion
gradients either side of a 180° pulse (Figure [2.30)).

90° 180°
/\ I ﬂ. EPI Read out
[ V7 e U7 >
Fat supression 0
inversion pulse A
TER a TER g

90° 180°
L0 o cPiReadon |

UV V.U — R
Fat supression 0
inversion pulse b A "
) TER2 A TER2 !

Figure 2.30: Diffusion weighted imaging pulse sequence. The diffusion weight-
ing, b, is related to the gyromagnetic ratio of the nuclei, v, the strength of
the gradient GG, the interval between the two gradients A, and the length of
each gradient d. If the echo time is increased the length of the gradients is also
increased.
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The diffusion weighting, b, for a trapezoid set of pulses (Figure [2.30) is given by
b=~"G" [0*(A —6/3) +€°/30 — 5€° /6] . (2.72)

The application of the first gradient causes the spins to dephase. The second
gradient then causes rewinding of the phase caused by the first gradient. This
rewind only occurs perfectly if the spins do not move between the gradient appli-
cations. This means that any spins that have moved will experience a different
gradient after the 180° and will not experience a full rewind of the dephasing.
This results in attenuation of the signal. The result of this is that tissue with
a low diffusion coefficient will appear bright on the MR image and anything
with a high diffusion coefficient will appear dark. The phrase Apparent Diffu-
sion Coefficient (ADC) is used rather than diffusion coefficient as the measured
value is dependent on the experimental conditions. The signal measured can be

expressed as

M = M, (1 — exp#> 6$p%6$p_b'ADC. (2.73)

This is often simplified to
M = Mjexp >4P¢, (2.74)

From equation the ADC can be calculated, assuming a mono exponential

decay, as
M

ADC = —%ln (Mo) . (2.75)
By measuring the signal at a range of different b values and fitting a straight
line to the log of the signals ADC can be measured.

As seen from equation [2.73| the magnetization is dependent on TR, T1, TE,
T2, b and ADC. In traditional DWI sequences TR and TE are chosen so that
the T1 and T2 terms are constant and don't need to be taken into account.
However, if T2 is long enough T2 shine through can occur for high ADC tissues.

The long T2 means that the tissue appears bright even if its ADC is high, a
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common example of this in abdominal imaging is the spinal fluid appearing bright
on DWI scans even though the diffusion coefficient of fluid is high.

DWI traditionally uses an EPI readout to overcome the effects of motion
on phase encoding which would be exaggerated by the bipolar diffusion gradi-
ents. Whilst being fast, EPI has the disadvantage of distortions occurring in the
readout direction and suffers from susceptibility artefacts. EPI is generally less
‘blurred’ than FSE and has a very high SNR per unit time.

Diffusion Weighted Whole Body Imaging with Background Body Suppres-
sion, also know as DWIBS, is a commonly used free breathing DWI sequence
first proposed by Takahara et al (21]). Originally it was thought that using free
breathing during diffusion weighted scans would compromise the image quality
as respiratory motion is much larger than motion due to diffusion. However
Takahara et al used DWIBS finding that high quality images were achievable.
The image quality in DWIBS is not diminished by free breathing as the mo-
tion caused by respiration is coherent within a voxel. This results in the phase
change being the same throughout the voxel and so the signal is phase shifted
but not attenuated. Diffusion motion is incoherent within a voxel and so the
phase changes lead to signal attenuation.

DWI scans can be used to help identify low ADC structures that would
otherwise not be easily identified using other acquisition methods. In this thesis
such a problem arose when imaging lymph nodes and DWI was employed to
identify lymph nodes and measure their T2 value.

On a standard Philips DWI sequence if the echo time is increased the gra-
dients are lengthened and their amplitude reduced (Figure . However, in
order to measure T2 from a DWI, fixed diffusion gradients around the 180°
pulse are required. This is due to the fact that ADC is dependent on the time
over which the diffusion is measured as the probability of the nuclei colliding
with structures within the cell increases with the measurement time. Therefore
both the ADC and T2 should be measured using gradients with a consistent
diffusion time. To measure T2 using a DWI sequence a new sequence had to be

programmed on the scanner. The use of the in-house programmed sequences is
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commonly referred to as using a “"patch”. The patch in this case allowed full
user control of the strength and timing of the diffusion gradients. An example
of this is shown in Figure [2.31]

90° 180°
| [\ L IEE
A = >t
Fat supression 0
inversion pulse A
e Y TR
90° 180°
GI . /\ . EPI Read out t
UV V.V «— TV >
Fat supression 0
inversion pulse A
) TER A TER2 !

Figure 2.31: Diffusion weighted image sequence used to calculate T2 with a
fixed diffusion weighting. All diffusion gradient parameters (those inside the
red box) are fixed when the echo time is changed. The fixing of the gradients
required the coding of the sequence on the scanner to be altered as the original
code changes the gradients which changes the diffusion time.

When performing DWI with a low b value perfusion effects must be taken into
account as they may contribute to signal loss (Figure . The effects of
perfusion on the magnetization can be seen as a faster than expected attenuation
of the signal at low b values. These effects are collectively known as Intra Voxel
Incoherent Motion (IVIM) and can be included in the DWI signal as

S = Sofe M HD) L (1 — f)e7P (2.76)

where f is the fraction of the voxel that is occupied by perfusing blood, D
is the diffusion coefficient, D* is the pseudodiffusion coefficient and describes
dephasing due to perfusion.

At high b values an effect known as kurtosis comes into effect and reduces
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the signal attenuation to a rate lower than expected. The kurtosis effect comes
from the fact that in complex tissues the distribution of diffusion displacements
does not follow a Gaussian distribution as they do in free water due to structural
restrictions (e.g. cell walls). In this thesis the b values used do not reach high
enough values to incorporate the kurtosis effect which adds an extra term to
Equation [2.76]

A
IVIM effect

/ADC (linear slope)

In(Signal)

Kurtosis effect

>

e

I ]
~250 ~1000
b value s/mm?

Figure 2.32: Diffusion over a range of b values with the IVIM effect shown at
low b values and the kurtosis effect shown at high b values.

2.3.7 Spectroscopy

Magnetic Resonance Spectroscopy (MRS) differs from Magnetic Resonance
Imaging in the fact that the aim is not to form an image of the tissue in
the body but to analyze the chemical spectra of the tissue in a small spatial
location. In spectroscopy the desired voxels are excited and the free induction
decay sampled. Frequency encoding is not used as the frequency differences are
used to produce a frequency spectra of the chemicals within the species (Figure
. The peaks observed in the spectra allow for the chemical composition of
the tissue to be determined. The spectra are traditionally displayed in parts per
million rather than frequency as ppm is independent of field strength.

The area under each peak represents the amount of signal originating from
a particular chemical. As water is the most abundant chemical in the body it is

often suppressed to allow for smaller concentration chemicals to be identified.
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Figure 2.33: Fat spectra taken from Hamilton et al (22) showing the spectra in
a fat emulsion phantom (left) and the liver from a patient with fatty liver disease
(right). Fat peak assignment: 1, -CH=CH- and -CH-O-CO- ; 2, -CH2-O-CO-;
3, -CH=CH-CH2-CH=CH-; 4, -CO-CH2-CH2- and -CH2-CH= -CH-CH2-; 5,
-CO-CH2-CH2- and -(CH2)n-; 6, -(CH2)n-CH3. Of the six fat peaks resolvable
by spectroscopy at 3T, in vivo peaks 1 and 2 are buried within the water peak,
and peak 3 is small and rarely seen in the human liver clinically.

The frequency shift in ppm is given by

_ Chemical shift (Hz) x 10°
"~ Reference frequency

5 (2.77)

with the reference frequency being that of a proton.

2.3.8 Fat Suppression Techniques

Fat can often cause artefacts in images due to misregistration of its signal.
Therefore fat suppression techniques are often used, especially in the abdomen.
Two commonly used fat suppression techniques are STIR and CHESS. STIR
(Short TI Inversion Recovery, Figure iS an inversion recovery sequence
that makes use of the T1 of fat in order to suppress it. A 180° pulse is applied

inverting all protons in the imaging plane. A wait time, corresponding to the
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null point in the fat signal in the longitudinal plane, is then applied before the
main image acquisition begins. This means that when the excitation pulse is
applied the longitudinal signal of fat is 0 and therefore the fat signal is not
excited and is suppressed from the image. STIR images also suppress any tissue
with a similar T1 to fat, which in the case of this thesis is a benefit as the bowel
has a similar T1 to fat and the STIR pulse suppresses fat and bowel in images

aimed at visualising lymph nodes.

180°
RF pulse _‘ )t
—— Fat
TR Tissue
M, <> — Fluid
z )t

Figure 2.34: Schematic of the inversion recoveries used in STIR fat suppression.

The second commonly used fat suppression method is known as CHESS (CHEm-
ical Shift Selective pulse, Figure. This technique makes use of the chemical
shift of fat. An RF pulse with the resonant frequency of fat, and a narrow band-
width is applied to the imaging plane, tipping the fat signal into the transverse
plane. Immediately after this pulse the imaging sequence begins. This means
that there is no longitudinal fat magnetization to excite during the acquisition
and thus fat is suppressed from the image. To prevent the fat signal from
producing an echo spoiler gradients are used to dephase the fat signal.

Philips’ systems offer two other fat suppression techniques called SPIR (Spec-
tral Presaturation with Inversion Recovery and SPAIR (Spectral Attenuated In-
version Recovery). Both techniques are hybrid methods which combine the

STIR and CHESS principles. An inversion pulse is applied at the the resonant
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frequency of fat (similar to CHESS) and then an inversion delay time is waited
before the main imaging sequence is applied (similar to STIR). SPAIR differs
from SPIR in that it uses an adiabatic inversion pulse making it less sensitive to
B1 inhomogeneities. In this thesis the SPIR fat supression technique is used in

diffusion weighted imaging of the lymph nodes (Chapter 4).

63



2. MRI Theory

Saturation pulse

Water Fat

o 4
g

[
o 4=
Y

(5]

ha
ol

Ppm

W Only waler
magnetization
reamains

W & Gradient spoiling
of transversa (fat)
magnetization

x

Figure 2.35: CHESS fat suppression. The fat (or water) peak may be selectively
saturated by a narrow-bandwidth radio frequency (RF) pulse. Fat-Sat pulses
on most commercial images function according to the general method pictured

here (23).
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2.3.9 Dixon Imaging

Dixon imaging makes use of the chemical shift properties of fat in order for
separate fat and water images to be produced. The Dixon method is used in
Chapter 6 of this thesis as a fat quantification technique. The method, first
proposed in 1984 (24]), makes use of the different resonant frequencies of fat
and water. Due to the different resonant frequencies, fat and water signals go
in and out of phase. Two images are collected in traditional Dixon imaging, the
first being at an echo time when fat (F) and water (W) are at opposed phases
(OP) and the second when they are in phase (IP) (Figure [2.36). The signals

from these can be written as

Sip=Sw+ S
P w 2 (2.78)
Sop = Sw — Sr.
Rearranging these, fat and water only images can be calculated as
1
Sw = 5(5119 + Sop)
(2.79)

1
Sp = 5(5113 — Sop)-

Opposed In Phase

Phase S ——
= N

Fat Only =
/"’ . .
i A

Figure 2.36: mDixon images over the liver.
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Modern Dixon techniques use 3 echoes, the third being at opposed-phase which
allows for corrections of By inhomogeneities. On Philips systems these are known
as mDixon scans and the method of By correction is unknown to users. mDixon
acquisitions produce 4 images: in phase, out of phase, water and fat. Occasion-
ally in these images fat and water can be misregistered causing a swap of the
fat and water signals (Figure [2.37)).

Figure 2.37: Fat only image acquired at 7T where fat and water have been mis-
registered. The red arrows show the dark areas indicating that the subcutaneous
fat has been improperly registered. The liver in this image should appear dark.

Dixon imaging can also be used for more accurate fat quantification by collecting
more echoes (usually 6 or 9). The signal from a single species in a voxel measured

during Dixon imaging can be expressed as

S = Spete R it eio (2.80)

where w is the resonant frequency, 1 is the frequency offset (the deviation of
the magnetic field from By) and ¢ is the phase offset. Water is considered to
be on resonance and thus wygter = O.

Therefore when a voxel contains both fat and water the signal becomes
n
S = |We F2ut 4 Z Fetnte B2t | ot oio (2.81)
1
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where W and F are the signals of fat and water at ¢=0 respectively. Each of the

n fat peaks have different resonant frequencies, w,.

2.3.10 Field Mapping

Quantitative MRI is reliant on homogeneous and accurate By and B; fields.
Unfortunately due to hardware imperfections and effects of the sample on the
magnetic field By is never perfectly homogeneous. Achieving homogeneous radio
frequency deposition is dependent on the size and shape of the participant un-
dergoing the scan. Corrections to the B; field are made using shimming however
these are not always sufficient to achieve homogeneous RF deposition. Quan-
titative measures are reliant on By and By being consistent with the assumed
values. Maps of the two respective fields are often calculated to check this as-
sumption, and in some cases, the measured field maps are used in place of the
assumed values. Field mapping is used in Chapters 5 and 6 of this thesis where
accurate flip angles and the By field are required for quantitative measures of

the Gl system.

By Mapping
In quantitative MRI knowledge of the exact magnetic field experienced by the
nuclei within a voxel is often required. A By map provides this information by
calculating the variation in the magnetic field across the field of view. The
map is acquired using a gradient echo sequence with two different echo times
separated by a time ATE. The difference in the phase, A¢, of the nuclei at the
two different echo times, is directly related to the By field inhomogeneity and is
given by

A¢(r) = yAB,(r)ATE. (2.82)

By measuring the phase difference the local deviation of the By field can be

calculated as
_ Ag(r)
YATE'

AB.(r) (2.83)
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B; Mapping

B, mapping is necessary when the angle through which the magnetization vec-
tor is rotated needs to be precisely known. A common method of B; mapping
is the dual TR method or ‘Actual Flip Angle Imaging’ method developed by
Yarnykh (25)). The acquisition (Figure [2.38) consists of two identical RF pulses,
the first followed by TR; and the second by TR,. The method requires that
TRy <TRy <T1, allowing for the assumption that relaxation effects are neg-
ligible to be made and the magnetization to be at steady state. The solution
to the Bloch equations for the steady state magnetization before the excitation

pulses are as follows

1 — Ey+ (1 — Ey)Eycosa

M. = M, 2.84
! 0 1 — E1Eycos’a (284)
1 — Ey + (1 — Ey)Eqycosa
a 0 1 — E\Esycos’a ( )
where B, 5 = exp™TR12/T1,
The signal measured after each of the excitation pulses is given by
Sia = Mxlﬁgexp_TE/TQ*sma. (2.86)

Using the first order approximation that exp(z) = 1 + z, and the assumption
that TRy <T, <T1 it can be shown that the ratio of the two signals, r, is given
as

So 1 + ncosa

r= (2.87)

S1 n + cosa

where n = TRy /T R;. Therefore the actual flip angle that is applied during the

a = cos™! <m - 1) . (2.88)

n—r

sequence is given by

The B; map can be used to correct for the flip angle assumed in any quantifi-
cation.

Other B; mapping techniques exist such as DREAM (Dual Refocusing Echo
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Figure 2.38: RF pulses used in a Dual TR sequence.

Acquisition Mode). This technique provides a faster method of B; mapping

making it less sensitive to motion.

2.4 Conclusion of Chapter

This section introduced the principles of physics that underlie the MRI acqui-
sition techniques and measurements that are used throughout this thesis. It
has introduced the basics of NMR that are required to understand how MRI
works. The techniques used in acquiring images were also discussed along with
possible quantitative measures that may be of use in the gastrointestinal system

including T1, T2, diffusion coefficient and fat quantification.
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3. The Gastrointestinal System

3 The Gastrointestinal System

3.1 Introduction

The digestive system is split into two groups, the gastrointestinal tract (Gl), a
continuous structure that runs from the mouth to the anus, and the accessory
digestive organs (Figure . It serves to digest food, absorb nutrients and
excrete waste. The accessory digestive organs (excluding the teeth) lie off the
gastrointestinal tract and are joined through ducts which allow secretions from
the organs into the tract (1). Overall the digestive system has six basic functions:
ingestion, secretion, mixing and propulsion, digestion, absorption and defecation.
During gastrointestinal disease the structure of the tract and its functions can
be disrupted. Common symptoms of gastrointestinal problems can often include

nausea, constipation, diarrhoea and malabsorption (2)).

3.2 Ingestion and the Stomach

The Gl tract starts at the mouth where ingestion of food and liquid begins.
In the mouth digestion is initiated by two different mechanisms. The teeth
and tongue begin the mechanical breakdown of food while the enzyme amylase,
which is found in saliva, starts the chemical breakdown of carbohydrates (4)).
At this stage saliva acts as a lubricant to assist the passage of food from the
mouth into the oesophagus. The pharynx links the oral cavity to the oesophagus
and provides the site for the start of the swallowing process. The oesophagus
is a tubular structure which connects the pharynx to the stomach. A series
of contractions and relaxations of muscles along the oesophagus continue the
swallowing process, transporting food into the stomach.

The stomach, an expandable bag, provides the location for the next stage
of digestion and also acts as a storage space for food (5). The storage space is
required as the intestines digest and absorb food at a much slower rate than the
rate at which it can be consumed. Whilst in the stomach, the food is mixed with

secretions from the gastric glands by peristaltic movements of the stomach walls.
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Figure 3.1: The gastrointestinal tract with key features and organs labelled (3).

This dilution causes the contents of the stomach to turn from the semisolid state

they are received in into a liquid called chyme. In the stomach, enzymes such as

pepsin begin the breakdown of proteins which continues in the small intestine.

The pyloric sphincter connects the stomach with the duodenum, the start of the

small intestine. With each wave of mixing in the stomach the pyloric sphincter

allows small amounts of chyme to pass into the duodenum.

3.3 The Liver

The liver is one of the largest organs in the body and is comprised of two main

lobes, the large right lobe and the smaller left lobe. Each of these is split into

many smaller lobes called lobules. The blood supply to the liver is served by
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the hepatic artery, with the hepatic vein removing the blood. The portal vein
delivers blood from the intestines to allow the liver to break down nutrients and
remove toxins.

A large portion of the liver consists of hepatocytes (liver cells) which absorb
nutrients from the blood and also remove potentially harmful substances. The
liver has many functions including processing nutrients absorbed in the Gl tract,
regulating blood volume, maintaining levels of lipids, cholesterol and glucose in
the body and assisting the immune system (I]). Nutrients that are broken down
in the liver are transported to the rest of the body via the hepatic vein. The
liver also serves an important role in immunity. It provides a location to detect

and destroy pathogens that are absorbed through the GI tract.

3.4 The Gall Bladder and the Pancreas

The gall bladder and the pancreas are accessory organs of the digestive tract
and digestion in the small intestine is reliant on both.

The gall bladder is a sac that sits beneath the liver and can store around
50 mL of bile (6). Bile contains acids which help emulsify lipids in the small
intestine to assist enzyme action. Bile also contains aged red bloods cells, the
contents of which are either recycled and absorbed in the intestines or excreted
in faeces.

The pancreas is a large gland that produces secretions including insulin and
glucagon. Ducts connect the pancreas to the duodenum where its secretions
join the chyme in the Gl tract. The secretions from the pancreas are alkaline and
act to alter the acidic pH of the chyme leaving the stomach so that intestinal
enzymes can function in the chyme (5). It also contains some protein and

carbohydrate digesting enzymes (1)).

3.5 The Small Intestine

The small intestine provides the location for most of the digestion and absorption

in the Gl tract. In order to maximise absorption along the intestine, the surface
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layer of the wall contains many folds called villi (Figure . The small intestine
is a long tube split into three main sections: the duodenum, the entrance to the
small intestine, followed by the jejunum and finally the ileum (€). The duodenum
releases the hormone secretin into the blood stream which, in turn, triggers the
secretion of pancreatic juices into the duodenum. The jejunum and ileum are
mobile and are joined to the abdominal wall by the mesentery. The jejunum is
located in the upper part of the abdominal cavity and has a thicker wall than
the ileum. In the jejunum digestion and secretion of enzymes occur along with
the absorption of fully digested carbohydrates and proteins. In the ileum the
primary function is to absorb vitamin B12, bile salts and other nutrients not
absorbed by the jejunum. The final section of the ileum, known as the terminal

ileum connects the small intestine with the large intestine (1)).
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Figure 3.2: The villi along the wall of the small intestine (7).

3.6 The Large Intestine

There are four main sections of the large intestine: the cecum, colon, rectum
and the anal canal. The terminal ileum is connected to the cecum via the
ileocecal sphincter. Here the process of compression of food material into faecal
matter begins (3). Attached to the lower end of the cecum is the appendix,
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composed of lymphatic tissue the appendix plays a role in immunity (5)). Above
the ileocecal sphincter the cecum joins with the colon, which is in turn split into
four segments: the ascending, transverse, descending and sigmoid colon. The
main function of the colon is to absorb water and electrolytes, any products not
absorbed by this point then become faecal matter which is stored in the rectum
(6)). Faecal matter finally passes through the rectum and into the anal canal for
excretion (1))

3.7 The Structure of the Gl Tract

The Gl tract has the same basic structure throughout its length. The tract has

four main layers: the mucosa, submucosa, muscularis and serosa (Figure [3.3)).

submucosa

muscularis
mucosae

muscularis
" propria

mucosa—
lamina
propria

epithelium

SCrosa

Figure 3.3: The structure of the Gl tract with the main layers labelled (8).

The mucosa is the innermost layer of the tract and is split in turn into three
layers: the epithelium, the lamina propria and the muscularis mucosa. The
epithelium is the part of the tract that is in contact with the contents of the
lumen which, in the small intestine forms the many folds in the surface (8). The
lamina propria contains the blood vessels and lymphatic capillaries (see section
B.9). The muscularis mucosa is a muscle layer ().

The submucosa contains the large blood and lymphatic vessels along with

nerves (5l). The muscularis contains muscle which helps the breakdown of food
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and propels the contents along the Gl tract. Finally the serosa is the outer layer

of connective tissue and epithelial cells ().

3.8 Diseases of the GI Tract

Inflammation can be split into two categories; acute inflammation and chronic
inflammation. Acute inflammation is a healthy response by the body which helps
recovery after injury whilst chronic or recurrent inflammation can be harmful to
the body (3). In this thesis 6 chronic/recurrent inflammatory gastrointestinal

diseases were investigated, the mechanisms of which are detailed in brief below.

3.8.1 Coeliac Disease

Coeliac disease is an autoimmune disease in which the body mistakes gluten
for a harmful substance. The body attacks the gluten resulting in damage
to the small intestine and chronic inflammation (9). The prevalence of the
disease is increasing with current figures quoting around 1/100 in the western
world. Common symptoms include diarrhoea, abdominal pain, bloating and
constipation (L0). Testing for the disease may involve looking at antibodies in
the blood, genetic testing or a biopsy. The immune response is caused when
gliadin, a protein found in gluten, undergoes a chemical reaction with the enzyme
transglutaminase. It is transglutaminase that the immune system mistakenly
responds to (11). The immune response causes atrophy of the intestinal villi
which in turn causes the symptoms of coeliac disease. The current treatment

for coeliac disease is a gluten free diet for the rest of the patient's life (12)).

3.8.2 Crohn’s Disease

Crohn’s disease is an inflammatory disease affecting mainly the tissue of the
bowel, although extra-intestinal occurrences of the disease have been found.
There is no known cause of Crohn's disease but the current consensus is that the
immune system and genetic factors may both play a role. Symptoms can include

diarrhoea, stomach ache, blood in stool, tiredness and weight loss. Complica-
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tions of the disease can include ulcers, fistulas, malnutrition and an increased
risk of colon cancer. Diagnosis mainly occurs before the age of 40, with the
most common locations of disease manifestation being in the terminal ileum
and the colon (13). Crohn's disease is currently diagnosed using a combination
of several procedures which can include colonoscopies, CT scans, MRI scans and
endoscopies (14). The inflammation in Crohn's disease is described in the liter-
ature as ‘segmented granulomatous’ (15]). Segmented refers to the fact that the
disease is not continuous along the bowel but rather occurs in patches. Gran-
ulomatous refers to the type of inflammation that is seen in the tissue and is
defined by the presence of certain cells including histiocytes and leukocytes (116).
Currently no cure exists for Crohn's disease. Treatment may take one of several
forms including steroids (to reduce the inflammation), immunosuppressants and
surgery amongst other methods (17)).

3.8.3 Diverticulitis

Diverticula are small bulges or pockets that occur along the intestines and stick
outwards. The diverticula themselves do not always cause symptoms (Figure
. Once symptoms occur the patient is said to have diverticula disease or
diverticulosis. Symptoms can include abdominal pain, bloating, constipation
and diarrhoea amongst others (18). Prevalence of diverticula increases with
age with a >50% prevalence in those over the age of 50 in the western world.
Diverticula are thought to form when weak sections of the bowel wall are forced
outwards by high pressures caused by dysmotility. Diverticulitis refers to the
inflammation of the diverticula which can cause increased and often more se-
vere symptoms. Inflammation is thought to occur when the diverticula become
blocked off, allowing bacteria to ferment. This in turn increases the pressure in
the diverticula, which causes pain (11)). Complications can occur if the excessive
pressure causes perforation. Treatment for diverticulitis is usually a course of

antibiotics although surgery may be required for severe cases (19).
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Figure 3.4: Diverticula are pockets of bowel that line the intestinal tract. When
the presence of non-inflamed diverticula are found the patient is said to have
diverticulosis. If the diverticula become inflamed the patient is said to have
diverticulitis (18]).

3.8.4 Helicobacter Pylori

Helicobactor pylori (H pylori) is a bacteria that is well suited to living in an acidic
environment such as the human stomach. Its prevalence ranges from 20% to
80% and it is found throughout the world (20]). Most carriers of the bacteria do
not show any symptoms of having H pylori but those who do often present with
abdominal pain, nausea and loss of appetite amongst others symptoms. Com-
plications can include ulcers, inflammation of the stomach lining and stomach
cancer (4). Tests for the infection include breath tests, stool tests and blood

tests. H pylori colonises the gastric mucosa with the consequence of chronic
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gastritis and inflammation of the stomach lining. H pylori can bring about cell
death, cell proliferation (the process that increases the number of cells and is
higher in tumours) and destruction of cell junctions (21)). The infection is treated
with antibiotics (4).

3.8.5 Hepatitis B and C

Hepatitis is the inflammation of liver tissue. There are several causes of hepatitis
including the hepatitis B and hepatitis C viruses, both of which are diagnosed
with a blood test.

Hepatitis B is spread through blood or bodily fluids (22)). In epidemic areas,
which includes China and Africa, the prevalence is around 50% (11I)). Hepatitis C
has a prevalence of around 0.5% in the UK but is much higher in countries such
as Egypt and eastern European countries (23). The virus is most commonly
spread through sharing needles and poor health care practises. For both viruses
there are often no symptoms however after long exposure (~3 months) flu
like symptoms can occur ([11). The viruses invoke an immune response in the
host which in turn causes inflammation and liver fibrosis. It can also promote
carcinoma in the hepatic cells (24). In patients with no symptoms the body's
natural defences can fight off the infection. Chronic hepatitis patients are given

medication to keep control of the virus but they may not cure the virus (11).

3.8.6 Liver Cirrhosis

Liver cirrhosis is the final stage of scarring of the liver that can be caused by
long term liver damage. For example fatty liver disease, hepatitis and alcoholism
can all cause cirrhosis. Fibrosis is the precursor of cirrhosis and is defined as
the accumulation of extra cellular matrix (ECM) proteins (25). Non-alcoholic
fatty liver disease is the leading cause of cirrhosis in the western world. After
undergoing injury the liver regenerates and replaces the damaged cells. During
the recovery, inflammatory responses occur and ECM proteins are deposited in
the liver, including collagen. Eventually with repeated damage the normal liver

tissue is replaced with the collagen becoming cirrhotic and is then said to be in
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the final stage of liver scarring. Degeneration of the liver function and necrosis
of the liver cells are common to cirrhosis regardless of the initial cause of the
liver damage (26]). Symptoms of liver cirrhosis do not always occur, but can
include fatigue, jaundice and loss of appetite amongst many others. Diagnosis
is usually by a blood test, biopsy, endoscopy or imaging. The scarring cannot
be reversed but lifestyle changes or treating the underlying cause can prevent

further scarring. In the worst cases of liver scarring a transplant is required (27)).

3.9 The Lymphatic System

The lymphatic system is made up of a series of vessels, capillaries, ducts and
nodes. Lymph capillaries have dead ends and are found in interstitial space (the
area that surrounds cells). Interstitial fluid consists mainly of water, plasma
proteins and electrolytes. The exact composition of the fluid depends on the local
environment and can vary with disease and inflammation (28). The lymphatic
capillaries drain the interstitial fluid into larger lymphatic vessels which, in turn,
drain into the blood stream. Once the fluid enters the lymphatic system it
is known as lymph. Lymphatic vessels are found in most areas of the body
(Figure excluding the brain, bone marrow and tissue which does not contain
vasculature (e.g. cartilage) (29). Lymph drained from the right upper portion
of the body enters the blood stream in the right brachiocephalic vein whereas
lymph from the lower and upper left part of the body is drained into the left
brachiocephalic vein (1l). All lymph from the lower part of the body including
the abdomen is drained through the thoracic duct. Before reaching the thoracic
duct, lymph from the intestinal, hepatic and lumbar areas drains through the
cisterna chyli, a sac like structure located at the lower end of the thoracic duct
(30).

Unlike the vasculature system, the lymphatic system does not contain a
pump to propel lymph through the vessels and capillaries. The lymphatic sys-
tem instead relies on a series of valves, to prevent back flow of lymph, and
pressure gradients for lymph propulsion. Flow into the capillaries is driven by

pressure differences between the lymphatic system and the interstitium (30). An

82



3. The Gastrointestinal System

Palatine tonsil ;
Submandibular node
I
Cervical node —,—f
Right internal jugular vein —

Right lymphatic duct /)L_ 4
Right subclavian vein " i -
| & -
b R

Left internal jugular vein
Thoracic duct

Left subclavian vein
Axillary node

Thymus

Lymphatic vessel

Thoracic duct Spleen

Cisterna chyli
Small intestine

Aggregated lymphatic
follicle (Peyer's patch)

lliac node

Intestinal noda
Large mtaslme

,f \

Appendix

Inguinal node

/
7

Red bone marrow

Lymphatic vessel
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increase in the capillary pressure at the source of drainage causes the pressure
in the system to increase and hence moves fluid further along the system. Inter-
stitial fluid pressure can be influenced by many factors including exercise, blood
pressure and tissue metabolism (31)).

Lymph nodes (Figure, 0.1-2.5 cm kidney shaped structures, lie in groups
along the routes of lymphatic vessels (32). Several vessels drain into a single
node and the lymph leaves the node through one or two vessels. The nodes
provide the location for the facilitation of immune responses to lymph.

Inside the nodes the lymph is screened by lymphocytes (33]). Three types of
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Figure 3.6: Lymph node structure (32)). Red and blue arrows indicate blood
flow into and out of the node.

lymphocytes exist, B cells, T cells and Natural killer cells. B cells are developed
from stem cells shortly after birth (34)). These immature B cells travel to the
lymph nodes, liver and spleen. Once in the nodes, the B cells transform into
plasma cells which can then secrete antibodies or immunoglobulins (I). T cells
originate in bone marrow as pre-T cells, which then travel to the thymus to
develop. These are then activated in the lymphatic tissue with different types of
T cells performing different immune responses (33). Natural killer cells circulate
in the blood and detect and destroy harmful substances before T cells arrive in
the lymph nodes (35)).

Lymph nodes have three main compartments: the superficial cortex, the deep
cortex and the medulla. The superficial cortex is made up of mainly B cells, the
deep cortex is made up of mainly T cells and the medulla contains plasma cells.
In the medulla antibodies are secreted by the plasma cells to destroy antigens
passing through the lymph node.

An inflammatory response occurs in the nodes when the presence of an
antigen in the local tissue is detected. This response causes several changes
in the local tissue with the aim of eliminating any toxins, micro-organisms or
dead tissue. Blood flow to the area is increased, increasing the amount of

interstitial fluid which, in turn, increases the amount of liquid drained by the

84



3. The Gastrointestinal System

lymph capillaries (36]). During disease the number of lymphocytes in the local
nodes increases in order to assist in the destruction of antigens. This, along with
the increase in the drainage volume, causes the nodes to swell. For example,
the swelling of cervical nodes in the neck is commonly seen in cases of influenza
(32)). If the rate of drainage is insufficient during inflammation, oedema can
occur (31)). Because of the filtration process that occurs in lymph nodes and
the fact that lymph flow is relatively slow, cancerous cells often remain in the
nodes which can then become the site of secondary tumours (29).

In the small intestine specialised lymphatic capillaries exist to allow the trans-
port of lipids from the gastrointestinal system into the blood stream (37)). These
specialised capillaries are called lacteals. The fluid transported through lacteals
has a milky colour due to the presence of lipids, compared with the clear coloured
lymph found else where in the body. To distinguish this fat carrying lymph from
ordinary lymph the fluid is often referred to as chyle (29). The small intestine
also contains Payer's patches, lymphoid tissue clusters, similar to the tonsils.
These specialised nodules are designed so that antigens pass through the sur-
face and into the nodule. Antigens that are deemed to be harmful are killed
by the lymphocytes and an immune response is triggered. Food allergies can
occur if these nodes incorrectly 'decide’ that a particular nutrient is dangerous
(33)). The lymphatics of the liver are rich in immune cells to tackle the influx of
harmful substances that may be absorbed by the Gl tract (38]).

3.10 Conclusion of Chapter

The gastrointestinal system is a complex structure serving a crucial role within
the body. Disruption of its homeostasis can cause a wide range of symptoms
from fatigue to intense pain. Many of these symptoms can affect the quality of
life of the patient suffering from them. Diagnosis of gastrointestinal disease is
often difficult due to the large overlap in symptoms that Gl diseases can cause.
MRI is already embedded in the diagnosis and monitoring of several digestive
diseases however quantitative measurements of the Gl tract lag behind similar

measures outside of the abdomen. The difficulties in obtaining MRI measures of
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the Gl tract must be overcome due to the scale of the potential benefits that non-

invasive MRI offers. Once developed, quantitative measures would also enable

long term studies of the gastrointestinal system which have not previously been

possible due to the invasive nature of current measures.

The aim of this thesis is to address some of the shortages in quantitative

MRI measures of the structure of the Gl tract in the hope that future diagnosis

and monitoring of Gl diseases could move away from invasive and uncomfortable

procedures and towards non-invasive MRI.
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4. Abdominal Lymph Nodes

4 Abdominal Lymph Nodes

4.1 Introduction

The lymphatic system has three main functions: to drain excess interstitial
fluid, to transport lipids from the digestive system into the blood stream and to
facilitate immune responses. Inflammatory conditions such as Crohn's disease
cause changes in the lymphatics including enlargement and necrosis (1)). The
presence of inflamed nodes has also been used in the staging of several diseases
and can be used to determine the prognosis of treatment of cancers (2], [3).
Lymph nodes, therefore, have the potential to be a useful biomarker of local
inflammatory responses with the number, size and location of the nodes being
potentially useful in determining the location and severity of disease. In order
for lymph nodes to become a novel MRI biomarker, their state in the healthy
body first needs to be evaluated to provide a bench mark against which disease
can be compared. Some information is available in the literature about lymph
nodes but this is mainly focused on cancer. A handful of studies have evaluated
nodes in inflammatory gastrointestinal diseases but the amount of quantitative
information is severely restricted. To our knowledge, no data has been published
which has given quantitative MRl measures of lymph nodes in healthy volunteers.
This may be due to the difficulty in visualising healthy lymph nodes in vivo. This
chapter focuses on the development of MRI to evaluate non-enlarged abdominal
lymph nodes in healthy participants and then details the use of the developed
methods in patients with a range of inflammatory gastrointestinal diseases. All
image acquisitions were performed by Hannah Williams, with initial assistance
from Dr Caroline Hoad (Senior Research Fellow). The ethical approval for the
patient study was written by Hannah Williams and recruitment was done with
the assistance of the research nurses from the Biomedical Research Centre. The
work presented in this chapter has been presented as a poster presentation at the
annual conference of the International Society of Magnetic Resonance Imaging
(ISMRM) 2017 and 2019 and the European Crohn's and Colitis Organisation
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2019, and as an oral presentation at the Post graduate symposium of the British
Chapter of ISMRM 2019. All image analysis was performed by the author of this
thesis. Additional analysis to allow inter observer reproducibility to be evaluated
was performed by lyad Naim (PhD Student).

4.2 Lymph Nodes in Disease

The occurrence of enlarged lymph nodes is common in many diseases. In gas-
trointestinal disease the main patient groups in which lymph node involvement
have been reported are Crohn's patients, liver cirrhosis patients and patients

with coeliac disease.

Lymph Nodes in Crohn’s Disease: Enlarged lymph nodes have been noted
in Crohn's disease since its original descriptions (4)). In 1946 it was noted that
diseased tissue was more prominent in portions of the bowel where there was a
higher number of lymph nodes (5). Despite this there has been little investiga-
tion into the involvement of the lymphatic system in Crohn's disease until recent
years. The presence of enlarged nodes on T2 weighted images now forms part
of the Magnetic Resonance Index of Activity (MaRIA) score which is used as a
predictor of the severity of Crohn's disease (€). The use of nodes in the MaRIA
score is purely qualitative, however having quantitative measures of nodes may
provide more insights into the nature of the lymph nodes in the diseased state.
Differences between patient groups have also been seen. For example, Nolthe-
niushas et al have shown that Crohn's patients with proctitis (inflammation of
the rectum) have larger lymph nodes than those Crohn's patients without proc-
titis (7).

Lymph Nodes in Coeliac Disease: Patients with Coeliac disease have been
reported to have cavitation in their lymph nodes. Cavitation of lymph nodes
is described as a 'central necrosis of mesenteric lymph nodes’, the presence of
which may indicate a poor prognosis (8). Changes such as necrosis should, in

theory, be detectable using diffusion weighted imaging, with the necrosis pre-
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senting as a high ADC region in the lymph node.

Lymph Nodes in Liver Cirrhosis: Changes in the lymphatic system have
also been identified in patients with liver cirrhosis. Using Magnetic Resonance
Lymphangiography (MRL), an invasive MRI technique which utilises contrast
agents to image lymph flow, changes in the thoracic duct have been observed in
liver cirrhosis patients. Differences in the length of the duct were seen between
healthy volunteers and patients with alcoholic cirrhosis (9). This difference in
length was not observed in patients with non-alcoholic liver cirrhosis suggesting
that the length of the thoracic duct may be used as an indicator as to whether

a patient has alcoholic or non-alcoholic liver cirrhosis.

4.3 Lymph Nodes and MRI

Lymph nodes have been described in several MRI studies however there is a lack
of quantitative measures of lymph nodes, especially in gastrointestinal diseases.
This is likely to be due to the difficulty in visualising abdominal nodes, repeated
measurements are also difficult due to their small size and motion due to peri-
stalsis and respiration. From the literature it is apparent that the main focus of
lymph node imaging using MRI has been based around cancerous nodes, with a
large amount of these studies focusing on the head, neck and breasts with little
attention focusing on the abdominal lymph nodes. Currently Computed Tomog-
raphy (CT) is the main method for staging malignant lymphoma (10). MRI,
unlike CT, does not involve the use of ionising radiation and could therefore
provide a safer method for diagnostics and staging and also allow longitudinal
studies to be carried out. Many MRI studies involving the lymphatics use a con-
trast agent. However, studies have shown that enlarged and malignant lymph
nodes are visible on non-contrast enhanced (CE) MRI and can be used to dif-

ferentiate between benign and malignant lymph nodes (11).

Abdominal Nodes: In many non-CE MRI studies diffusion weighted imaging

has been employed, however studies of malignant nodes in the abdomen have
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reported poor visualisation of nodes. A study in which DWI was performed
followed by surgical removal of gastric tissue in patients with gastric adenocar-
cinoma found that visualisation of lymph nodes was low with as little as 7%
of removed nodes having being identified on the images (12). Mesmann et
al conducted an investigation to determine whether Diffusion Weighted Imag-
ing (DWI) or Diffusion Weighted whole body Imaging with Background body
Suppression (DWIBS) was more successful in imaging thoracic lymph nodes,
concluding that DWIBS allowed better visualisation of the lymph nodes. Free
breathing and respiratory triggering were also compared, finding that respiratory
triggering added a time penalty to the process but did not provide a significant
increase in image quality (13).

A sensitivity of 77-80% has been achieved when imaging prostate lymph
nodes using the method presented by Takahara et al in patients with prostate
cancer (14). Kwee et al initially reported that in a small number of cases using
lymph nodes imaged with DWIBS led to incorrect staging of lymphoma (10).
However, a follow up study which utilized a much larger sample size found
that staging using MRI was equivalent to using CT and thus could provide
an alternative method of staging in cases where radiation exposure should be
avoided ((15)).

We can draw on several studies of abdominal lymph nodes for methods to
image enlarged nodes. A study of the visualisation of mediastinal lymph nodes
concluded that they are better observed using short inversion recovery time se-
quences than using fat suppression techniques. It was reported that, in general,
fat suppression techniques do improve the visibility of lymph nodes but around
the mediastinal lymph nodes the field is often inhomogeneous and so visibility is
enhanced more with short inversion recovery techniques (16)). A study by Arrivé
et al found that if the mediastinal lymph nodes are surrounded by mediastinal
fat then T1 weighted images provide good contrast between the node and the
fat (17). Arrivé et al used an interesting technique in a second study to image
lymph nodes; pineapple juice, which has a high concentration of manganese was

drunk by the patients prior to imaging to reduce the signal from liquid in the
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bowel on T2 weighted images (18)). The manganese has the effect of shortening
the relaxation times of the liquid content in the bowel, making them appear
darker. A study by Akduman et al compared the ADC of lymph nodes in pa-
tients with a range of diseases including Crohn’s disease. The study highlighted
that there was a significant difference in the ADC between these nodes and can-
cerous nodes. The nodes were all enlarged and no comparison was made with
healthy nodes (19)).

Nodes Outside the Abdomen: The use of MRI to visualise lymph nodes has
mainly been focused outside of the abdomen. Around the lungs for example,
Onhu et al used contrast enhanced short Tl inversion recovery (STIR) turbo spin
echo (TSE) to successfully image both healthy and metastatic lymph nodes.
They were able to differentiate between healthy and metastatic lymph nodes
both qualitatively and quantitatively by comparing the signal in the node with
the signal in a phantom (20). Xu et al used DWIBS to image lymph nodes
using the diffusion coefficient as an identifier of the spread of lung cancer into
surrounding nodes. It was demonstrated that the lower diffusion coefficient of
the malignant nodes made their visualisation easier with 100% of the malignant
nodes being identified. In comparison, fewer than 50% of benign nodes were
visualised (2I). The result that <50% of benign enlarged lymph nodes were
identified demonstrates that benign lymph nodes may be difficult to image even
when they are enlarged.

A small amount of literature was found that included semi-quantitative T2
measures of lymph nodes. Kim et al calculated the relative T2 of nodes by
comparing the signal in the lymph nodes on a T2 weighted image to the signal
in muscle on the same image (22). They showed that the relative T2 could dis-
tinguish between metastatic and non-metastatic lymph nodes in breast cancer.
Li et al measured the T2* of lymph nodes in breast cancer patients finding that
the T2* of benign nodes was significantly lower than that of metastatic nodes.
They suggest that the T2* value, due to its specificity, sensitivity and easiness

of measurement, has a high potential for use in clinical practice (23)).
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From the literature it is clear that there is a lack of quantitative measures of
abdominal lymph nodes. In order for the lymph nodes to be used in MRI as a
biomarker, comparisons of values between patients and healthy volunteers must
be obtained. There is a very small amount of data on healthy nodes and thus
the potential for them to be used as a biomarker is minimal at this stage. The
literature mainly focuses on using diffusion weighted imaging as the main method
to study lymph nodes. This is due to the difficulty imaging them using other
acquisition techniques. One potential alternative method is to use mDIXON
imaging which had been noted on previously collected in-house data to show
lymph nodes in diverticulitis patients with a high volume of visceral fat. Figure
shows nodes joined by lymphatic capillaries. mDixon scans provide fat only
and water only images which provides the contrast between the lymph nodes

and the surrounding visceral fat.

Figure 4.1: mDixon fat only scan in a patient with diverticulitis. Fat appears
white with the lymph nodes (red arrows) appearing black, some lymph vessels
are also seen joining the lymph nodes.

Identifying nodes in volunteers with a large amount of visceral fat is significantly
easier than identifying them in volunteers with little visceral fat. The images in
Figure [4.2] highlight this difficulty. Image a) shows the pelvic nodes which sit

in a layer of fat which provides a good contrast between the two tissues. This
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makes the identification of the lymph nodes relatively easy. Image b) shows the
abdomen, which in this volunteer has very little visceral fat. The lack of fat
meant that no contrast was provided between the nodes and the surrounding

tissue, thus making the identification of lymph nodes difficult.

Figure 4.2: a) Coronal Dixon scan taken of the pelvis and abdomen. The pelvic
nodes (indicated by red arrow) sit in a layer of fat, which provides a contrast
between the nodes and surrounding fat tissue. In this image the nodes can be
easily identified. b) A slice taken from the same scan located further back in
the abdomen which shows a lack of visceral fat. The lack of surrounding fat
would make identifying the lymph nodes difficult as they do not have the bright
surrounding fat against which they would contrast.

Due to the difficulty in visualising nodes on non-DW!I images the focus of this
chapter is on the development and use of DWI to visualise and take quantitative
measures of abdominal lymph nodes. The work then moves on to compare
quantitative measures of T2, ADC and size of lymph nodes in healthy volunteers
and patients with a range of chronic or recurrent inflammatory gastrointestinal
diseases. This comparison will allow for the potential of abdominal lymph nodes

to be used as a biomarker of abdominal inflammation to be evaluated.
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4.4 Development of MRI of Abdominal Lymph Nodes

4.4.1 Abdominal Nodes at 1.5T

The starting point for the development of MRI to investigate lymph nodes was
DWI scanning at 1.5T. Scanning parameters were taken from the 2012 paper
written by Kwee et al (24) in which DWIBS was used to image tumours in the
abdomen. As recommended in the paper free breathing was used with STIR
fat suppression (T1=260ms), with a TR = 10000 ms and TE = 70 ms and
a resolution of 2.5 x 3.6 x 4.0 mm with 25 slices. The paper recommends
a b value of 1000 s/mm? however the images at this b value only contained
noise and so the b value was reduced to 600 s/mm?. Respiratory triggered and
breath hold data was also acquired in order to determine the best method to
allow visualisation of the lymph nodes. Diffusion gradients were applied in three
directions with the results averaged.

In the respiratory triggered data nodes were identifiable in less than half of
the initial images and the images had a low SNR. The data showed that tissue
with low ADCs such as the kidneys, the vertebrae and the gall bladder were
visible, as expected. A repeatability test showed that the few lymph nodes that
were identified on the first scan could not be done so on subsequent scans.
Figure highlights the non-reproducibility of the original imaging sequence.
These images were acquired during the same scanning session without moving
the participant between scans.

Visualising the individual dynamics (rather than the averaged data) revealed
that during free breathing the lymph nodes moved in and out of the imaging
plane. This resulted in a low signal in the nodes due to the averaging of noise
and node signal over all the dynamics, resulting in the signal in the location of
the node being lowered to a level similar to the surrounding noise. This problem
was not restricted to small objects, the kidneys for example (Figure also
moved in and out of the imaging slice however they had sufficient signal to
exceed the noise when averaged across the dynamics. For the visualisation of

the nodes to be repeatable the acquisition would have to be during the same
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Figure 4.3: Two coronal abdominal images taken using the same DWI sequence.
The images, taken consecutively, show that imaging abdominal lymph nodes (red
arrows) with this sequence does not give reproducible results.

part of the breathing cycle as the previous acquisition, which is not guaranteed

with free breathing.

Figure 4.4: Coronal DWI dynamics taken during free breathing. The kidneys
(red arrows) move in and out of plane, highlighting the amount of respiratory
based motion present in the abdomen during free breathing.

Using respiratory triggering, it was found that the nodes again appeared to
exhibit a significant amount of motion (Figure . Using breath holds it was
found that motion of the nodes was minimised however it limited the number
of slices that could be acquired during the scan. The image stack had to be
reduced from 25 to 5 slices in order to be within a breath hold time that was
realistically achievable. Here the nodes were visible but the SNR was low, again
making optimisation of the sequence difficult (Figure .
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Figure 4.5: Coronal DWI images acquired using respiratory triggering at 1.5T.
The background suppression is poor and nodes (red arrows) appear to move in
and out of plane.

Figure 4.6: Coronal breath hold DWIs showing two nodes towards the lower
section of the abdomen (red arrows). The SNR is low making the identification
of any smaller nodes impossible.

After these three trials it was deemed that the need for higher SNR to allow
visualisation of the nodes outweighed the problem of field inhomogeneities that
exist at higher field strengths. It also highlighted the difficulty in optimising
a sequence based on small movable objects. Thus the decision was made to
move the optimisation to a 3T scanner to increase the SNR and to also use
pelvic nodes which had the benefit of being unaffected by respiratory motion

and peristalsis.

4.4.2 Pelvic Nodes at 3T

Pelvic nodes, as expected, produced repeatable and well defined images when

imaged on a 3T Philips Achieva. The inversion delay time and b value were
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then varied to determine the optimal values for visualising the lymph nodes. A
b value of 600 s/mm? was chosen as it is commonly used in the literature and
upon visual inspection of images acquired in-house, a b value higher than this
(800 or 1000 s/mm?) often produced images in which the lymph node signal was

completely suppressed. A b value of 600 s/mm?

consistently gave high signal
in the lymph nodes with good background suppression. In a single participant
the signal in the lymph nodes was also compared to that of the muscle tissue
in the leg to confirm that background suppression was optimal at a b value of
600 s/mm?2. This b value produced the highest value of lymph node to muscle
ratio as it provided a compromise between high lymph node signal and high
background suppression (defined as low signal in the surrounding leg muscle).

The second parameter in the sequence to be optimised was the inversion
delay time for fat suppression. Three inversion delay times were tested, 220,
240 and 260 ms, these were chosen as they were all in the range of inversion
delay times which are known to suppress the majority of the background body
signal (fat and bowel). The ratio of lymph node signal to the surrounding
fat was calculated and used to determine the optimal inversion delay time. No
significant difference was found in the background suppression in the pelvis when
comparing the three different inversion delay times, therefore an inversion delay
time of 260 ms was chosen to be consistent with previous literature.

Once the optimal values were decided the images acquired using the 3T
Achieva were compared to those acquired using a 3T Ingenia. The 3T Ingenia,
being a digital system, was expected to give a higher SNR in comparison to
the Achieva which is an analogue system. The higher SNR on the 3T Ingenia
produced images in which the lymph nodes appeared to have sharper edges with
less blurring (Figure[4.7)). From these results it was decided to move all imaging
to the 3T Ingenia.
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Figure 4.7: Left: A coronal T2 weighted image taken with a 3T Ingenia. Fat
suppression was used to highlight the pelvic lymph nodes and lymphatic vessels
joining the nodes. Middle: A coronal DWI image taken on the 3T Achieva
showing good agreement with the positioning of the nodes when compared with
the T2 weighted image. Right: A coronal DWI image taken on a 3T Ingenia
which also highlights the lymph nodes but gives better definition of the edges
of the nodes due to the higher SNR.

4.4.3 Abdominal Nodes at 3T

Once the sequence was optimised the imaging was then moved back to the
abdominal lymph nodes. Figure [4.8) shows dynamics taken during a respira-
tory triggered acquisition. The lymph nodes were more easily identified when
compared with those taken at 1.5T. However, the problem of blurring due to
respiratory and digestive motion was still present. In order to overcome the loss
of signal due to nodes moving through the imaging plane, sagittal slices were
used. In a sagittal acquisition the motion of the nodes was in the plane of the
image rather than through the plane. Whilst this caused some blurring it did
reduce the signal loss from through plane motion. Figure 4.9 shows dynamics
taken from a sagittal DWI acquisition. The dynamics showed some movement
of the nodes up and down the plane. This could be overcome by using some

form of navigator or motion correction, however the movements observed were
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small and the use of a navigator or motion correction was not deemed necessary.

Figure 4.8: Two coronal single average DWI images that were acquired on a 3T
Ingenia using respiratory triggering with lymph nodes indicated by arrows.

Figure 4.9: DWI dynamics taken with a sagittal orientation, nodes (red arrows)
show no motion through the plane and minimal motion up and down the plane.

Figure shows a sagittal DWI and T2 weighted image alongside each other.
The nodes in the DWI image do appear to be present on the T2 weighted image
which has the benefit of containing more anatomical information. However, the
DWI image is necessary to distinguish nodes from vessels in the T2 weighted
image. In order to confirm these locations the two images need to be overlaid
which is difficult due to the distortion in the EPI image.

Acquiring a DWI with the echo time increased (with fixed gradients around
the DWI inversion pulse) as described in section [2.3.6] would allow the T2 signal
decay to be acquired by applying a fixed diffusion weighting, keeping the diffusion
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Figure 4.10: Left: T2 weighted anatomical image highlighting potential lymph
nodes. Right: DWI showing nodes in a similar location to the suspected nodes
in the T2 weighted SPAIR.

time constant and changing the echo time. This method allows for T2 to be
measured from images in which lymph nodes can be distinguished from the
surrounding tissue. This is not easily done on normal T2 weighted images due
to the similar contrast in the nodes and the surrounding tissue and the similar
appearance of nodes and vessels in anatomical images.

In order to check that this long-TE DWI method of measuring T2 was
accurate a phantom study was conducted in which the T2 of the phantom
was calculated using a spin echo EPI sequence as well as the long-TE DWI
sequence. The phantom used had four different segments, each with different
relaxation times. Table shows the T2 measured from each segment of the
phantom using the spin echo EPI sequence and the long-TE DWI sequence. One
of the four segments failed to fit for a T2 using the long-TE DWI sequence as
the diffusion weighting suppressed the signal in that segment to the noise floor.
The results show that T2 can be accurately measured on a long-TE DWI scan
providing that the signal is high in the diffusion weighted scans.

The developments made in the work presented in this section have allowed
for lymph nodes to firstly be identified in healthy volunteers which was not previ-
ously possible in the abdomen and secondly made T2 and ADC measurements in
the nodes possible. These two measurements along with the size and location
of nodes have the possibility of being biomarkers of inflammation in patients

with inflammatory disease. In order to evaluate the differences in lymph nodes
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Scan/Segment| SE-EPI Long-TE
DWI
Segment 1 83 ms 81 ms
Segment 2 52 ms -
Segment 3 49 ms 53 ms
Segment 4 69 ms 68 ms

Table 4.1: T2s measured from the quadrature phantom using spin echo EPI and
long-TE DWI are given. The T2 for segment 2 could not be measured with DWI
as the diffusion weighting suppressed the signal to the noise floor.

in patients with inflammatory disease and healthy volunteers the methods de-
veloped here were put to use in a healthy volunteer study aiming to characterise

abdominal lymph nodes.

4.5 Measuring Healthy Abdominal Lymph Nodes

In order to investigate whether non-contrast enhanced MR measures could pro-
vide a biomarker of inflammatory disease a pilot study was set up with the aim of
investigating a wide range of MR measures, firstly in a healthy volunteer group,
and then in a patient study. We hypothesised that there would be detectable
differences in quantitative MR measures of the lymph nodes between healthy
volunteers and patients. Specifically, the aim of the study was to characterise,
using non-contrast enhanced MRI, the size, ADC and T2 of lymph nodes in
healthy volunteers and then to compare these with patient data to be taken in
a later study. Initially 4 healthy volunteers were recruited to test a wide range
of echo times for the T2 measurements, from these echo times a smaller set of
optimal echo times was then chosen to allow the collection of the full T2 decay
curve whilst reducing the number of echo times acquired. The size of the lymph
nodes was measured by the major and minor axis lengths of each node which is
the standard method for measuring node size in imaging studies and diagnostics,

with a minor axis length above a given size used to indicate malignancy (25)).
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In this section the details of the small pilot study of four healthy volunteers are

given.

4.5.1 Study Design and Healthy Volunteer Cohort

Four healthy volunteers were recruited (2 male and 2 female) with a mean age
of 25 years with a standard deviation of 2 years. Each volunteer was asked to
fast overnight and then to undergo a 1 hour 15 minute MRI. The overnight
fast was requested to minimise any motion that the nodes may undergo due to
peristalsis of the surrounding bowel. The following inclusion/exclusion criteria

was set for the healthy volunteer cohort.
e Aged 18-75
e Male or Female
e Able to give informed consent.
The following exclusion criteria were set
e Pregnancy

e Gastrointestinal disorders or symptoms (e.g. coeliac disease, Crohn's dis-

ease, diverticulitis)

e Absolute contraindications for MRI.

4.5.2 Scanning Protocol

All healthy volunteers were scanned on a Philips 3T Ingenia (Best, Netherlands).
Participants lay in the prone position. The purpose of this positioning was to
cause the bowel to drop forward and away from the mesenteric lymph nodes
which sit near the spine which was the target area of scanning. The diffusion
and T2 images were acquired with 8 slices. The number of slices was limited by
the number that could fit within the expiration phase of the respiratory cycle.

The slices were orientated sagittally to reduce the through plane motion of the
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lymph nodes. The scanning protocol and scan parameters are detailed in Table
[4.2] As discussed in Section [2.3.6] the diffusion gradients must be fixed to ensure
that the diffusion time is constant for all measurements, therefore they were fixed
for all acquisitions throughout this chapter with 6 = 11 ms, A = 44 ms and the
gradient strength fixed at 20 mT/m. These were based off the gradients used
at the shortest echo time. Previous data acquired with b values ranging from 0
- 1000 s/mm? had shown that between 200 s/mm? and 600 s/mm?, ADC and
b value had a linear relationship, therefore 3 b values were chosen in this range
from which the ADC was to be measured.

A free breathing DWIBS sequence was acquired with two b values 0 and 600
s/mm? to obtain a guide as to the location of the abdominal lymph nodes. This
was used to position the slices of the standard DWI (for ADC measurements)
and long-TE DWI (for T2 measurements). The protocol lasted approximately
1 hour 15 minutes. The length was made longer than necessary due to an
error in the triggering which meant that triggering only occurred on every other
expiration even when a short TR was used. This error was corrected for the
patient study. The difference in triggering may result in a higher SNR in the case
where triggering was on every other breath rather than every breath. However
the need to perform the patient scanning in a single 1 hour session outweighed
the need for the higher SNR that may be achieved by triggering on every other
breath. In most tissue the TR used (1.9 s) is likely to be sufficiently long to
allow full T1 recovery before the next acquisition however in the case of necrosis
T1 can be up to 2 s which would therefore not allow full recovery of the signal

between acquisitions.

4.5.3 Analysis Methods

For both the standard DWI and long-TE DWI the same analysis methods were
applied to obtain the signal from the lymph nodes. Firstly the b = 600 s/mm?
standard DWI images were used to identify lymph nodes. The locations of the

nodes were noted so that the T2 and ADC could be compared in the same
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Scan T2 DWIBS Standard | Long-TE DWI
parameters anatomical DWI (ADC (T2
measure- | measurement)
ment)
TE (ms) 80 85 76 70, 80, 90,
100, 110, 120,
130, 150 and
200
Minimum 1676 2258 1938 3000
TR (ms)
Voxel size | 1.56 x 1.56 25x25 25x25 25x25
(mm?)
Slice 3.12 4.68 4.68 4.68
thickness
(mm)
Number 40 20 8 8
of slices
Slices Coronal Coronal Sagittal Sagittal
orientation
Reconstruction| 0.78 x 0.78 | 1.56 x 1.56 | 1.56 x 1.56 1.56 x 1.56
in-plane
(mm?)
Half  Fourier - - - 0.69
factor
SENSE 2 2.3 2.3 2.3
factor
b values 0 0, 600 400, 500, 300
(s/mm?) 600
EPI/TSE 120 69 53 53
factor
Number of 1 1 5 4
sequence
averages
Motion Triggered Free Triggered Triggered
correction breathing

Table 4.2: Table detailing the parameters of the acquired scans.
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node from the two acquisitions. An ROl was drawn on the lowest b value/echo
time in the node using MIPAV (medical image analysis package (26])) and was
then propagated all other b values/echo times. The ROl was rigidly moved to
account for motion of the lymph node where necessary. As the acquisition was
multi-slice (not 3D) and the nodes did not traverse two slices they were only
defined in two dimensions. For the ADC calculation a linear fit was applied in
MATLAB using a linear least squares fit to the log of the signal, fitting for My
and ADC. For the long-TE DWI T2 calculation a linear fit was also applied to
the log of the signal, fitting for T2 and M. For the T2 data some of the nodes
showed significant motion. To remove points that were likely to have undergone
significant motion the linear fit was performed and the percentage difference in
the predicted value at each echo time was compared to the measured value. If
the two values differed by more than 10% then the node was deemed to have
undergone significant motion at that echo time and the data point was removed.
This value was chosen by looking at a subset of data to see which points fell
away from the line and why. Points with >10% difference in predicted and
measured value had all undergone a significant amount of motion and the nodes
seem to have shifted so that they were between slices rather than sitting wholly
within a slice, reducing the signal from the nodes in the ROI. This movement
between image slices results in the signal being lower than expected causing a
non-linear relationship between the ADC and b value. Removing these points so
that only nodes that were constant in their positioning within the slice provides
data with less noise contamination and therefore a higher R squared. The linear
fit was then reapplied. If a fit was then found to have an R squared less than
0.9 it was not included in the analysis, as the results from these fits are less
reliable. In MIPAV when an ROl is drawn the major and minor axis of the ROI
are automatically calculated. These were taken as a measurement of the size of
the lymph node. The axis lengths were taken from the ROIs drawn on the ADC
images as these had the best SNR in the nodes.

109



4. Abdominal Lymph Nodes

4.5.4 Results

Figure shows lymph nodes identified on a standard diffusion weighted image
and a long-TE diffusion weighted image (used for the T2 measurement). The
mean and standard deviation of number of nodes that were visible on both the
standard and long-TE DWI images was 27 4+ 17 nodes per participant. The
number of nodes from which T2 was measured fell to 10 4+ 3 after removal
due to low R-squared of the fit. Figure [4.12] shows a diffusion decay and a T2
decay collected using diffusion weighted imaging. Figure shows the ADC
(mean 1.6 + 0.2 x 107 mm?/s) and T2 (mean 117 + 21 ms). Using Pearson’s
correlation coefficient no correlation was found between ADC and T2 in these
healthy participants (N = 15 nodes, p = 0.14). Figure shows the lengths
of the major and minor axis of the nodes measured in the healthy volunteers.
The mean major and minor axis length calculated for all four volunteers were
7.5 £ 0.3 mm and 5.0 £ 0.4 mm respectively.

Figure 4.11: Red arrows indicate a cluster of lymph nodes that were identified
on a standard DWI image (b = 400 s/mm?, TE = 76 ms) on the left and the
shortest echo time acquired as part of the long-TE DWI images on the right (b
= 300 s/mm?, TE = 70ms).
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Figure 4.12: A linear fit was applied to the signal collected from a single lymph
node on a standard DWI sequence (left) and a long-TE DWI sequence (right).

ADC

0.005
= Vi

= V2
= V3

0.003
= V4
0.002
0.001 !!
T T T T
Vi v2 V3 V4

0.004

ADC (mm?/s)

0.000

Volunteer number

(a)

T2
200
= Vi
150 = V2
— = V3
[2]
E 100 t = v4
~N
-
50 A
0
e T T T T
V1 V2 V3 va
Volunteer number

Figure 4.13: a) Violin plot showing the individual ADC measurements from each
participant. b) Violin plot showing the individual T2 measurements from each

participant.
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Figure 4.14: a) Violin plot showing the individual major axis measurements from

each participant. b) Violin plot showing the individual minor axis measurements
from each participant.
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4.5.5 Discussion

Imaging of the abdominal lymph nodes in healthy participants presented a chal-
lenge due to their small size and respiratory and digestive motion. Here a
modified diffusion weighted sequence was used to identify nodes and measure
the size, ADC and T2 of abdominal lymph nodes. The mean ADC measured in
the healthy volunteers was 1.7 4+ 0.2 x 1072 mm?/s. This value is lower than
that of the abdominal nodes measured in patients with a range of Gl diseases
by Akduman et al (2.38 & 0.29 x 1072 mm?/s for benign nodes and 1.84 +
0.37 x 1073 mm?/s in malignant nodes) (19). It is expected that the ADC in
the nodes of healthy volunteers would be higher than this however in their study

2. Using a b value of

ADC was calculated using b values of 0 and 600 s/mm
0 s/mm? in the ADC calculation includes the effects of perfusion in the tissue.
This increases the ADC measured and so it is to be expected that the ADC
calculated is higher when using b values of 0.

The mean T2 measured in the healthy lymph nodes was 120 + 18 ms. T2
has not before been measured in lymph nodes and the values measured here
are higher than other abdominal tissue such as liver tissue (around 40 ms) and
kidney tissue (around 80 ms). The nodes do however carry lymph fluid which
could lead to a higher T2 than that of other tissue found in the abdomen. No
correlation was found between the T2 and ADC of the lymph nodes however the
sample size for the correlation test was small (N = 15).

The average length of the major and minor axis of the lymph nodes was
7.5 & 0.3 mm and 5.0 = 0.4 mm respectively. The axis length measured was
shorter than those nodes measured by Akduman et al who measured the nodes
in patients with inflammatory Gl diseases to be 16.8 mm and 11.5 mm for benign
nodes. It is known that nodes in healthy volunteers are smaller than those in
patients and the size of the healthy nodes measured here corresponds with the
expected values quoted in the literature (around 6 - 10 mm (27))).

The main limitation of the technique used here was the significant motion of
nodes between acquisitions which greatly restricted the number of nodes from

which a full T2 decay could be measured. From these preliminary results an
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optimal set of echo times to use in future measurements was chosen. For patient
groups T2 is expected to be higher due to inflammation however using long echo
times is not beneficial as the signal often becomes comparable to the noise floor.
It was also noted that the start of the decay curve was not being sampled and
thus using shorter echo times would better define the decay curve. To try to
minimise the effect that motion has on the fit it was noted that interleaving
the echo times may prove beneficial if a participant moves or the time available
to scan is limited. Interleaving in these cases would mean that one pass from
low to high echo times could be acquired as a minimum. A further limitation
is the large voxel sizes and slice thickness which are likely to result in partial
volume effects. This will cause noise to be included in the signal measured in
the ROls. Using smaller voxel sizes and thinner slices is not recommended due
to the drop in SNR. However, using a thresholding mask to define the nodes
as voxels containing signal above a certain value could minimise partial volume

effects, the investigation of which is beyond the scope of this thesis.

4.6 Measuring Lymph Nodes in Gl Diseases

In order to investigate differences in the lymph nodes between patients and
healthy volunteers a study was set up with the aim of investigating the lymph
nodes in a range of chronic/recurrent inflammatory gastrointestinal diseases.
The study, titled “Magnetic resonance imaging of Abdominal Lymph nodes
(MAL)", was approved by the NHS Research Ethics Committee and adopted
by the NIHR Biomedical Research Centre at the Queen’s Medical Centre. We
hypothesised that there would be a decrease in the diffusion coefficient of lymph
nodes, due to the fact that inflammation causes a decrease in ADC, and an in-
crease in the T2 of lymph nodes, due to the fact that inflammation presents with
a high intensity on T2 weighted images, when comparing healthy volunteers and
patients (except in coeliac patients where we may find necrosis (8)). The aim
of the study was to use the non-invasive MRI techniques described previously
in a single, short scanning session to provide novel insights into lymph nodes

in patients with inflammatory diseases. Previous literature has detailed some
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quantitative ADC and size measures in inflammatory disease patients but these
have typically been in small numbers (n=1-3) (19). The primary objective of the
study was to collect pilot data from patients with a range of chronic/recurrent
inflammatory diseases and healthy volunteers. The main quantitative measures

to make were ADC, T2 and size of the nodes.

4.6.1 Cohort and Study Design

Patients were recruited by their clinical care team or by a member of the Biomed-
ical Research Centre (BRC). They were initially given a short version of the Pa-
tient Information Sheet (PIS), if the patient then expressed interest they were
invited to a screening visit. The screening visit provided the patient with the
long version of the PIS and a medical screening to check that the patient was
eligible for the study. After the screening visit the patient was invited to the
MRI visit at which the necessary MRI safety checks were performed before the 1
hour MRI scan was carried out. The aim of the study was to recruit 10 patients
from each of the following patient groups (at the time of writing 21/60 patients

in total had been recruited, the results for which are presented in this chapter):

e Chronic viral Hepatitis B or C infection (N=0)

Symptomatic coeliac disease (N=3)

Symptomatic Crohn's disease (N=10)

Diverticulitis (N=3)

Active Helicobactor pylori infection (N=0)

Clinical, radiological or histological diagnosis of liver cirrhosis (N=5).

6 healthy volunteers were also recruited to increase the overall healthy volunteer
group size to 10 (at the time of writing 6/10 healthy volunteers had been
recruited).

These diseases were chosen so that data from a range of anatomical locations

within the abdomen was studied. Differences in the lymph nodes are expected to
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be seen amongst the groups depending on the location of the inflamed tissue and
the severity of the inflammation. All groups are expected to show an increase
in size and decrease in the ADC of the lymph nodes surrounding the inflamed
tissue with the exception of the coeliac group in which necrosis may be present in
the lymph nodes which would cause an increase in the ADC. The cohort, whilst
small, was deemed sufficient to provide pilot data for future studies. In order
to minimise the risk of intolerance of the MRI scan, the patient not attending
the MRI scan and to ensure the study followed ethical practises the following

inclusion criteria were also set:

o Aged 18-75

e Male or Female

e Able to give informed consent

e Able to schedule the first MRI scan within 2 months of the screening visit.
The following exclusion criteria were set:

e Pregnancy declared by candidate

e Contraindications for MRI scanning i.e. metallic implants, pacemakers,

history of metallic foreign body in eye(s) and penetrating eye injury
e Inability to lie flat or exceed weight <120kg
e Poor understanding of English language
e Participation in any medical trials for the past 3 months

e Judgement by the PI that the candidate will be unable to comply with the
full study protocol e.g. severe COPD

e Asymptomatic coeliac disease or Crohn's disease.
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The patient cohort was made up of 15 females and 6 males. The mean age was
46 + 17 years. The healthy volunteer cohort was made up of 3 females and 3
males. The mean age was 32 + 13 years. Participants were informed not to eat

for a minimum of 8 hours prior to the MRI study visit.

4.6.2 MAL Protocol

All participants were scanned on a Philips 3T Ingenia (Best, Netherlands). Par-
ticipants were scanned in the supine position rather than the prone position as
the patients were less tolerant than healthy volunteers to the MRI scans and were
therefore placed in the supine position which most patients find more tolerable.
The scanning protocol and scan parameters are detailed in Table[4.3] As per the
healthy volunteer pilot study the free breathing DWIBS was performed at two b
values (0 and 600 s/mm?) to obtain a guide as to the location of the abdominal
lymph nodes. This was used to position the standard DWI and the long-TE
DWI slices. For the long-TE DWI scans the echo times used were differed from
those used in the healthy pilot group. The echo times were shortened to allow
for the start of the decay curve to be better characterised. The echo times were
also collected in two sweeps from a low TE to a high TE, this was done so that
in the case of a patient moving during the scans or aborting the scan early the

full decay curve was more likely to be sampled.

4.6.3 Analysis

The same analysis was used in this section as was used in Section [4.5.3 ROls
were drawn in the nodes and T2 and ADC were calculated respectively. Again
for the T2 fit if the R-squared value for the fit was below 0.9 then the T2
measurement was not used in the final analysis. For the patient data 51% of
nodes had an R2 higher than 0.9 in the T2 fit. This was due to the large amount
of motion that was seen throughout the long-TE DWI scans. The increased

amount of motion is likely due to the fact that the acquisition of these scans
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Scan T2 DWIBS Standard | Long-TE DWI
Parameter anatomical DWI (ADC (T2
measure- | measurement)
ment)

TE (ms) 80 85 76 55, 95, 135,

175, 75, 115
and 155

Minimum 1676 2258 1938 4000

TR (ms)

Voxel size | 1.56 x 1.56 25x25 25x25 25x25

(mm?)

Slice  thick- 3.12 4.68 4.68 4.68

ness (mm)

Number 40 20 8 8

of slices

Slices Coronal Coronal Sagittal Sagittal

orientation

Reconstruction| 0.78 x 0.78 | 1.56 x 1.56 | 1.56 x 1.56 1.56 x 1.56

in-plane

(mm?)

Half  Fourier - - - 0.69

factor

SENSE 2 2.3 2.3 2.3

factor

b values 0 0, 600 400, 500, 300

(s/mm?) 600

EPI/TSE 120 69 53 53

factor

Number of 1 1 5 4

sequence

averages

Motion Triggered Free Triggered Triggered

correction breathing

Table 4.3: Table detailing the parameters of the scans for the MAL study.
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took around 30 minutes providing a large time window for patient movement,
and mis-triggering on the respiratory triggering.

A comparison between the measurements in healthy volunteers and the pa-
tient groups was performed in two ways. Firstly all of the lymph nodes from a
single patient group were pooled and compared with the healthy volunteer group
(for example median of all Crohn's nodes compared with median of all healthy
nodes). This method was chosen as the number of patients in each group was
low. Secondly the average values for each individual were calculated and then
the groups compared.

For the pooled group analysis, each group was tested for normality, if both
the healthy group and patient group passed a normality test then the two were
compared using a two tailed Welch's t test which allowed for the assumption
that the groups may not have the same standard deviation. If one or both of
the groups being compared did not pass a normality test then the two were
compared using a two-tailed Mann-Whitney test which accounts for the two
groups not following a Gaussian distribution.

For the individual analysis the median values were calculated for each indi-
vidual participant as the measurements did not follow a normal distribution. The
medians for the participants within each group were then tested for normality
and were found to have a normal distribution. Therefore the means for each
group were then calculated and were compared using the two tailed Welch's t
test.

4.6.4 Results

Figure [4.15| shows lymph nodes identified on DWI images at standard and long
echo times in a healthy participant and a Crohn's patient. On average 29 nodes
(varying between 13 and 39) were identified in patients and 29 (varying between
15 and 31) in healthy volunteers, however the number of nodes seen was highly
dependent on the quality of respiratory triggering. The results for the group
analysis are shown in Table and the results for the individual analysis are
shown in Table 4.5 with plots of the results in Figures [4.16} [4.17] [4.18/ and [4.19]
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ADC T2
Healthy
volunteer

Healthy participant F,. Healthy participant

B = 400 s/mm? # B =300 s/mm?

TE=70ms TE=110ms
Crohn’s
patient

Crohn’s patient . . Crohn’s patient
B = 400 s/mm? A3, & 3 B =300 s/mm?
TE=70ms TE=105ms

Figure 4.15: Top: Healthy volunteer taken from the pilot data set, two lymph
nodes shown by the red arrows on a standard diffusion weighted image on the
left and the same two nodes on a long-TE (TE = 110ms) diffusion weighted
image on the right. Below: Crohn's patient, two lymph nodes shown by the
red arrows on a standard diffusion weighted image on the left and the same
two nodes on a long-TE (TE = 105ms) diffusion weighted image on the right.
Nodes in the Crohn's patient appear larger.
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Measurement|  Total ADC T2 (ms) Major Minor
Group Number (103 axis axis
of nodes | mm?/s) (mm) (mm)
Healthy 150 1.4 (0.7) | 101 (29) | 7.1 (2.3) | 4.8 (1.1)
volunteers
Crohn’s 176 1.3(0.9) | 107 (31) | 7.4 (2.2) | 5.0 (1.7)
disease p=0.03 p=0.08 | p=0.02 | p<0.001
* * %%
Coeliac 95 1.7 (0.9) | 106 (27) | 7.1 (1.9) | 4.8 (1.7)
disease p <0.001 p=030 | p=071 | p=0.22
KKk
Diverticulitis | 55 1.2 (0.7) | 108 (33) | 7.9 (2.1) | 5.2 (1.5)
p <0.01 p=067 | p=0.01 | p<0.001
Kok * KKk
Liver 84 1.4 (0.8) | 106 (20) | 8.1 (2.0) | 5.9 (1.6)
cirrhosis p=0.38 p=20.30 | p<0.001 | p<0.001
KKk %%

Table 4.4: Number of nodes in each group with the median and interquartile
range (in brackets) of the ADC, T2 and length of the major and minor axis
calculated for each group as a whole. The p values for comparisons between the
healthy volunteer group and each patient group are shown for each measure and
each patient group, with significant changes indicated (p <0.05 = *, p <0.01
= ** p <0.001 = **¥).
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Measurement | Number ADC T2 (ms) Major Minor
Group of (103 axis axis
nodes mm?/s) (mm) (mm)
Healthy 30 £ 4 14+01 | 112 +£24 | 724+ 03 | 4.7 £ 0.3
volunteers
Crohn's 22+4 ] 13+04 |1124+22 | 79+14|52+09
disease p=0.41 p=097 | p=0.14 | p=20.16
Coeliac 38+2 | 1.7+£0.1 105+7 | 734+07 |444+09
disease p=0.10 p=057| p=0.80 = 0.69
Diverticulitis | 26 =1 | 1.2 +0.1 108 18 | 8.0+ 09 | 5.3+ 0.6
p=0.01 p=083 | p=028 | p=0.21
*
Liver 286+1 | 134+01 |118+19 |81+04|6.1+0.38
cirrhosis p=20.18 p=066 | p=0.02 | p=20.04
* *

Table 4.5: Mean and standard deviation of number, ADC, T2 and length of the
major and minor axis calculated for each individual. The p values for comparisons
between the healthy volunteer group and each patient group are shown for each
measure and each patient group, with significant changes indicated (p <0.05 =
¥, p <0.01 = ** p <0.001 = ***),
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Apparent Diffusion Coefficient
When comparing the ADC of healthy volunteers and patients using a group
comparison all groups excluding the liver cirrhosis patients showed a significant
change in ADC. The Crohn's disease and diverticulitis groups both showed a
reduction in ADC. Patients with coeliac disease showed an increase in ADC.
When the data was analysed using the median ADC value for each partici-
pant only the diverticulitis group showed a significant change in the ADC value
when compared with the healthy volunteers. The coeliac group did show a trend
towards a higher ADC but this did not reach significance (p=0.1).

Apparent Diffusion Coefficient Apparent Diffusion Coefficient

0.0031 0.003-

0 *k
0.002
&= 0.0014

0.000 T T T T T 0.000

0.0024

0.0014

Apparent Diffusion
Coefficient (mmzls)
Apparent Diffusion
Coefficient (mm?/s)

Figure 4.16: a) Violin plot showing the distribution of ADC measurements from
all participants within each group. b) Median ADC value for each participant
plotted for each group. The bars indicate the mean 4+ 1 SD for each group.
Statistically significant differences between the healthy volunteer group and the
patient group are indicated by an asterisk above the patient group (p <0.05 =
¥, p <0.01 = ** p <0.001 = ***),

T2
Using a group comparison no patient group showed a statistically significant dif-
ference in T2 when compared with the healthy volunteers. The Crohn's patients

showed a trend towards higher T2, however this did not reach significance (p =
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0.08).
When the data was analysed using the median T2 value for each participant
no significant differences were seen in the mean of the values when comparing

with the healthy volunteer group.
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Figure 4.17: a) Violin plot showing the distribution of T2 measurements from
all participants within each group. b) Median T2 value for each participant
plotted for each group. The bars indicate the mean + 1 SD for each group.
Statistically significant differences between the healthy volunteer group and the
patient group are indicated by an asterisk above the patient group (p <0.05 =
¥, p <0.01 = ** p <0.001 = ***),

Size of Lymph Nodes
When using a group comparison all patient groups, except for the coeliac group,
showed an increase in major and minor axis length when compared with the
healthy volunteers. The coeliac group showed no change in the length of the
major or minor axis of the lymph nodes.

When the data was analysed using the median major and minor axis lengths
for each participant, only the liver cirrhosis group showed a significant increase

in length when compared with the healthy volunteers. All other patient groups
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did not show a change in major or minor axis length when compared with healthy

volunteers.
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Figure 4.18: a) Violin plot showing the distribution of major axis length mea-
surements from participants within each group. b) Median major axis length
value for each participant plotted for each group. The bars indicate the mean
4 1 SD for each group. Statistically significant differences between the healthy
volunteer group and the patient group are indicated by an asterisk above the
patient group (p <0.05 = *, p <0.01 = ** p <0.001 = ***).
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Minor axis length Minor axis length
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Figure 4.19: a) Violin plot showing the distribution of minor axis length mea-
surements from all participants within each group. b) Median minor axis length
value for each participant plotted for each group. The bars indicate the mean
+ 1 SD for each group. Statistically significant differences between the healthy
volunteer group and the patient group are indicated by an asterisk above the
patient group (p <0.05 = *, p <0.01 = ** p <0.001 = ***).
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4.6.5 Inter Observer Reproducibility

Inter observer reproducibility was tested using 10 patient data sets and two
observers. Both observers were blinded to the patients disease and followed the
same rules to identify and draw around nodes as discussed in section [4.5.3] Prior
to the reproducibility test 5 different patient data sets were used as a training
data set to ensure both observers had some experience in identifying lymph
nodes and drawing the ROls. Figure |4.20| shows the Bland Altman plot for the
inter observer reproducibility of the ADC measurements. Figure [4.21] shows the
Bland Altman plot for the inter observer results for T2 and Figures |4.22| and
[4.23] show the Bland Altman plot for the major and minor axis lengths.
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Figure 4.20: Bland-Altman plot for the ADC measured by Observer 1 and Ob-
server 2. Dashed lines indicate the 95% confidence intervals.
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Figure 4.21: Bland-Altman plot for the T2 measured by Observer 1 and Observer
2. Dashed lines indicate the 95% confidence intervals.
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Figure 4.22: Bland-Altman plot for the major axis length measured by Observer
1 and Observer 2. Dashed lines indicate the 95% confidence intervals.
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%Difference between
Observer 1 and Observer 2
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Figure 4.23: Bland-Altman plot for the minor axis length measured by Observer
1 and Observer 2. Dashed lines indicated the 95% confidence intervals.
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From Figures [4.20] [4.21] [4.22 and [4.23] it can be seen that the inter observer
variability is high. This is likely due to the fact that the analysis method is not

automated and a large amount of observer input is required in determining which
lymph nodes to draw around. The observer must determine which objects in the
image are lymph nodes, whether the same nodes are present in the T2 and ADC
images and whether the node is present in the same location throughout the
image acquisition. Automating a method for drawing around the lymph nodes
would prove to be difficult due to the subjective nature of determining what
is/isn't a lymph node in the image. This type of analysis would be well suited

to a machine learning algorithm providing reliable training data can be used.

4.7 Discussion

As expected from the literature significant changes were measured in size and
diffusion coefficient in patients with inflammatory gastrointestinal diseases.

In patients with Crohn's disease nodes were significantly larger than those
seen in healthy volunteers. ADC was also decreased which is likely to be an
indication of an increase in cellularity in the lymph nodes which could be associ-
ated with migration of immune system cells to the active lymph nodes (similar
changes have been reported in cancer). T2 showed no significant difference
between the patients and the healthy volunteers (p = 0.08). This could be due
to inflammation or other changes associated with lymph nodes in this condition
however the number of patients may have been too small in this pilot study to
observe this.

Similar changes were found in patients with diverticulitis with the size sig-
nificantly increasing and the diffusion coefficient significantly decreasing when
compared with healthy volunteers. Again this is likely related to increased cel-
lularity resulting from inflammation of the surrounding tissue.

Patients with coeliac disease presented with an interesting finding that the
size of the lymph nodes did not change however the diffusion coefficient in-
creased when compared with healthy volunteers. This increase in ADC is the

opposite effect to that seen in the lymph nodes of patients with Crohn’s disease
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and diverticulitis. The increase in diffusion coefficient is likely due to necrosis
occurring in the lymph nodes which has been previously documented (8). This
finding could provide a very useful non-invasive biomarker of coeliac disease
which has the potential of differentiating coeliac disease from other inflamma-
tory diseases as well as healthy volunteers. This may be of particular benefit in
the diagnosis of children with coeliac disease as the current diagnosis method is
via a biopsy which is invasive and carries higher risks than those associated with
undergoing an MRI scan.

Patients with liver cirrhosis were found to have a significant increase in lymph
node size but no changes were detected in the diffusion coefficient. The fact
that no change is seen may be due to the fact that the nodes imaged were not
draining inflamed tissue. The size increase with lack of diffusion changes may
potentially be explained by the increase in permeability of the bowel wall that
can occur in patients with liver cirrhosis. The increase in permeability causes a
larger amount of substance to flow from the intestines and through the lymph
nodes in cirrhosis patients than in healthy volunteers. This increase rather than
change in drainage content may cause the nodes to swell.

The current method of analysis looks at the median measurements in each
patient group, however this may not be the optimal way of comparing the groups.
If, for example, a sample of lymph nodes are measured in which only a small
sub-sample were linked to diseased tissue then only the small sub-sample of the
nodes would differ from those in healthy volunteers. There is a potential for
this to become masked in the averaging process. Perhaps a better method of
comparing results would be to have a large sample of nodes measured in healthy
volunteers and to then compare how many nodes a patient has that lie outside
of this normal range. It is expected that a healthy person would have very few
or no nodes outside of this range whilst a person with wide spread inflammatory
disease would be expected to have many nodes outside of this range. The data
collection in this study is not yet complete and so this type of analysis will be
investigated once all data is collected.

The main limitation of this study was that only a limited number of imaging
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slices could be acquired in a reasonable scan time and the fact that there were
only a small number of patients in each group. Multiband imaging was trialled
for this study to allow for an increase in the number of slices however the SNR
loss due to the use of Multiband meant that the SNR became too low to visualise
the lymph nodes. A second limitation of the study is that lymph nodes are not
spherical in shape and so the true major and minor axis are not likely to have
been measured in this analysis. It is unlikely that this limitation will be overcome
as changing the orientation of the slices to achieve a cross sectional image of
the true major and minor axis for each node is infeasible. Despite this being
considered a limitation the major and minor axis lengths are the commonly used
measures of size of lymph nodes in imaging studies and diagnostics with a minor
axis length above a given size used to indicate malignancy.

The TR used for the diffusion imaging may have caused a decrease in SNR
in the nodes of the coeliac patients. This is due to the necrotic tissue having a
longer T1 and therefore not undergoing full recovery before the next acquisition.
The coeliac patient data was compared to the healthy volunteer data and a ratio
of the signal in the nodes to the surrounding noise taken for each participant.
No significant changes were found between the SNR in the coeliac group when
compared with the patient group. Therefore is was concluded that the T1 of
the nodes was not long enough to impact on the SNR of the images.

The subjectivity of the ROI drawing in the analysis method is another lim-
itation of the study. As this is a pilot study, the data here could be used to
determine a more robust analysis method. Writing an automated analysis pro-
gramme would be difficult due to the subjective nature of identifying lymph
nodes in images. A machine learning algorithm may be a better method of
analysis and the data presented here could serve as a training data set for such

an algorithm.

4.8 Conclusion

In this section the development work performed to enable the visualisation and

quantitative measurements of abdominal lymph nodes without the use of a
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contrast agent has been shown. The first non-invasive MRI study which has

compared quantitative measures of abdominal lymph nodes in healthy volunteers

with patients with a range of inflammatory gastrointestinal diseases was also

performed. The measurements show that there is potential for lymph nodes to

be used as a biomarker of inflammatory disease. The progression of this work

that goes beyond the scope of this thesis, is to first complete the data collection

for this study at which point the best method to compare nodes can be evaluated

and second to evaluate intra participant reproducibility.
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5 Bowel Wall and the PerMinH Study

5.1 Introduction

The bowel wall has two main functions, it provides a barrier between the content
of the bowel and the body, allowing certain substances to pass through into the
body whilst blocking others, and it works to propel and mix the contents of the
bowel. The bowel wall (described in section is affected by many gastroin-
testinal diseases, including coeliac disease, inflammatory bowel disease (IBD),
liver cirrhosis, irritable bowel syndrome (IBS), obesity, diabetes and Human Im-
munodeficiency Viruses (HIV) ().

The permeability of the bowel wall is implicated in many diseases (2)). A
healthy bowel wall allows digested food to pass through into the blood and
lymphatic vessels supplying the wall by two different methods. Substances can
either move through the cells of the bowel wall (transcellular transport) or move
through the spaces between the cells (paracellular transport) (Figure[5.1]). Para-
cellular transport is restricted by tight junctions. These tight junctions are made
up of proteins that hold the cells lining the wall together. When intact these
tight junctions act as a selective barrier, preventing the free passage of bowel
content through the bowel wall (2)). If these become damaged the barrier be-
comes impaired, the permeability of the bowel wall is increased, and the bowel
wall is said to be 'leaky’ (Figure . Once the wall permeability is increased
a process called increased bacterial translocation can occur (3). In the healthy
bowel the passage of a small amount of bacteria from the bowel content through
the wall is a normal immunological process which allows for the contents of the
bowel to be screened for harmful substances. If the amount of transfer is in-
creased then the chance of bacteria spreading throughout the body is increased,
leading to an increased risk of bacterial infection (4)). Therefore a marker of
changes related to the structure or permeability of the bowel wall would have
two main benefits: firstly a marker of structure would potentially allow for early

disease manifestations to be identified and disease progression to be measured.
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Secondly a marker of the bowel wall permeability could allow for those at a high
risk of bacterial infection to be identified.

All image acquisitions were performed by Hannah Williams, with initial assis-
tance from Dr Caroline Hoad. Ethical approval and image sequence optimisation
was performed by members of the gastrointestinal research group prior to the
start of the authors PhD. Recruitment was carried out by Dr Robert Scott (Hep-
atologist). The work presented in this chapter has been presented as a poster
presentation at the annual conference of the International Society of Magnetic
Resonance Imaging (ISMRM) 2017 and 2018, and oral presentations at the
Nottingham Digestive Diseases annual showcase 2018 and the East Midlands
Doctoral Conference 2018. All image analysis was performed by the author
of this thesis. Additional analysis to allow inter observer reproducibility to be
evaluated was performed by Ali Alymami (PhD Student).

Healthy bowel wall Leaky bowel wall
Paracellular Transcellular Increased

transport transport permeability
* * + , <« Bacteria

* * * * *

Damaged tight
junctions

Healthy tight
junctions

T — - —

Lymphatic system

Figure 5.1: Diagram of the healthy and leaky bowel wall. In the healthy bowel
wall substances are transported across the bowel wall barrier either via para-
cellular (between the cells) or transcellular transport (through the cells). The
paracellular pathway is restricted by tight junctions which are made up of pro-
teins. When the bowel wall is damaged these tight junctions can be broken,
allowing substances from the bowel to pass much more freely through the bowel
wall. Included in this is an increase in the amount of bacteria that can pass
through, this is known as bacterial translocation.
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5.2 Measuring Bowel Wall Permeability

Several methods exist for measuring the permeability of the bowel wall however,
none currently meet the STARD initiative (5) (STAndards of Reporting of Diag-
nostic accuracy), meaning that they do not employ standardised methods, and
the reported results are heterogeneous. The two main methods that are cur-
rently used are direct visualisation using confocal laser endoscopy (CLE) and the
Lactulose:Mannitol urine test (LMR) (I} 6). CLE involves placing a endoscope
down the oesophagus and into the intestines where a fluorescent dye is injected
allowing the cell lining of the intestinal wall to be visualised (7). Whilst CLE
has the benefit of providing direct visualisation of the bowel wall, the amount of
wall that can be sampled is limited and the test requires deep sedation, limiting
it to highly selected patients in specialised centres.

The Lactulose:Mannitol urine test involves measuring the amount of two
different sized sugars, lactulose and mannitol, that are present in urine. The
two sugars are absorbed by the bowel but are poorly metabolised meaning the
majority of the sugar is passed straight out of the body in the urine. An increase
in the ratio of the two sugars in the urine would indicate an increase in the
permeability of the bowel wall.

Changes in the bowel wall structure and permeability have been observed in
many patient groups including patients with Crohn's disease, diverticulitis and
coeliac disease amongst others (I)). IBS patients have been shown to have an
increased bowel permeability in comparison to healthy controls (8). Increased
bowel permeability has also been associated with active Crohn's disease (9),
and may occur prior to the onset of disease in susceptible individuals (10). It
is well documented that patients with liver cirrhosis present with an increase in
bacteria in their mesenteric lymph nodes and that the integrity of the bowel wall
is impaired, in particular the small bowel wall (8] 11}, 12, [13, [14).

Due to the involvement of the bowel wall in many gastrointestinal diseases
and the current lack of a gold standard quantitative marker of the permeability of
the bowel wall there is a strong case for the development of a standardised, non-

invasive, widely available biomarker associated with the permeability of the bowel

140



5. Bowel Wall and the PerMinH Study

wall. Such a measure would potentially allow for early disease manifestations
to be investigated along with the effect of interventions aimed at altering the
structure of the bowel wall.

MRI is an obvious choice for the development of such a test as it is al-
ready used as a qualitative marker of the bowel wall structure in Crohn's disease
amongst other gastrointestinal diseases and has the potential to provide quan-

titative markers of the structure and permeability of the bowel wall.

5.3 MRI and the Bowel Wall

MRI is commonly used both quantitatively and qualitatively to measure several
aspects of the bowel wall including bowel wall thickness, oedema and inflamma-
tion (using T2), for instance in relation to Crohn's disease activity (15). In the
literature surrounding Crohn’s disease the most commonly reported MR mea-
sures that have a high sensitivity are wall T2 hyper-intensity, bowel wall thickness
and motility of the bowel (16). Contrast-based Magnetic Resonance Enterogra-
phy is also used in Crohn's disease to detect ulcer healing with an accuracy of
up to 90% (17).

Whilst MRI measures are commonly used as qualitative and quantitative
markers of the inflammation of the bowel wall in Crohn's disease, quantitative
MRI measures of the bowel wall that is non-enlarged has, to our knowledge, not
been reported. More specifically no quantitative T1 or T2 measurements of the
healthy bowel wall have been made and no relationship between MR markers
and the permeability of the bowel wall has been reported.

Many MRI assessments of the bowel rely on the use of gadolinium as a
contrast agent. However the use of gadolinium contrast agents in healthy vol-
unteers has currently been limited due to an FDA safety alert regarding its use in
humans (18). This restriction inhibits the ability to use the majority of current
MRI investigative tools to look at differences in bowel wall structure between
healthy controls and patients. In order to evaluate the potential of an MRI
measure as a biomarker, the base line values of that marker in healthy controls

is needed for a comparison. Thus the FDA safety alert inherently restricts any
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current research which aims to evaluate the potential use of any MRI measure
requiring a gadolinium contrast agent as a biomarker.

Therefore there is an urgent clinical need for a standardised, widely available,
biomarker associated with increased bowel wall permeability to enable character-
isation of the changes to test both mechanisms and the effect of interventions
in patient groups. Due to the restriction of the use of gadolinium in healthy
volunteers the logical approach to this problem is to develop a non-contrast en-
hanced marker of permeability in order to allow for future research into changes
in bowel wall permeability to be carried out without being limited to certain

patient groups only.

5.4 Study Overview and Design

In order to investigate whether non-contrast enhanced MRI markers could pro-
vide a minimally invasive and regionally specific biomarker for bowel wall per-
meability a pilot study was set up with the aim of investigating a wide range of
MRI measures in a healthy volunteer group. The study titled " Characterization
of the structural changes associated with small bowel permeability using MRI in
Healthy Volunteers (PerMinH)" was approved by the University of Nottingham
School of Medicine ethics board.

We hypothesised that there would be detectable differences in quantitative
MRI measures of the small bowel in healthy volunteers between placebo and
provocation with indomethacin. Two relatively small doses of oral indomethacin,
a drug similar to aspirin, provides a well validated and safe provocation that
increases small bowel permeability (19). A two week washout period has been
demonstrated to be adequate in preventing cross-contamination ([6)). Specifically,
the aim of the study was to characterise, using non-contrast enhanced MRI, any
objective differences between the small bowel wall thickness, T1, T2 and motility
under both conditions. These measures were chosen based on published data
from MRI studies in which bowel wall changes have been observed in patients
with Crohn's disease before and after treatment (20, 21, 22). A LMR urine

test was also performed as this is the current standard measure of bowel wall
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permeability. The study was carried out as part of this thesis and the thesis of
Dr Robert Scott (a hepatologist). Dr Scott’s thesis focuses on the bowel wall
thickness and motility measures whilst this thesis focuses on the development of
methods to measure T1 and T2 in the small bowel wall. For details of the small
bowel wall thickness and motility measures please refer to Dr Scott's thesis (not
yet published).

5.4.1 Study Objectives

The main purpose of the study was to use quantitative MRI techniques in two
short scanning sessions to investigate the structure and characteristics of the
small bowel wall and the changes that occur in these with increased intestinal
permeability. The objectives were to describe the changes in MRI parameters
(T1 and T2) related to the small bowel wall and oedema and inflammation, and
to describe differences in the small bowel motility and small bowel wall thickness.
In particular the aims of this section were to firstly develop an analysis method
which would allow for the T1 and T2 of the small bowel wall to be measured,
secondly to investigate the variation of these measures along the bowel wall
and thirdly to evaluate the methods used in this pilot study to allow for further

optimisation of these measures in future studies.

5.4.2 Study Design

The study was designed as a 2x2 crossover healthy volunteer provocation study.
In a 2x2 crossover study there are two arms to the study, in this case a placebo
arm and an indomethacin arm. Each volunteer was randomly allocated to start
on one arm of the study and, after a given washout period, was then swapped
to the other arm (Figure . The provocation was, in this case, the adminis-
tration of the drug indomethacin which is known to increase the permeability of
the bowel wall in healthy volunteers. By having patients following both arms of
the study, allowances were made for individual baseline differences in bowel per-
meability. Investigators and participants were blinded to the allocation until the

completion of the trial. The participants were split into two groups, participants
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1-8 were allocated as a training data set with the remaining 9-24 as a validation
cohort. Participants attended three study days in total, a screening/consent day

and then two scan days.

Study Visit 1: Study Visit 2:
Placebo Placebo
/ /
Consent and > 2 week
randomisation washout
\
Study Visit 1: Study Visit 2:
Indomethacin Indomethacin

Figure 5.2: PerMinH study design, participants start on either the placebo or
indomethacin arm of the study. After a washout period of two weeks they then
swap to the opposite arm.

On the MRI study days (Figure the participants were given 75 mg of either
indomethacin or a placebo which was taken on the day of and the day preceding
the MRI day. They were instructed to fast over night. Upon arrival a 2 hour
LMR test was performed. After the LMR test the participants were then asked
to consume an oral bowel preparation drink. This consisted of 1 litre of water
containing 2.5% Mannitol, required for bowel distention, reduction of water
absorption in the small bowel and to provide contrast between the content of
the bowel and the wall of the bowel (23), and 0.2% locust bean gum, to slow the
transition of the solution through the gastrointestinal tract. The participants

then underwent a 1 hour MRI scan.
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900-920: Check compliance with study
protocol

[920—930: Cannula insertion, blood tests}

|

{930—1130: Two hour Lactulose/Mannitol}

urinary excretion test

|

[1130—1230: Consume oral contrast}

|

[1230—1330: One hour MRI scan}

|

[End of study visit}

Figure 5.3: Schematic of participant experience during each study visit.
5.4.3 Studied Cohort

24 participants were recruited with the following inclusion/exclusion criteria.

Inclusion criteria:
e Aged 18-65
e Male or Female
e Able to give informed consent
The following exclusion criteria were set:
e Pregnancy
e Psychiatric disease
e Chronic gastrointestinal disorders or symptoms

e First degree relative with inflammatory bowel disease
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e Diabetes (type 1 or type 2)

e Active smoker

e Coeliac disease

e Food allergy

e Atopy

e Allergy or intolerance to imaging contrast agents

e Impaired renal function (eGFR <45 mls/min)

e Regular medications apart from oral contraception drugs
e Alcohol dependency

e Absolute contraindications for MRI

e Use of laxatives, antibiotics, NSAIDs, anti-cholinergics or opiates within

two weeks of the first MRI study visit until the end of the final study visit.

The final participant cohort was made up of 15 females and 9 males. The median
age was 23 years (interquartile range 22-25). The median body mass index was
23.7 (21.8-27.8) kg/m?. The median interval between study visits was 21 (18-
27) days. Two participants were excluded from the final analyses as one was
non-compliant with the study protocol and one had an incidental finding of an
asymptomatic thickened terminal ileum on review of the MRI data. Participants
were informed to not smoke, drink alcohol and to refrain from ingestion of all
artificial sweeteners for 72 hours prior to the MRI study days. The consumption
of artificial sweeteners was required as they may contain lactulose or mannitol,
which could affect the results of the LMR test, and there is also some evidence

to suggest that they may change gastrointestinal permeability (24)).
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5.4.4 PerMinH Imaging Protocol

All subjects were scanned on a Philips 3T Achieva (N=46) or Ingenia (N=2).
The Philips 3T Ingenia was used on two occasions where technical problems
meant that the Achieva was unavailable. Participants lay in the prone position
with their arms by their head. After the anatomical locator and motility scans
subjects were given two 20 mg doses of intravenous Buscopan separated by 10
minutes. Buscopan is an antispasmodic drug that temporarily reduces peristalsis
of the gut wall. The purpose of the Buscopan was to enable T1, T2 and wall
thickness acquisitions to be carried out without peristalsis. Buscopan remains
effective for around 8-10 minutes and thus the time over which the T1 and T2
scans could be acquired was restricted. This limited the T1 scans to 6 inversion
times and the T2 scans to 6 echo times, each performed with separate breath
holds. The scanning protocol consisted of the following acquisitions with the
scan parameters of the T1 and T2 acquisitions detailed in Table 5.1}

e Survey

e B1 calibration

e Anatomical bTFE

e Anatomical axial T2W TSE
e Motility

e Buscopan administered

e mDIXON High Resolution

e T1 prepared FLASH (6 different inversion preparation times for T1 mea-

surement)
e Bl map

e Buscopan administered
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mDIXON lower resolution

T2 prepared bTFE (6 different preparation echo times for T2)

B1 map

mDixon (for fat volume measurements)

bTFE (High resolution for bowel wall thickness measurements)

In this thesis the T1 prepared FLASH sequence and T2 prepared bTFE are
used to measure the T1 and T2 of the small bowel wall, these sequences were
optimised by Dr Caroline Hoad prior to the start of this PhD. Each FLASH ac-
quisition and bTFE acquisition for the T1 and T2 measurements was performed
in a single breath hold with a 15 second wait time between each acquisition
to allow for full recovery of the longitudinal magnetization. The acquisitions
were single slice with the slice placed coronally in the plane where the terminal
ilium enters the cecum. This location was chosen to provide consistency in the

positioning of the slice across the two study days.
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Scan Parameters T1 T2
Acquisition Single slice Single slice
IR - FLASH Spin echo
prepared bTFE
Tl prep (s) 0.5,0.8,1.2, =
1.8,2.5,4.0
TE prep (ms) 5 20,50,80,
120,180,300
TE (ms) 23 1.68
Minimum TR (ms) 10 3.4
Voxel size (mm?) 1.5x1.8x5 13x15x5
Reconstructed in-plane 0.98 x 0.98 1x1
(mm?)
Half Fourier factor - 0.7
SENSE factor 2 1.5
Motion Breath held Breath held

Table 5.1: Details of the parameters of the T1 and T2 acquisitions taken as part
of the PerMinH study.

5.4.5 Lactulose:Mannitol Ratio Test

The in vivo permeability test is a standard differential urinary sugar excretion
test (I, [25)). In brief, after collection the total urine volume was noted and 1.5
mL sample aliquots were filtered with 450 nm filters (Merck Millipore, Billerica,
Massachusetts, USA) and stored at -20°C until batch analysis was performed.
All the samples were coded without reference to the test condition and the
measurements were performed by a lab technician blinded to the test condition.
The LMR in the urine collection of the first two hours after ingestion of the

respective sugars was used to quantify the small bowel permeability (26], 27)).

5.5 Calculating T1 and T2 of the Small Bowel Wall

In order to measure T1 and T2 of the small bowel wall the signal from the
wall had to be extracted from the image. To do this code, was developed in
Matlab which allowed for the signal along the wall to be automatically extracted,

followed by a manual quality control step. The quality control step allowed for
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any misidentifications to be removed (such as vessels, colon wall, etc). This
section describes the process to obtain the signal from the bowel wall. A brief
outline of the process is given below for reference. The development of each step
was performed on the same training data set (participants 1-8). The training
data set allowed for different motion correction, edge detection and thresholding
techniques to be investigated. The analysis method was then finalised and used

on all data sets. All development was performed prior to unblinding.

{Read in images}

Motion correct images to remove distortions
due to peristalsis and respiration (Section
5.5.1))

[Isolate bowel so that further analysis only runs |
on bowel rather than whole image (Section
5.5.2)

C J

Make a mask of the bowel wall using edge de-|
tection and thresholding (Section [5.5.3)

-

Remove any misidentifications in a manual
quality control step (Section [5.5.4)

[Fit for T2 or T1 (Section 5.5.5}

5.5.1 Motion Correction

The first step in the image analysis was to motion correct the images. Initially
manual warping was trialled as a form of motion correction however this was

time consuming and required a significant amount of user input. Therefore an
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automated method based on Matlab's registration of MRI images was used.

The motion correction method used Matlab's inbuilt image registration func-
tion, imregister, which is an intensity-based image registration process. Several
types of transformation were applied in order to motion correct the images.
Firstly a similarity transformation was applied which uses translation, rotation
and scale. Secondly an affine transformation was used which applies translation.
rotation, scale and shear to match the images.

The images, at this stage, had been mainly corrected for large shifts in
the image due to respiration, however small image distortions due to peristalsis
still appeared in the images. Therefore the images underwent a second motion
correction step. This motion correction was a non-linear registration problem
solved by using Matlab’s function for estimating displacement fields in images.
The process was aimed at correcting local image distortions which were not
fixed with rigid motion correction. The process takes two images and estimates
the displacement field which would best minimise the intensity differences in
the images, and then applies the field to the second image. The displacement
field algorithm is based on image matching models proposed by Thirion and
Vercauteren et al (28] 29).

The motion correction steps take around 5 minutes for each data set and
requires no user input and so can be performed as a batch analysis. Following
the motion correction a mask of the bowel wall was created. Figures|[5.4]and
show the original T1/T2 images, the motion corrected images and the difference

between the two for all inversion/echo times for a single data set.
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Original image Corrected image Difference image

TI=05s
TI=08s
TI=12s
TI=18s
TI=25s
TI=40s

Figure 5.4: Images showing the an example set of T1 images before and after
motion correction with the differences between the two images shown in the
third column.
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Original image Corrected image Difference image

TE=20ms

TE= 50 ms

TE =80 ms

TE=120 ms

TE =180 ms

TE =300 ms

Figure 5.5: Images showing the an example set of T2 images before and after
motion correction with the differences between the two images shown in the
third column.
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5.56.2 Masking the Bowel

In order to reduce the analysis time and to minimise the amount of misidentifi-
cations of structures such as vasculature or tissue interfaces as bowel wall, code
was written which allowed for a mask of the bowel to be generated. The code
was a step wise sequence that removed tissue from the image starting from
the outer edges and working inwards, leaving only the bowel. A single mask
is created that can be applied to all the images in the series. The process of
isolating the bowel wall used thresholding and boundary conditions to remove
specific tissues in the abdomen with each step, the process use to remove each

tissue type is summarised in Figure |5.6|

[Start with the motion corrected image.}

( o 5 TR
Apply a threshold to identify voxels containing
| tissue of interest and set those voxels to zero. |

( - - . 0
Use a boundary detection function to define the
inner boundary of the tissue of interest, and

Createa mask of all tissues inside this boundary.)

(Multiply the mask created by the original mo- |
tion corrected image to create a new image with
| the tissue of interest removed.

J

Repeat the process using a new threshold to
remove the next layer of tissue, until the only
tissue left is bowel.

Figure 5.6: Flow chart illustrating the process to isolate the bowel. The effect
of the thresholding, boundary detection and mask creation is to strip away the
abdominal tissue one layer at a time, working from the outer edge of the body
and working inwards. This resulting in the only remaining tissue being that of
the small bowel.
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The images were normalised to allow for consistent threshold values to be used
throughout the analysis, the high intensity values were also saturated to limit the
impact of bright artefacts on the processing steps (30). Firstly the high intensity
images were saturated at the 95" percentile of the original image, such that any
signal intensity above the 95" percent of the maximum signal intensity was set
to the 95" percent intensity. This allowed for the histogram of signal intensities
to be redistributed with less weight on the higher signal intensities. Secondly the
image intensities were then scaled to the range 0 - 1024. This scaling allowed for
the same threshold values to be used across all data sets as the signal intensity
varied from person to person. This scaled image was then used to create a mask
of the bowel (Figure [5.7al).

The next step in creating a mask of the bowel was to remove the noise
surrounding the image (Figure . This was done by setting any voxels with
a signal under a given threshold to zero (Figure . To find the edge of
the body from this image Matlab's inbuilt Boundary function was used. The
function identifies all boundaries in an image as seen in Figure [5.7¢c|, as well as
providing the length of each detected boundary. The largest boundary was used
to create a mask of the body which excluded any surrounding noise. Multiplying
this binary mask by the original image (Figure provided an image in which
the background noise was set to zero (Figure .
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(d)

Figure 5.7: a) T2 image after motion correction was performed. b) Any voxels
containing a signal below a set threshold in image a are set to zero. c) The
boundaries in image b are then identified to produce a mask of the boundaries
as seen in image c. The different colours indicate areas within a boundary with
the white indicating the areas not within a boundary. d) The largest boundary
is used to produce a mask of the body excluding the surrounding noise.

The process was then used to remove subcutaneous fat (Figure[5.8)) using differ-
ent threshold values, resulting in Figure[5.8bl Again the boundaries in the image
were identified (Figure , and the largest boundary was used to remove the
subcutaneous fat from the image (Figure [5.8d).
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Figure 5.8: a) T2 image with surrounding noise removed. b) T2 image where
all voxels with a signal within a given threshold were set to zero. This set all
voxels containing fat to zero. Bowel content was also set to zero as a bi-product
of the thresholding. c) Boundaries identified from image b. This allowed for
subcutaneous fat to be removed from the image. The bowel content is included
within the large blue area and so is not excluded from the image. d) Image
resulting from the multiplication of the largest bound area in image c with the
original image. This resulted in the subcutaneous fat being removed from the
image.

This process was then repeated twice more, firstly to remove muscle (Figure
5.9) and then to remove visceral fat (Figure . The resulting image was one
in which only the bowel was left. The mask was then dilated by 30 voxels to
ensure that the outer bowel wall had not been removed. Figure |5.11| shows an

example of a final mask overlaid with the original image.
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() (d)

Figure 5.9: a) T2 image with noise and subcutaneous fat removed. b) T2
image where all voxels within a given threshold range are set to zero. This set
all voxels containing muscle to zero. c) Boundaries identified in Matlab from
image b. This allowed for muscle to be removed from the image. d) Image
resulting from the multiplication of the largest bound area in image c with the
original image. This allowed the muscle to be removed.

Figure 5.10: a) T2 image after surrounding noise, subcutaneous fat and muscle
have been removed. b) T2 image where all voxels within a given threshold range
are set to zero. This set all voxels containing visceral fat to zero. c) Boundaries
identified from image b. d) Image resulting from the multiplication of the largest
bound areas in image c with the original image. This allowed visceral fat to be
removed from the image.
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Figure 5.11: Mask of the bowel overlaid on the image from which the mask was
created.

5.5.3 Creating a Mask of the Bowel Wall

A mask of the bowel wall was then created from the isolated bowel image.
Initially a manual line of interest method was also tested however it was found
to be time consuming and restricted the amount of bowel that could be feasibly
sampled. Therefore the mask was created by using an automatic edge detection
method which is detailed below.

The wall masking method was developed in Matlab and used edge detection
and thresholding to obtain larger regions of interest in a much shorter amount
of time than is possible with manual line of interest drawing. Edge detection is a
common image segmentation tool, and is included in Matlab's image processing
toolbox under the function name 'edge’, which identifies edges as places in the
image where the intensity changes abruptly. More specifically the canny method
of edge detection is used which identifies both strong and weak edges. The
method was originally describe by Canny (3I)). The below method was initially
developed on the allocated training data sets from the study. The steps demon-
strated in Figures are performed on the image from each TE/TI and
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the results combined to form a single mask that can be applied to all the images
in the series (Figure [5.19).

Starting image (Figure [5.12)): The motion
corrected images in which the bowel had been

isolated were used as the starting point for iso-

lating the bowel wall.

Edge detection (Figure [5.13): Edge de-
tection was then applied to all 6 images
in the image series. The edge detec-
tion produced a binary mask of voxels that
are considered to be walls (i.e. VOX-
els containing wall were given a value of
1 and those without wall were given a
value of 0). The required edge detec-
tion input thresholds were optimised to re-
duce the amount of false positives in the
mask (structures that are not bowel wall

that are identified as bowel wall, such

as vasculature in the surrounding mesen-
tery).  This optimisation was performed by Figure 5.13
visually inspecting the edges produced in
the training data sets when using differ-
ent thresholds in the edge detection func-

tion.

Edge dilation (Figure [5.14)): To ensure that
these edges covered the whole wall they were

then dilated by 2 voxels on either side, using

Matlab’s inbuilt dilation function.

Figure 5.14
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Create a threshold mask of the con-
tent (Figure [5.15): The next step iso-
lated the contents of the bowel using thresh-
olding.  The threshold was chosen by his-
togram analysis of the training data set to
determine a threshold that would only in-
clude the contents of the bowel and not the

wall.

Invert the threshold mask (Figure [5.16)): By
inverting the threshold image of the content a
mask of all voxels not containing bowel content

was produced.

Multiply threshold mask with wall mask
(Figure [5.17): The inverted threshold mask
was then multiplied by the dilated edge de-
tection image to provide a mask of the
bowel wall at every echo time/inversion

time.
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Multiply masks from each time point (Fig-
ure [5.18): The binary masks of the wall
from each time point, were then multiplied to-
gether. The result of this multiplication was
that only voxels that were considered to con-
tain bowel wall in all of the multiplied images
were contained in the final mask. This cre-
ated a mask of bowel wall voxels that had
a consistent spatial location across all im-

ages.

Fill in missing voxels (Figure [5.19): After
creating the mask there were some imperfections
that were corrected. The first correction was
to fill any missing voxels along the walls. This
was performed by first identifying all segments of
wall in the binary mask. A continuous segment
was defined as all voxels connected by their eight
nearest neighbours. The end points of these seg-
ments were then located. If another end point
was found to be within a 2 voxel radius of the
end point the empty voxels between were filled
and the segments joined. Figure |5.20| shows the

mask overlaid with the original T2 image.
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Remove large areas: In some masks large
dense areas were identified as being part of the
wall due to the dilation process joining two walls
that were close together or several walls that
joined in one location (Figure . These ar-
eas would often include a large amount of bowel
content and were therefore removed. In order
to remove these areas the solidity and eccentric-
ity of each segment was calculated. The solidity
gave the density of the segment and the eccen-
tricity gave the shape of the segment. For exam-
ple a completely filled circle will have a solidity
of 1 and an eccentricity of 0, a straight line will
have a solidity of 1 and an eccentricity of 1. The
walls were often arched in shape giving a low so-
lidity but a high eccentricity which is why both

the solidity and eccentricity were used. If an area

was found to have a high solidity and a high ec-
centricity then it was removed from the mask. Figure 5.22

This solution had one situation in which it was

not effective, the case was when a high density area had protruding arms in
several directions. For example if 5 walls intersected (similar to an asterisk),
when dilated a dense area in the mask would be created at the intersection.
Such areas have a low solidity and eccentricity due to the protruding arms. To
remove the central cross over zone but maintain the protruding arms, any area
that could fit a square larger than 7x7 inside was set to zero, this was decided
from the training data set. Figure |5.23| shows an example of this. The final
mask of the bowel wall overlaid with the original image can is shown in Figure
5.22
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My
#"l"‘u

(b)

Figure 5.23: a) Mask of intersecting bowel walls. b) Dilated mask of the in-
tersecting bowel walls, the central region merges and covers part of the bowel
content. c) Merged middle section removed from intersecting walls.

5.5.4 Manual Quality Control Step

The above stages were run automatically as a batch process for all data sets.
Once the batch process was complete a manual quality control step was used to
ensure that only small bowel wall was included in the final mask. The removal
process was done by first visually inspecting the mask overlaid on all 6 images
(from the different inversion /echo times) and then drawing around areas that did
not cover the bowel wall. Misidentifications often included the wall of the colon,
stomach, uterus and bladder (Figure[5.24)). Automated methods to remove these
types of misidentifications were not developed as they have similar characteristics
to the small bowel making the development of an automated method difficult.
It was decided that at this stage manual removal of these misidentifications was
a reasonable solution as they did not appear in all data sets and could be easily

removed by manual methods.
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Figure 5.24: Misidentifications that had to be manually removed a) Colon wall
b) Stomach wall c) Bladder wall d) Uterus wall.
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5.5.5 Fitting to the Data

After the signal was extracted from the wall from the T1 and T2 data sets the
signal had to be fit for T1 and T2 respectively.

For the T1 fit, an exponential inversion recovery (Equation was fitted using

a non-linear least-squares fit in Matlab.

S(TI) = S, (1 - Qexp%’) . (5.1)

Here Sy is the equilibrium magnetization, and S(7'I) is the magnetization at
the measured inversion time. As the magnitude data is absolute, the part of the
curve that is before the null point must be inverted. However it is unknown, due
to the presence of Riccian noise, whether the point closest to zero should be
before or after the null point. Therefore two separate fits were performed. The
first fit had all the points before the one closest to zero inverted, and the second
had all the points before and including the one closest to zero inverted. The
T1 from the fit with the highest R squared was taken as the T1 of the bowel wall.

For the T2 fit a text file containing the signal was transferred onto the High
Performance Computer and read into a ¢ programme which fitted a numerical
model, using the Powell algorithm, to the data (32). The numerical model
described the full bTFE read out which includes T1, T2 and M, to the data.
The code takes initial starting guesses for the T1, T2 and My and then models
the magnetization change as every RF pulse is applied and the recovery of the
magnetization between the pulses. The resulting signal at each echo time is
then compared with the measured signal and the sum of squares calculated. If
the minima found by the Powell algorithm gives a sum of squares below a set
threshold then the T1, T2 and My from the Powell algorithm are accepted, if
not the process is repeated with new starting guesses for T1, T2 and My. The
code was originally written for a single exponential decay, full details of which
can be found in (33).
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Partial Volume
During the analysis it was noted that regions of interest often contained partial

volume effects which are shown below in Figure |5.25]

Figure 5.25: Partial volume effects seen as the dark line between the content of
the bowel and the bowel wall.

Partial volume effects cause the signal to follow a bi-exponential decay/recovery
with the dual T1/T2 being those of the wall and the contents of the bowel. Ex-
cluding these partial volume effects could not be guaranteed as the partial volume
effects were only visible in the T1 recovery at one inversion time. Therefore the
fitting described above was altered to account for a bi-exponential T1 recovery
and bi-exponential T2 decay respectively, with the dual T1s and T2s being those
of the content and the wall. To reduce the number of parameters that were fit
for, the T1 and T2 of the content were fixed. A single ROl was drawn in the
bowel content on the T1 and T2 images respectively for each participant on
both visits. A mono-exponential (decay for the T2 signal and recovery for the

T1 signal) was then fitted to the mean signal in the ROI to calculate the T1 and
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(a) T1 of bowel content measured from 3 (b) T2 of bowel content measured
ROls in each participant. from 3 ROls in each participant.

Figure 5.26: Histograms showing the measurements of a) T1 and b) T2 of the
bowel content measured from 3 separate ROls in each participant.

T2 for each data set. The T1 and T2 of the contents were measured for all data
sets and the results averaged to get a mean T1 (3.68 £+ 0.05 s) and T2 (0.58
+ 0.04 s) of the content across the group (Figure [5.26]). The bowel content
T1 and T2 values were then fixed in the bi-exponential fitting code. The use of
a single T1 and T2 for the content in all participants was justified by the fact
that all participants consumed the same bowel prep prior to the scan making
the content similar across the group. Figure demonstrates a T1 and T2
data set and the bi-exponential fit on each respectively.

After the data was fitted the results were first looked at as a whole before
unblinding. In the unblinded review any T1 or T2 fit that had an R squared
value that was less than 0.9 was removed. An R squared value of 0.9 or less
indicated that the simulated data did not match well with the measured data
and thus the T1 or T2 from the fit was likely to be unreliable.

For the training data sets the fits were performed with and without the Bl
map taken into account. Overall the B1 map showed little variation across the
images. This difference was taken into account by multiplying the angle used in
the fit with the percentage difference given in the B1 map. It was found that
the B1 map caused a <0.1% change in the output T1 and T2 values and thus
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the B1 map was not included in the full analysis.
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Figure 5.27: T1 recovery (top) and T2 decay (bottom), the red line demon-
strates the fit to a single ROI taken from the T1 and T2 data sets respectively
that follow a bi-exponential recovery/decay.

5.5.6 Bowel Wall Segment Size

Once the bowel wall extraction method was set, a maximum number of voxels
per ROl was chosen due to the fact that if heterogeneity exists along the wall
then averaging over a large area would not allow for the heterogeneity to be

investigated. In order to determine the appropriate maximum limit on ROl size
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all data was pooled together to produce Figure |5.28|
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Figure 5.28: Mean R squared is shown for ROls containing a given number of
voxels. Also plotted is the number of ROIs containing each number of voxels.

From Figure [5.28| it can be seen that as expected the R squared of the fit
increases with the number of voxels. The R squared is seen to be high (above
0.9) and stable at around 25 voxels and so 25 voxels was chosen as the upper limit
of voxels per ROI. This limit was deemed small enough to allow any heterogeneity
along the wall to be seen but not so small that the time to analyse the data
would be excessive.

To investigate the effect of choosing this limit over a larger one the analysis
of the data was performed again with two different upper limits (25 and 50)
on the number of voxels per ROI. To impose the upper limits the original ROls
were fit again but any ROI that contained more than the upper limit of voxels
was split into smaller ROls.

Splitting of the ROIs was performed by moving a kernel along each ROI and,
once the number of voxels in the ROl reached the upper limit, the ROl was split
at that point, creating two ROls. The moving kernel then continued along the
ROI and if the upper limit of voxels per ROl was again reached, the ROI was
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split again. This process was repeated until all the original ROls were split into
smaller ROls, none of which contained more voxels than the upper limit. Figure
shows the weighted median for each subject with a maximum of 50 voxels
per ROI plotted against a maximum of 25 voxels per ROl (with the weight being
the number of voxels per ROI). The weighted median was used rather than the
mean as the distribution of the data was not normal. The data as expected
follows the line of identity in most cases. However a few points lay far away
from the line of identity, the four main outliers were investigated to determine

why there was such a discrepancy in the T2s.
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Figure 5.29: Weighted median T2 for each participant with the maximum num-
ber of voxels per ROI set as 25 and 50 respectively.

In all four cases it was found that the difference in weighted median originated in
an ROl with between 25 and 50 voxels that had been split into smaller ones when
the 25 limit was applied. When the ROI was split into two ROls, it was found
that one of the ROIs had a very low R squared, and was therefore not included
in the weighted median, whilst the other had a high R squared and remained.
This implied that the ROI containing all the voxels was partly contaminated with
noise but not enough for the R squared to fall below the 0.9 cut off. Splitting

the ROI allowed for the noisy section to be removed. Therefore it was decided
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that using an upper limit of 25 was appropriate, as in the majority of cases it
did not affect the weighted median but did allow for more noise to be removed
from the fit data.

5.6 PerMinH Results

Here the results of the PerMinH study are discussed. The bowel wall thickness
and motility measurements showed no differences between the placebo and in-
domethacin arms of the study. For full details of the bowel wall thickness and

motility analysis and results please refer to Dr Scott's thesis once published.

56.1 T1

On analysis of the T1 images it was apparent that the inversion times used to
measure the T1 of the bowel wall were not optimal. Because of this in many
cases the signal was measured close to the null point in either 1 or two inversion
times (Figure. The phase data was not collected and therefore it could not
be determined whether the signal measured lay before or after the null point.
Due to this the number of data points that were used to fit for T1 was reduced
to 4 in many cases resulting in an unreliable fit (3 variables fit to 4 data point).
Therefore the T1 results for the study were not analysed further but were used
to find an optimal set of inversion to measure T1 (Section [5.9.1)).
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Figure 5.30: a) T1 fit to a single ROI. b) T1 fit to a separate ROI. Both data
sets do not appear to follow a smooth inversion recovery curve. It is believed
that this is due to some of the time points measuring Riccian noise.

5.6.2 T2

In total 16 participants were used in the final analysis. One participant was re-
moved due to non-compliance with the study protocol and one was removed due
to an incidental finding of Crohn's disease. A further 5 were removed as they
exhibited significant motion of the bowel which was due to the breath hold being
in a significantly different location. One participant was removed as the slice po-
sitioning of the two study days was significantly different. This could potentially
be improved by collecting data using respiratory triggering, which unlike breath
holds encourages shallower breathing rather than larger exaggerated breaths.
Figure|5.31] shows the weighted median T2 for the placebo and indomethacin
arms of the study. The T2 for each participant is given by the median and in-
terquartile range taken from all the ROIs which have a T2 fit with R squared
above 0.9. The median and interquartile range were used as the T2 measure-
ments within each individual were found to not follow a Gaussian distribution.
The median T2s across the participants had a normal distribution and so the
change in T2 between the two study days was calculated using a paired t test. In-
domethacin provocation induced a statistically significant increase in small bowel
wall T2 compared to placebo (Figure [5.32)), from 0.070 s (standard deviation

173



5. Bowel Wall and the PerMinH Study

0.036 s) to 0.115 s (standard deviation 0.063 s) with a p value of 0.017.

The interquartile range showed a trend towards an increased interquartile
range (0.097 s to 0.147 s) with the administration of indomethacin, however
this was not significant with a p value of 0.065 (Figure[5.33). Figure[5.34] shows
the change in T2 with the change in interquartile range. Most of the partic-
ipants who exhibited a drop in T2 upon the administration of indomethacin
also exhibited a drop in the interquartile range. There was a significant correla-
tion between change in T2 and change in the interquartile range (tested with a
Pearson’s correlation coefficient R = 0.67, p <0.01).

There was a significant positive correlation between LMR and small bowel
wall T2 (Pearson correlation coefficient 0.68, p <0.01 (Figure [5.35))). There
was also a significant positive correlation between change in T2 and change in
LMR (Pearson correlation coefficient 0.63, p <0.01).
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Figure 5.31: Box plot shows median placebo (blue) and median indomethacin
(red) values of T2 measurements with the lower and upper quartiles marked
by the limits of the box. Circles show individual results for each ROI. Overall
placebo median T2 from all subjects is 0.070 & 0.036 s and for indomethacin is
0.115 4+ 0.063 s. The median range of T2 was 0.097 s for placebo and 0.147 s
for indomethacin.
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Figure 5.32: Median T2 for each participant shown for the placebo and in-
domethacin arms of the study. A statistically significant difference in T2 was
found using a two-tailed paired t test (p = 0.017).
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Figure 5.33: Range of T2 across regions of interest for each participant. A trend
was found towards a higher range of T2 values in the indomethacin case but
this did not reach significance (p = 0.065).
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Figure 5.34: Change in T2 with the change in range of T2 upon the adminis-
tration of indomethacin.
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Figure 5.35: Correlation of median T2 and LMR for each participant. A strong
positive correlation was found between T2 and LMR (R = 0.68) which was
found to be significant using a Pearson’s correlation coefficient (p <0.01).
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Figure 5.36: Correlation of change in median T2 and change in LMR for each
participant. A strong positive correlation was found between T2 and LMR (R =
0.63) which was found to be significant using a Pearson’s correlation coefficient

(p <0.01).
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5.7 Inter Observer and Intra Subject Reproducibility

A second healthy volunteer study was carried out to look at the intra subject
reproducibility of various gastrointestinal measures in healthy volunteers, includ-
ing T2 of the bowel wall. The analysis was performed by two observers to also
allow for the inter observer reproducibility to be tested. Figure [5.37] shows the
results obtained from 6 healthy volunteers who all underwent the same protocol
as mention in section5.4.2] the only change being that the slice of the T2 image
was not restricted to the plane where the terminal ileium enters the cecum. This
restriction was lifted so that the image slice could be placed in the plane deemed
to have the highest amount of small bowel. Figure|5.38|shows the Bland Altman
plot for the inter observer reproducibility. Figures and show the Bland
Altman plots for the intra subject reproducibility performed by the two different

observers.

T2 repeatability

Hm Visit 1 Observer A
0.08 mm Visit 1 Observer B

Bl Visit 2 Observer A
- 0.08 -
- Bl Visit 2 Observer B
N
F 0.04
0.02
0.00 T "
2 3 5

Volunteer number

4

Figure 5.37: Inter observer and intra subject reproducibility of T2 measurements
in healthy volunteers. The solid bar indicates the median T2 calculated by each
observer with the standard deviation given by the error bars.

From Figure [5.38| it is clear that the the analysis method is robust to use by
different observers, the mean difference between the measurements by the two
observers was 5% with a range of -8% to +7%. The automated section of

the analysis is user independent so the differences seen here originate from the
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Difference vs. average:
Bland-Altman of T2 values calculated by observer 1 and observer 2
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Figure 5.38: Bland-Altman plot to show the difference in the T2's measured by

observer 1 and those measured by observer 2.

non-automated section of the analysis which

requires the user to remove any

part of the bowel wall mask that they judge to be non-small bowel material.

Difference vs. average:
Bland-Altman of Observer 1's T2 values from visit 1 and visit 2
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Figure 5.39: Bland-Altman plot for observer 1's T2 measurements from visit 1

and visit 2.

From both of the above plots it is clear that in some cases T2 changed by a
significant amount between visits. It is believed that this change might be due

to the imaging slice being in a different place, or the bowel sitting differently

in the two scans. Figure [5.41| shows the two

imaging slices used for visit 1 and

visit 2 in the participant with the largest T2 change (subject 2). It can be seen

that the imaging slice is in a different location for the two visits. In the first
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Difference vs. average:
Bland-Altman of Observer 2's T2 values from visit 1 and visit 2
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Figure 5.40: Bland-Altman plot for observer 2's T2 measurements from visit 1
and visit 2.

visit the bowel wall sampled is across a large area mainly towards the right of
the abdomen. In the second visit the bowel is taken from the lower and upper

section of the abdomen. This difference may be the reason as to why the T2

changes so dramatically.

Visit 1 i Visit 2

Figure 5.41: The slice acquired for the T2 measurement in a participant on two
separate study days.

In order to truly evaluate the intra subject reproducibility of this analysis method
the same imaging slice must be used or alternatively a multi slice version of the

acquisition would allow for full coverage of the bowel and a better evaluation of

intra subject reproducibility to be performed.
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5.8 Discussion of PerMinH

In a randomised, double blind, placebo controlled, prospective cross-over provo-
cation study with indomethacin in healthy volunteers, we have shown that ob-
jective MRI measures of small bowel wall T2 increased following indomethacin
provocation and these correlated with increased permeability as demonstrated
by a 2 hour Lactulose/Mannitol urinary excretion ratio (LMR) test, the current
standard method of evaluating intestinal permeability. The correlation between
T2 and LMR, as well as change in T2 with change in LMR, suggest that T2 is
a surrogate marker for the results measured in the LMR test. T2 also has the
advantage that it could in future be used to visualise the location of changes in
bowel permeability as well as overall changes which are measured in the LMR
test. One participant was found to have an abnormal LMR result (Figure
that did not correlate with T2. This could be due to inadvertent consumption
of lactulose or mannitol in the diet, but no information was collected on this.
The MRI measures of small bowel thickness and motility remained unchanged
with indomethacin provocation. This is likely to be due to the fact that the dose
of indomethacin given was low and unlikely to cause large changes in the gut.
This study had several strengths. A prospective double blind cross-over study
design minimises confounding factors and increases the power of the study. The
observed differences were therefore most likely caused by provocation with in-
domethacin. All analysis was performed blinded to treatment allocation and
compared to small bowel permeability as defined by 2 hour LMR, the current
standard measure of small bowel permeability (I, [34). Each MRI measure was
quantitative bringing an objective marker to the study that could allow for trans-
fer between systems. These MRI techniques did not require the administration
of intravenous contrast and are therefore safe and appropriate for repeated mea-
surements - especially in the context of recent FDA warnings which restrict
the use of gadolinium in healthy volunteers (I8). The protocols were based on
widely available scan sequences and as such could be rapidly adopted into clini-
cal pathways and research programs. The analysis whilst not currently available

is largely automated and could be used on a wide scale.
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Whilst two doses of indomethacin is safe and does increase small bowel per-
meability (6l [19) the relatively low does is small and may be too transient and
subtle to cause changes in bowel wall thickness and motility. The given dosage
of indomethacin is considered safe however higher or more frequent doses of oral
indomethacin is known to cause variable patchy small bowel erosions (35, 36)).
Combined with previous MR data in Crohn's (15}, [16} 20, [37, 38)), it is reasonable
to assume that increased small bowel wall T2 reflects inflammation causing the
integrity of the barrier function to become impaired.

Both MRI parameters and 2 hour lactulose/mannitol urinary excretion ratio
(LMR) changed significantly following the indomethacin provocation test, sup-
porting our choice of the later method. Although LMR is the most validated
measure of small bowel permeability, it does have known shortcomings. Firstly,
up to 30% of participants have detectable urinary mannitol at baseline (prior to
administration of test sugars) or disproportionate excretion relative to the mass
of mannitol administered for the test. This is hypothesised to be as a result
of inadvertent ingestion of mannitol in diet or medications (39). Secondly, 0-2
hours is mostly, but not exclusively a measure of small bowel permeability, and
may partially reflect colonic permeability.

The developed analysis tool required a manual quality control step to remove
misidentified regions of wall, this is an inherent weakness. Whilst the quality
control step does not incur a large time penalty, taking around 30 seconds per
subject, it does introduce an element of observer variability. The difficulty in
removing these structures automatically originates in the fact that they are not
always present in the imaging slice and look similar to the small bowel, making
the removal with a traditional algorithm difficult. This could potentially be over-
come in the future with a machine learning algorithm trained to automatically
remove structures such as the stomach, bladder, uterus and colon. Lastly, inher-
ent to the non-invasive study design, we are unable to elucidate the molecular
mechanisms at the tight junction level underlying increased permeability.

The main limitation of the study was the number of data points used to

measure T1 and T2. Before the start of this study it was assumed that only a
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mono-exponential recovery/decay would need to be fit for to measure T1 and
T2. However, throughout the process it became apparent that partial volume
effects were present in the data and that a bi-exponential would need to be
used. Because of this the fitting algorithm fits 3 variables to 6 data points. This
combined with noise in the data is likely to reduce the accuracy in the results.
In future studies more data points should be used to allow an increase in the
accuracy of the fitting. In addition to this using a multi-slice or 3D imaging tech-
nique could provide full coverage of the small bowel. This could provide further
insights into local changes in bowel permeability caused by disease or drug ad-
ministration. These methods do however present challenges to the acquisition of
the data. Whilst 3D acquisition is possible, using a centre out k space trajectory
would result in the outer edges of k space being collected when the signal is low.
This would lead to blurred edges and may not allow for accurate identification
of the bowel walls, which in this case rely on sharp edges. Currently the imaging
pulses used in the T1/T2 preparation steps excite the whole body. Because
of this multi-slice imaging would either require more complex modelling which
takes this into account or would require new pulse sequences to be developed to
only excite the slice in question. The impact of fitting with fixed T1/T2 values
for the bowel content rather than measured values for each individual will also
be investigated by re-running a sub-sample of the data presented in this chapter
using individual values rather than the group average.

Intra observer and intra subject reproducibility of the methods used in this
chapter showed low variability in the results providing that the imaging slice used
was consistent for both visits. One PerMinH data set was removed from the
study due to the slice positing being different between the two visits, all other
data sets showed consistent slice positioning. Therefore if the PerMinH study
was repeated in such a fashion that inter observer and intra subject reproducibil-
ity were able to be tested, the results would like show a low variability.

For the first time, this study suggests non-contrast quantitative MR measures
of small bowel wall T2 could be a sensitive biomarker associated with increased

permeability. If validated in patients, a newly developed MRI tool associated

184



5. Bowel Wall and the PerMinH Study

with small bowel permeability has far reaching implications. This hypothesis will
need to be tested in patient populations where increased small bowel permeabil-
ity and bacterial translocation contribute significantly to pathogenic processes,
and are associated with clinical manifestations or outcomes. A widely available,
non-invasive, in vivo measure of small bowel structure and integrity would be
an important tool for mechanistic studies as well as evaluations of specific in-
terventions. Arguably the lack of robust, accessible and affordable biomarkers
of these potentially pathophysiological changes has hampered research in this
area.

In summary, we have developed non-contrast MRI techniques that can sen-
sitively measure T2 in healthy volunteers. MR measures of small bowel wall T2
were significantly increased and associated with increased permeability following
indomethacin provocation. The method used here for mapping the small bowel
wall is not restricted to T2 weighted images but can be applied, with minor
adjustments, to any images in which the small bowel content and wall have
different signal intensities. The findings need to be validated and the hypothesis
will be tested in future studies with patients in whom increased permeability is

thought to be clinically significant.

5.9 Improving on the PerMinH Study Design

At the outset of the PerMinH study it was unknown as to what the T1 and T2 of
the bowel wall would be and thus the echo times and inversion times used were
set to best cover a wide range of Tls and T2s. The PerMinH study gave the
first measurements of T1 and T2 of the bowel wall. It was also not know that a
bi-exponential would be required when fitting for T1 and T2 due to the presence
of partial volume effects. This section describes Monte Carlo simulations that
were used to optimise the echo times and inversion times to improve sensitivity
to the T1 and T2 of the bowel wall. In order to do this data was simulated for
a range of T1 and T2 values. Riccian noise was then added to the simulated
signal and the data fit for T1 and T2 respectively. By changing the echo times

and inversion times, an optimal set of times to measure T1 and T2 of the small
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bowel wall was determined.

5.9.1 Optimising Inversion Times to Measure T1

Optimal T1 values were estimated using Monte Carlo simulations. The optimal
times were found by identifying a set of inversion times that would minimise the
difference between the simulated and fitted T1s across a range of T1 values that
are expected in the bowel wall. Several factors were taken into account when

simulating the data:
e T1 of the bowel wall
e Inversion times
e Noise in the images
e Partial volume effects

T1 values that were evenly spaced between 0.6 s and 1.5 s (the range identified
in PerMinH) in steps of 0.01 s were simulated. Riccian noise was also added
to the data which was estimated from the PerMinH data to be around 2.5% of
the equilibrium magnetization. Partial volume effects were taken into account
by combining wall and content signal in different percentages from 100% wall
down to 70% wall with 30% content in steps of 10%. This range was estimated
by looking at the range of wall fractions that were fit in the PerMinH data. The
same bi-exponential recovery was fitted to the simulated data as was used in
the PerMinH T1 measurements. The inversion times were varied as follows with
the results for each shown in Figure [5.42

e Inversion times from the PerMinH study were used to estimate the error

the fit would produce on the current data.

e The same inversion times as the PerMinH study were used with the addi-
tion of a long inversion time at 12 s to achieve a good estimate of My in
the fitting.
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e 8 inversion times logarithmically spaced between 0.5 s and 12 s were
used to evenly sample the recovery curve using an achievable number of

acquisition in the restricted time frame.

e A set of 1000 inversion times between 0.5 s and 12 s were used to deter-

mine the best possible fit with the given noise.

From Figure it can be seen that the addition of a long inversion time to
the PerMinH inversion times provides a large reduction in the potential error on
the fit T1 values from a range of 33% to 14%. Further to this if the inversion
times are logarithmically spaced between 0.5s and 12 s a further, albeit small,
reduction in the range of errors is achieved. As expected with a heavily sampled
inversion recovery curve a very small error on the fit T1 values is seen (= 1%).
Therefore in future studies it is recommended that the use of logarithmically

spaced inversion times between 0.5 s and 12 s be used.
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Figure 5.42: Simulated T1 with the percentage difference in the simulated and
calculated T1 shown when using a) the same inversion times as PerMinH, b) the
same inversion times as PerMinH with an extra inversion time at a long TI, ¢)
logarithmically spaced inversion times between 0.5 s and 12 s d) 1000 inversion
times between 0.5 s and 12 s to estimate the best possible fit to the data with
the given noise level. The range in percentage difference between the simulated
and fit T1 was a) -9.9% to 23.2% b) -3.3% to 11.1% c) -2.4% to 11.0% d)

-0.2% to 0.8%.
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In order to better understand the origin of the error on the fitted T1 the least
accurate fitting scenario was looked at in more detail. Figure [5.43] shows the
results when a fit is applied to signal simulated with 70% wall and a T1 of 1.6 s
using the original PerMinH inversion times. The fitted curve matches well with
the simulated data, giving an R squared of 0.98, however the results from the fit
do not match the input results as shown in Table[5.2] The error originates from
the fitting algorithm finding a local minima which produces a sum of squares error
below the tolerance level of the fit. If the starting guesses for the fit are set to
match the simulated values, then the algorithm produces a T1 and wall fraction
close to the simulated values. This problem, as demonstrated by the simulations
shown in Figure [5.42, can be overcome by using an additional inversion time
which gives a good estimate of My, reducing the number of variables in the fit
and therefore reducing the likelihood of the algorithm finding a local minima.
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Figure 5.43: Fitted curve to simulated T1 recovery with Riccian noise added,
simulated and fitted parameters are given in Table[5.2]
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Parameter Simulation value | Fitted value
T1 (s) 1.6 0.8
Mo 1.0 1.2
Wall fraction 0.7 0.5

Table 5.2: Table detailing the parameters of the simulation and the fitted values.

Similar simulations were run to see if an improvement could be made on the T2
measurement however the only method of significantly improving the T2 result
was to use an earlier echo time. Unfortunately the shortest echo time is restricted
by the scanner and was already in use in the T2 measurement, thus the results

cannot be significantly improved without altering the acquisition sequence.

5.9.2 Discussion

From the Monte Carlo simulations it has been determined that the precision
of the T2 measurements cannot be improved by altering the echo times as
predicted by the simulations because a shorter echo time than the one used
in the PerMinH study cannot be achieved with the current scan parameters.
The accuracy of the T1 measurements however can be improved. This can be
achieved by the collection of an inversion time that is sufficiently long that the
signal measured is effectively My. By measuring the signal at a long inversion
time the My parameter is well estimated leaving 1 variable to fit for. A further
increase in accuracy can be achieved by logarithmically spacing the inversion
times. The number of inversion times that should be collected was increased
from 6 to 8 to allow an increase in the accuracy. It is believed that acquiring 8
inversion times is now achievable as the scanner operators are more familiar with
the protocol and the method in which they are acquired than at the beginning
of the study.

5.10 Conclusion and future work

In this section we have presented the development of a new clinically viable tool

to measure T1 and T2 of the small bowel wall. T2 was shown to increase with
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the administration of indomethacin which is known to increase the permeability
of the bowel wall. This is the first study which has measured T1 and T2 of the
small bowel wall. The methods developed in this section allowed for the first
non-invasive marker of bowel permeability to be assessed and will also allow for
further investigations into spatial variations of the small bowel wall to be carried
out.

The inter observer and intra subject reproducibility of the newly developed T2
analysis have also been presented. The inter observer reproducibility showed that
the analysis method is robust to different observers however the reproducibility
results showed that T2 can vary between subject visits. This is likely due to
different areas of the bowel wall being imaged which highlights the need for the
T2 acquisition to be made into a multi slice sequence to allow for full coverage
of the bowel wall.

Monte Carlo simulations were used to determine a set of inversion times and
echo times which would allow for better accuracy of the T1 and T2 measure-
ments. The accuracy of the T2 measurements could not be improved due to
the limitation on the shortest echo time available on the scanner. It was shown
that the T1 accuracy could be greatly improved by acquiring an image with a
long inversion time effectively giving the value of My and effectively removing it
as a variable from the fitting. In future studies these improved echo times will
be used to measure T1.

The analysis method for measuring T2/T1 may prove to be a useful clinical
tool and the potential for this to be developed into a commercial tool is being
investigated. It would provide the first method of measuring quantitative struc-
tural changes to the small bowel wall which is of great interest in both clinical
and pharmaceutical applications.

T1 and T2 measurements are currently being made in patient groups in-
cluding patients with Crohn's disease and, in the future, Liver cirrhosis patients
with and without portal hypertension. The liver cirrhosis group is of particular
interest as it is believed that increased permeability is associated with portal

hypertension. This hypothesis can now be tested using T2 measurements.
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6 Fat Quantification using Multi-Echo MRI in
Non Standard Situations

6.1 Introduction

Fat quantification is increasingly being used in MRI especially in relation to
metabolic disorders and gastrointestinal diseases. For instance Non-Alcoholic
fatty liver disease (NAFLD), which is the most common cause of chronic liver
disease, affects around 20% of the US population (). It is currently diagnosed
from the histology of a sample obtained using a biopsy, which is subject to errors
due to the heterogeneity of the liver in NAFLD and hence has the potential to
misdiagnose or incorrectly stage the disease, and also comes with significant
risk to the patient (I). MRI has a much lower risk and could therefore provide
a safer alternative to biopsy for the diagnosis of NAFLD. Magnetic Resonance
Spectroscopy (MRS) has similar benefits to MRI fat quantification and has
been shown to have high sensitivity and specificity for liver fat quantification.
However, MRS only provides a fat fraction measurement from a finite single
location and so can produce errors in fat quantification similar to biopsy (2).

Various methods are currently used to quantify abdominal fat (3]), but Proton
Density Fat Fraction (PDFF) is an important measure in abdominal imaging that
can be quantified robustly and repeatedly (4, 5, 6, [7). It has been shown that
at 1.5T and 3T PDFF correlates with steatosis assessed by histology in patients
with NASH (8), and the degree of steatosis, iron accumulation and fibrosis
in chronic liver disease (9)). It could not however distinguish between higher
histology scores in NASH meaning that a biopsy would still be required (1)).
Good linear relationships have been found between CT, histology and MRI PDFF
however this does not hold true when iron overload is present (10, 11}, 12} 13)).
In liver transplants it is important to determine the fat content of a liver before
transplant and PDFF has shown good sensitivity and specificity in this case at
1.5T (14).

Whilst fat quantification has mainly been focused in the liver, outside of
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the liver it has been used in the spine to detect bone marrow involvement in
Gaucher disease (spinal disorder), showing a decrease in fat in the vertebrae
from untreated to treated patients and a further decrease in fat levels in healthy
volunteers (15]).

Most scanner vendors now offer a fat quantification package that uses Dixon
imaging (e.g. Liver Multi Scan IDEAL and mDIXON Quant). Vendor products
for fat quantification are optimised to work mainly in the liver at 1.5T and
3T where the in vivo conditions are well known. Outside of the liver and at
higher field strengths it is unlikely that vendor products use appropriately opti-
mised algorithms which could result in a decreased accuracy and precision in fat
quantification. A fat quantification toolbox for use in Matlab was developed by
the members of the International Society for Magnetic Resonance in Imaging
(ISMRM) (16). Whilst this toolbox allows much more user control over the fit-
ting method than the vendor products it is still optimised for use in the liver at
1.5T and 3T. The toolbox also uses the assumption that fat and water have the
same T2* which may reduce the accuracy of fat quantification in cases where
there is a large difference in the T2* of fat and water. The aim of this chapter
was to use fat quantification in regions which do not fall into the target areas for
vendor fat quantification products. Two key areas of fat quantification which
are unlikely to have optimal results when using vendor products are the liver at
7T and the colon.

The liver at 7T was chosen as an area of interest as 7T has the potential
to provide increased sensitivity to detect changes related to conditions such as
NAFLD.

The colon was chosen as an area of interest as patients with Cystic Fibrosis
are known to have compromised gastrointestinal systems and suffer from fat
malabsorption. Fat malabsorption which is currently diagnosed by looking at
stool samples over the course of several hours or days ([17)). MRI has the potential
to provide an alternative method of detecting fat malabsorption in the colon
which is faster and less intrusive than current methods.

An in-house fitting method was developed that could be optimised for non-
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standard situations. Firstly Monte Carlo simulations were used to theoretically
test the performance of in-house fat quantification. Simulations were run for
both the liver at 3T and 7T and the colon at 3T. In-house fitting at 3T and 7T
over the liver was compared to fat maps produced by Philip's mDixon Quant
and using the ISMRM toolbox.

All image acquisitions were performed by Hannah Williams, with assistance
from Dr Stephen Bawden (Post doctoral researcher) and Emma Doran (PhD
student). All analysis was performed by the author of this thesis. The work
presented in this chapter has been presented as a poster presentation at the
annual conference of the International Society of Magnetic Resonance Imaging
(ISMRM) 2019, the Post Graduate Symposium of the British Chapter of ISMRM
2019 and the British Chapter of ISMRM in 2016.

6.2 Quantification using the Dixon Method

Chemical shift causes fat and water to resonate at different frequencies (see
Section and fat quantification using Dixon imaging (see Section
makes use of these differences. The simplest Dixon fat quantification algorithms
assume that there is one peak in the fat spectra whilst more complete models
take account of up to 9 peaks (Figure [6.1). Different Dixon techniques also
make use of different numbers of echo times at different relative phases of fat
and water (Figure, and more complex algorithms also take account of several

confounding factors. The different Dixon methods are discussed here.

6.2.1 Two Point Dixon

The original form of fat quantification proposed by Dixon (19)) is the two point
Dixon method. It requires the acquisition of two echoes, one in which fat and
water are out of phase and one in which they are in phase. From the in-phase
and opposed-phase images, fat only and water only images can be calculated,
along with a fat fraction map. This method restricts the measured fat quantity

to <50% and can also lead to negative fat fraction estimates if there has been
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Figure 6.1: Fat spectra taken from Hamilton et al ([18) showing the spectra in a
fat emulsion phantom (left) and the liver from a patient with fatty liver disease
(right). Fat peak assignment: 1, -CH=CH- and -CH-O-CO- ; 2, -CH2-O-CO-;
3, -CH=CH-CH2-CH=CH-; 4, -CO-CH2-CH2- and -CH2-CH= -CH-CH2-; 5,
-CO-CH2-CH2- and -(CH2)n-; 6, -(CH2)n-CH3. Of the six fat peaks resolvable
by spectroscopy at 3T, in vivo peaks 1 and 2 are buried within the water peak,
and peak 3 is small and rarely seen in the human liver clinically.

signal decay due to T2* between the opposed-phase and in-phase echoes. This
method also does not take account of phase changes due to By inhomogeneities

leading to errors in quantification.

6.2.2 Three Point Dixon

The two point method was succeeded by the three point Dixon method which
uses a third echo acquired when water and fat are at opposed phases at a
later echo time. The collection of the third echo allows for the correction of
By inhomogeneities. Most vendors offer a product that performs this scan for
fat quantification as part of a commercial package (on Philips’ it is known
as modified Dixon or mDIXON). Two and three point Dixon do not take into
account the spectral complexity of fat (Figure i.e. assume one spectral peak,

202



6. Fat Quantification using Multi-Echo MRI in Non Standard Situations

A A
—— Water
Fat
Fat and Fat % out of Fat and
water in phase with water at
phase water opposed
phases

Figure 6.2: Phases of fat and water shown at different points in the phase cycles
of fat and water.

making it a simplification of the true spectra which can reduce the accuracy of
the fat quantification at high fat levels (20).

6.2.3 Multi-Echo Dixon

The next progression in Dixon fat quantification was the 6 point Dixon technique.
This technique allows fat quantification along with T2* calculation. The 6 point

technique fits the signal measured in a voxel to a more complete model:
n
S = WefRQZ,t + Z FneiAwntefRT}t eiwt6i¢ (61)
1

where Aw is the offset resonant frequency, R2* = 1/T2*, 4 is the field map
(the deviation of the magnetic field from By) and ¢ is the phase offset. Figure
[6.3] shows the magnitude, phase, real and imaginary signals that were produced
from 100% fat for three different values of T2*. Examples of the magnitude,
phase, real and imaginary signal simulated using Dixon imaging from 100%
water, 100% fat and 50\50 water and fat are shown in Figure . The fat
(simulated with 6 fat peaks) and the water were simulated as having the same
T2*.

A significant amount of work has been done to develop Multi-echo Dixon
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Figure 6.3: Example a) magnitude b) phase c) real and d) imaginary signals

simulated using Dixon imaging for 100% fat with T2* values of 5 ms (black
line), 10 ms (red line) and 20 ms (blue line).

sequences and fitting algorithms that account for the confounding factors that
may influence the fat quantification (2I). The main confounding factors are
the T2* of the fat and the water, the T1 dependence of the signal, the flip an-
gle used, the echo times at which the data is acquired and By inhomogeneities
(22)). Whilst the issue of some of these confounding factors have mainly been
resolved, some are still subject to much debate and probably depend on circum-

stance. Each factor is discussed below (23)).
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Figure 6.4: Example a) magnitude b) phase c) real and d) imaginary signals
simulated using Dixon imaging for 100% water (black line), 100% fat (red line)
and 50% water 50% fat (blue line). The fat and water were simulated with the
same T2*.

T2* of Fat and Water: At 1.5T most of the literature now agrees that T2*
should be included as a fitting parameter when quantifying fat. However, at
1.5T in most situations the T2* of fat and water are similar enough that fitting
for a common T2* (assumes that fat and water have the same T2*) for both
species is more beneficial than fitting for them separately. Fitting for the T2*s
separately introduces more instability into the fitting algorithms by adding an
additional variable (24, 25). It is known that accurate MRS measurements of
fat fraction require correction for the T2* of fat and water, suggesting that it
should also be important in Dixon methods, especially at high fields where the
differences are larger. However the Dixon model is rather underdetermined and

so adding more variables to the fit may reduce precision. Reeder et al concluded
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that a common T2* produces more precise results but does introduce a bias in
the results leading to less accurate fat quantification compared to using separate
T2*s (26, 27)).

At 3T the question as to whether separate T2* values should be incorporated
into the fitting algorithm is dependent on the patient group or phantom that is
scanned. Bydder et al have shown that using a common T2* value produced
more reproducible results with a better noise performance (28). However, Deng
et al have shown that in pediatric patients with NAFLD separate T2* values
produced better results using magnitude fitting with in-phase and opposed-phase
echo times compared to using a common T2* (29). Hernando et al have noted
the reverse problem where the presence of fat has introduced bias into T2*
calculations and that the inclusion of corrections for the presence of fat increased
the accuracy of T2* measurements (30).

From these results it is clear that the optimal approach taken when fitting
for T2* values is dependent on the scenario. In areas such as the liver during
iron overload where the T2* is expected to vary much more than in a healthy
liver a separate T2* approach would be more appropriate. However in areas
where there is not expected to be a large difference then a common T2* would

be more appropriate.

T1 and Flip Angle Dependence: The signal measured in a Multi-echo fast
field echo sequence depends on both the T1 and the flip angle («) used (as seen
in Equation (23)) and introduces different T1 weightings into the fat and

water signals.

(1 — e TR/ sin(a)

1 — e TR/Tleos(a)

Provided that a long TR (compared to the T1 of fat and water) and low flip

S(TR,a) = (6.2)

angle are used then it can be assumed that total T1 recovery occurs and this
does not need to be factored into the fat quantification algorithm. At 7T T1 is

longer and so the TR will need to be increased accordingly.
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Field Inhomogeneities: Field inhomogeneities (e.g. caused by shim errors or
tissue/air interfaces) result in poor performance of fat quantification (31)). Cor-
rection methods for field inhomogeneities vary from a voxel-by-voxel estimation
to more complex methods such as graph cut algorithms (used in the ISMRM
toolbox) which include smoothing functions to create a continuous field map
(32 33)). In this chapter the field map is included as a variable in the fitting
however no iterative methods or smoothing functions were used when estimating
the field map. At 7T where the field is expected to be less homogeneous, more

sophisticated methods of field map estimation would be beneficial.

Phase Errors: The other main confounding factor in the quantification of fat is
related to the phase errors that can occur (e.g. due to eddy currents or gradient
timing misregistrations). At higher field strengths shorter TEs are required as
fat and water come in and out of phase in a shorter time. This requires higher
gradients with faster slew rates which may cause higher eddy currents and hence
larger phase errors than those found at lower field strengths. These errors relate
to a debate as to whether fitting to magnitude only or complex only data provides
a more robust fitting method. Complex fitting has the benefit of including both
the magnitude and phase data. Magnitude fitting discards the phase data,
leaving half the number of data points, however this results in the magnitude
fitting being insensitive to phase errors (see Section [6.3.1). Magnitude fitting
also has the disadvantage of being unable to distinguish which signal originates
from the fat and which from the water.

Several studies have looked at whether using the magnitude data or the
complex data provides the most robust fitting for fat quantification and the
results are varied. At both 1.5T and 3T it appears that the two methods produce
similar results in phantoms and in vivo and hence the use of both methods is
commonly found in the literature (4] 34, 3)). In cases where the fat content is
above 50%, for example adipose tissue, fat infiltration in the pancreas due to
obesity or in bone marrow, complex fitting would be required (35)). It has also

been shown that whilst magnitude data is less sensitive to system variations it

207



6. Fat Quantification using Multi-Echo MRI in Non Standard Situations

did have a lower SNR in patients with NASH (36)).

Hybrid approaches to fat quantification are also reported which use both
the magnitude and complex data. The majority of these hybrid methods firstly
use the magnitude data to get an estimate of the fat fraction and then use the
outputs from a magnitude fit as the starting parameters for a complex fit. These
hybrid methods give robust results at very low and very high fat fractions which

are not achieved when using solely magnitude fitting (37).

Echo Times: The echo times that should be used for fat quantification have
been the subject of several studies. The IDEAL paper investigated the variation
in SNR with echo times from an analytical point of view when fitting to the com-
plex data (38). They found that using asymmetric echo times rather than the
commonly used in-phase and opposed-phase echo times (as used in the original
Dixon method) produced the highest noise performance. Figure illustrates
the echo times that were found to produce the highest noise performance.

A
) T —— Woater

Fat
15t echo: Middle 3" echo:
21t/3 before echo: 2rt/4 21t/3 after
middle echo out of phase middle echo

Figure 6.5: Relative phases of water (blue) and fat (green) for the first three
echo times used in IDEAL 6 echo Dixon imaging.

The general format for these echo times is to separate the echos by 27/3 with

the middle of the first three echoes (m) occurring when fat and water are 1/4
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out of phase. These follow the general equation, where k is any integer:

m=m7/2+ 7wk
TE, =m —27/3 (6.3)
TE; =m+2n7/3.

This method has come to be known as IDEAL (lterative Decomposition of
water and fat with Echo Asymmetric and Least-squares estimation) and is used
in the majority of fat quantification studies. Studies have shown that it is more
robust than in-phase opposed-phase imaging especially in cases of iron overload
(39, 40). IDEAL fits to the signal to obtain an estimate of the field map and the
phase shift. These estimates are then used as the starting guess for a second fit
to the signal, again producing estimates for the field map and phase shift. This
process is continued until the minimisation reaches a certain threshold. The
field map is then smoothed and a final fit performed using the smoothed map.

In the ISMRM toolbox a graph cut algorithm is used to quickly estimate the
field map in the IDEAL method. The graph cut method is a minimisation tech-
nique used to find the global minimum solution for the field map. This method
makes use of mixed magnitude and complex fitting. The iterative methods used
in the toolbox mean that computational time is greatly reduced when compared

with non-linear fitting on a voxel-by-voxel basis.

In order to reduce the impact of the confounding factors, increasingly sophis-
ticated methods for fat quantification have been developed over recent years
including graphcut algorithms (aimed at tackling errors due to large field inho-
mogeneities) (33) and complex field maps (used to try to reduce the impact of
the T2* and field inhomogeneities (2, [41])). Magnetic resonance fingerprinting
has been used to produce T1 and PDFF maps using Multi-echo Dixon scans in
a single breath hold (42]).

At 7T to our knowledge in vivo fat quantification has not been performed on
human participants. One paper exists that has made use of fat quantification
in rats at 7.1T (31). The authors used magnitude rather than complex fitting
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as the complex data is sensitive to phase errors. At higher field strengths phase
errors may be larger than at lower field strengths due to the need for higher
gradients with faster slew rates. Similarly to 3T the authors use a common T2*
value. At 7T the difference in T2* values of water and fat is expected to be
much higher and therefore it would be expected that a common T2* approach to
fat quantification would not be suitable. The International Society for Magnetic
Resonance in Medicine (ISMRM) 2019 meeting contained an abstract based on
human in vivo fat quantification on a clinical scanner (43). The authors found
large discrepancies in the fat fraction measured at 3T and at 7T when using
complex data. They concluded that the inaccuracies were caused by signal loss

due to B1 inhomogeneities and increased magnetic susceptibility effects.

At 3T the methods by which fat is quantified in the liver are relatively robust and
repeatable, and in most cases the methods by which the fat is quantified do not
have a significant impact on the quantification itself. Most scanner vendors now
offer a fat quantification package (e.g. Liver Multi Scan IDEAL and mDIXON
Quant). Whilst the exact methods of quantification are unknown to the user it
is believed that they employ hybrid fitting, using both magnitude and complex
data, and assume a common T2* for fat and water (44). The assumption of a
common T2* will lead to some inaccuracies in the fat quantification. This is of
particular concern at 7T where the T2* of fat and water are expected to have
larger differences than at 3T and in the colon at 3T. The established methods
of quantification have not been tested under these circumstances and it cannot
be assumed that the currently used methods are applicable for fat quantification

in the more challenging circumstances in the liver at 7T and in the colon at 3T.

The aim of this chapter was to make liver fat measurements outside the normal
use of Dixon imaging, at 7T and colonic fat measurements at 3T. It was hypoth-
esised that in the liver at 7T and in the colon the assumption of a common T2*
reduces the accuracy of the fat quantification. Monte Carlo simulations were

carried out with a range of conditions including variable field inhomogeneities,
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variable T2* values for both fat and water and variable fat fractions to test the
accuracy and precision of in-house fitting. In-house fitting was first tested on the
liver at 3T and 7T as reliable fat maps could be obtained for comparison over
the liver using mDixon Quant and the ISMRM toolbox at 3T. The difference in
fitting with complex and magnitude data was also investigated. Finally Philip’s
mDixon method, the ISMRM toolbox and in-house fitting were used to make

colonic fat measurements at 3T.

6.3 Methods

The overall aim of the work in this section was to test, using simulations and
in vivo data, the currently used fat quantification methods for use in the liver
at 7T and in the colon at 3T, where the current vendor products provide non-
optimised fat quantification. Where possible results of in vivo in-house fat
quantification were compared to fat quantification maps produced by vendor
products and using the graphcut algorithm in the ISMRM toolbox (33]). The
algorithm considers each voxel and its neighbours in a minimisation function
which produces a smooth field map. The graphcut algorithm was chosen from
the ISMRM toolbox as it provides robust fitting for 6 echo Dixon data and takes
account of field inhomogeneities. The others methods either use three or two
point Dixon, do not take into account T2* decay or are computationally slower
than the graphcut algorithm. The ISMRM toolbox has several benefits over
in-house fitting as it uses both the magnitude and complex data and fits for
the field map first, then T2* and finally the fat and water fractions which can
overcome the instabilities in a single fitting algorithm. Fat quantification was
performed using Monte Carlo simulations and in vivo data for the liver at 3T
and 7T and the colon at 3T. The exact details of each simulation are given
in the sections below but all simulations followed the same structure which is
detailed here.
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6.3.1 General Simulation Method

The general signal generated from a voxel containing both fat and water using

an FFE scan (neglecting T1 and flip angle) can be calculated as:

n
S = |We Rt 4 Fchei“"tefm}t eWtel? (6.4)
1

where W is the water signal at t = 0, F is the fat signal at t=0, n is the number
of fat peaks, c is the relative amplitudes of each fat peak, w the offset frequency
of each fat peak, ¢ the field offset and ¢ is the phase offset. 6 fat peaks
were simulated with the frequencies and relative peaks taken from Hamilton et
al (18)). Currently the fat spectra for different types of fat within the body is
unknown and so the liver spectra was used for colonic fat quantification. Fat
fraction is calculated as FF = F/(W+F). The proton density of fat and water
are not equal and therefore to calculate the PDFF a correction must be applied
to the calculated fat fraction. However, as the correction for in vivo fat is small
and usually within experimental measurement errors no correction is required
(45)).

In order to test whether magnitude or complex fitting provides a more robust
quantification method Equation [6.4] was modified to match the data that is

generated firstly from magnitude data:

Simag = V5.5" (6.5)

where

n
S = We_szt+FE cne“""te_mft]
1

(6.6)

i n
— * —a — *
S* = |[We F2! 4 F E cne e R2ft] .
1

Note that the field map and phase shift are not included here as they cancel out

in the SS* calculation. Secondly for the complex data, the real and imaginary
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parts were calculated and the fit applied to both simultaneously:
Scompleac == Sreal + Z“~gz'rrttzgz'71CL7°3/ (67)

where

6
Sear = We™ B2t cog it + FeT25t Z Cn cos (Y + wy )t + )
n=1
6 (6.8)
Simaginary - WG_RQtut sin @Z}t + Fe_R2j‘t Z Cn sin ((@Z) + wn)t + Qb)
n=1

For both the magnitude and complex fitting either a common T2* for both fat
and water can be used or separate T2*s (fitting for them separately). In the
literature common and separate T2*s are used with both complex and magnitude
fitting and therefore four different fitting types were tested (with the brackets
indicating the short notation used to refer to the fitting types in the results

section):
e Complex with a common T2* for fat and water (C1)
e Complex with separate T2*s for fat and water (C2)
e Magnitude with a common T2* for fat and water (M1)
e Magnitude with separate T2*s for fat and water (M2)

The factors in Equations [6.6] and [6.8] that were varied throughout the simula-
tions are listed below, although the details of values used are in the individual

simulation sections:
e Fat fraction
e T2* of water
o T2% of fat

e Field inhomogeneities (of particular importance in the colon)
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e Echo times used

For each simulation the fat fraction was varied between 0 and 100% and Rician
noise was added at 2% of My which was estimated from experimental data.

The issue of which echo times to use has largely been resolved by Reeder et
al (38) as detailed in Section [6.2] From the generalised results,

m=mn/2+ 7k
TE, =m—2n/3 (6.9)
TE;=m+271/3

the echo times to use at 3T and 7T were calculated, here 27 refers to the in-
phase time of fat and water (2.3 ms at 3T and 0.99 ms at 7T). Three different
sets of echo times, each of which followed the IDEAL recommendations were
used (these will be referred to as IDEAL1, IDEAL2 and IDEAL3) along with the
traditional in-phase opposed-phase (IPOP) echo times. The echo times were

all chosen to be achievable on the scanners and able to be acquired in a single
breath hold.

3T Echo Times: At 3T the in phase time, or time for a full phase evolu-
tion, is 2.3 ms. Using the general formula from Equation [6.9, if k=0, m =
2.3/4 = 0.575 ms. Here m is too short to be achievable on the 3T Ingenia, so
one full phase is added to the middle echo giving m = 2.875 ms. This results
in TE; = 2.875 - 2.3/3 = 2.108 ms. Using these ATE would be too short to
be achievable. To overcome this a 27 phase shift is added to the second echo
resulting in:

IDEALL: TE; = 2.108 ms and ATE = 3.067 ms.
Using a similar method for k = 1 gives:

IDEAL2: TE; = 3.258 ms and ATE = 3.067 ms.
Alternatively, the first and third echoes can be set as 2/3 of a phase either side
of m which, when using k = 0 results in:

IDEAL3: TE; =134 msand A TE = 1.53 ms
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The traditional in-phase opposed-phase method uses echo times of:
IPOP: TE; = 1.15 ms and A TE = 1.15 ms.

7T Echo Times: Using the same method the echo times at 7T can be calcu-
lated as:

IDEALL: TE; = 1.89 ms and ATE =132 msfor k=0

IDEAL2: TE; = 1.40 ms and ATE =1.32 ms for k=1

IDEAL3: TE; = 1.56 ms and ATE = 1.645 ms using k = 0 and the first
and third echo 2/3 out of phase with the middle echo.

IPOP: TE; =1.48 ms and ATE = 2.97 ms.
Whilst these echo times are achievable they do not measure the signal during

each phase evolution.

6.3.2 General In Vivo Methods

Several fitting options were available for the in vivo data depending on the
anatomical area and field strength. The exact details of each acquisition are
given in the sections below with a summary of the fitting methods used for
each area/field strength given in Table . Unfortunately in the case of the 7T
acquisitions complex fitting was unable to be performed. This is due to the fact
that the scan control parameter " Echo Phase Determination” was not switched
off. The result of this is that the phase evolution overtime is not preserved by
the scanner and thus cannot be used for quantification. Therefore magnitude
fitting was only used in these cases, this also ruled out the use of complex fitting
using the ISMRM toolbox. Magnitude only data was used in the toolbox at 7T
however the creators do recommend the use of complex data as the toolbox is

optimised for complex data.
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Anatomical Field mDixon ISMRM Complex | Magnitude

area Strength Quant / toolbox fitting fitting
mDixon 3
point

Phantom 3T v v 4 4
Liver 3T v v v v
Colon 3T v v v v
Liver T v v* X v

Table 6.1: Table detailing fitting types that were used for the different in vivo
cases that were explored in this chapter. * Note that for the 7T data only the
magnitude data was used in the ISMRM toolbox.

6.3.3 Simulations for the Liver a 3T

In the liver at 3T the variables in the fat quantification are fairly well defined.
The T2* of fat and water have been measured separately as water = 16.0 £4.1
ms and fat = 7.4£2.1 ms for patients with liver cirrhosis and water = 21.84+11.7
ms and fat = 4.6+ 1.8 ms in healthy volunteers (46]). Based on these values two
simulations were run for the liver at 3T. One in which the T2*s of fat and water
were very similar (around the middle of the fat and water range in vivo) and one
in which they had a large difference (at the extremes of the range measured in
vivo). The field inhomogeneities in the liver at 3T are expected to be small and
therefore were varied between -80Hz and +80Hz (estimated from Hernando et
al (33)). The parameters used in the simulations are given in Table [6.2]

Simulation parameters 3T liver
Fat fraction 0, 0.03, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
T2* water (s71) 10 2
T2* of fat (s71) 9.5 4

Noise (percentage of M) 2
BO field inhomogeneity (Hz) - 80, 0, 80

Table 6.2: Table detailing the parameters of the Monte Carlo simulations to
determine the accuracy of fat quantification in the liver at 3T
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6.3.4 Fat Phantom Measurements at 3T

A fat phantom was built to test the in-house fat quantification methods used
in the simulation section and to also compare with the ISMRM toolbox and the
Philips mDixon Quant package. The phantom consisted of a spherical plastic
ball filled with agar. Four table tennis balls each filled with sunflower oil, water
and two emulsifiers (Span 80 and Tween 60) were set in the centre of the ball
(a schematic of the phantom is shown in Figure[6.6). The contents of each ball
are listed in Table 6.3

Table tennis balls
containing fat emulsions

Plastic sphere containing
agar

Figure 6.6: Schematic diagram of the fat phantom consisting of a spherical
plastic ball filled with agar. Four table tennis balls containing fat emulsions
were set within the agar. Two emulsifiers (Span 80 and Tween 60) were used
to bind the fat and water together to make a stable emulsion.

Fat Percentage Fat (g) Water (g) Span (g) | Tween (g)
5% 5 95 0.38 0.16
10 % 10 90 0.75 0.25
20 % 20 80 1.50 0.50
40 % 40 60 3.00 1.00

Table 6.3: Table detailing the contents of the four table tennis balls within the
fat phantom. Two emulsifiers (Span 80 and Tween 60) were used to bind the
fat and water together to make a stable emulsion.

The phantom was scanned using mDixon Quant and 6 echo Dixon, the scan
parameters are shown in Table[6.4] The four fitting methods detailed in Section
[6.3.4] were used to fit for the fat fraction on a voxel by voxel basis in the
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phantom to produce four different fat maps. The ISMRM toolbox was also used
to produce fat maps from the 6 echo dixon data. An ROl was drawn in each
of the table tennis balls on the fat maps produced by the in-house fitting and

mDixon Quant.

Scan parameters mDixon 6 point Dixon
Quant
First TE (ms) 0.95 1.34
ATE (ms) 0.70 1.53
Voxel size (mm?) 22x25 20x 1.6
Number of slices 17 31
Slice orientation coronal axial
Reconstruction 20x 20 0.98 x 0.80
in-plane (mm?)
Number of echoes 6 6
Flip angle (degrees) 3 5
Motion Breath held Breath held

Table 6.4: Table detailing the parameters of phantom scans at 3T.

6.3.5 Liver Fat Measurements at 3T

In vivo liver fat measurements were tested on four healthy volunteers at 3T. An
mDixon Quant scan was run along with a Multi-echo Dixon with 6 echoes. The
details of the acquisitions are given in Table [6.5]

Both magnitude and complex fitting were applied to the 6 point Dixon data,
firstly with a common T2* value for fat and water. Following this any voxel
containing more than 5% fat from the single T2* fit then underwent a second
fit with separate T2*s for fat and water. Three ROls were then drawn in the
same location on each map and compared with the same ROls drawn on the
maps produced by mDixon Quant and the ISMRM toolbox. Similar ROls were

used for all four healthy volunteers.
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Scan parameters mDixon 6 point Dixon
Quant
First TE (ms) 0.95 2.10
ATE (ms) 0.70 0.7
Voxel size (mm?) 22x25%x6.0|1.7x20x4.0
Number of slices 77 10
Slice orientation axial axial
Reconstruction 2.0x 2.0 0.9x0.9
in-plane (mm?)
Number of echoes 6 6
Flip angle (degrees) 3 15
Motion Breath held Breath held

Table 6.5: Table detailing the parameters of in vivo liver scans at 3T.

6.3.6 Simulations for the Liver at 7T

In the liver at 7T the variables in the fat quantification are relatively unknown due
to the fact that in vivo human scanning at 7T has only recently been achieved
in the abdomen. At 7T separate T2* values of fat and water in the liver have
not to our knowledge been measured and so estimates of the range were taken
from Doran et al who produced the first in vivo liver T1 and T2* maps at 7T.
They showed that the T2* of the liver at 7T was 7.9 = 0.5 ms or 8.6 &= 0.9 ms,
depending on the acquisition method (47). From these measurements and by
comparing them with the 3T values, estimates of the fat and water T2* in the
liver were made. The field inhomogeneities at 7T are expected to be larger than
those at 3T and so were estimated at between -160 Hz and +160 Hz. At 7T
the separation of the fat and water resonant frequencies increases, causing the
fat and water to come into and out of phase at a faster rate than at 3T. The
consequence of this is that the echo times required are shorter than those at
3T, however acoustic noise limitations on the 7T mean that the echo spacing is

limited. The parameters used in the simulations are given in Table 6.6
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Simulation parameters 7T liver
Fat fraction 0, 0.03, 0.05, 0.1,
0.2,04,06,08,1.0
T2* water (s71) 85
T2* fat (s71) 250
Noise (percentage of 2
Mo)
BO field inhomogeneity 0, 160
(Hz)

Table 6.6: Table detailing the parameters of the Monte Carlo simulations to
determine the accuracy of fat quantification in the liver at 7T.

6.3.7 Liver Fat Measurements at 7T

The first in vivo fat quantification measurements of the liver at 7T were per-
formed on 4 healthy human participants. The details of the scan parameters
are given in Table [6.7] The mDixon Quant package is unavailable on a Philips
7T system as they do not produce commercial coils that enable body scanning.
Therefore the three point mDixon fat quantification was used with a body coil
from MR Coils (MR Coils, Zaltbommel, Netherlands) that is compatible with
the 7T. The same four participants were also scanned at 3T to provide a com-
parison of the fat quantification across the two field strengths. The scanning
parameters used at 3T were the same as those used in section 7.

Similarly to the 3T data the 7T data underwent a two stage fitting process
to the magnitude data. Initially the data was fitted using a common T2* for
fat and water. Then any voxel containing a fat fraction higher than 5% was
refitted using a separate T2* values for fat and water. A fit to the complex
data was unable to be performed as the scan control parameter, "Echo Phase
Determination”, was not switched off prior to scanning. The result of this is
that the phase evolution over echo times is not preserved and thus cannot be
used. The magnitude data from the 6 echo dixon scan was used to produce fat

maps from the ISMRM toolbox as well.
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Scan parameters mDixon 6 point Dixon
First TE (ms) 0.49 1.40
ATE (ms) 0.5 1.32
Voxel size (mm?) 15x15 2x2
Slice thickness (mm) 5 5
Number of slices 8 4
Slice orientation axial axial
Reconstruction 0.93 x 0.93 0.93 x 0.93
in-plane (mm?)
Number of echoes 3 6
Flip angle (degrees) 15 15
Motion Breath held Breath held

Table 6.7: Table detailing the parameters of in vivo liver scans at 7T.

6.3.8 Simulations for the Colon at 3T

In the colon the T2* values for fat and water are likely to be shorter due to the
surrounding micro-bubbles of gas that are produced by bacteria in the colon.
Therefore the T2* of fat and water were set as the shorter values used in
the liver simulations at 3T and a much larger field inhomogeneity was used
(estimated from Hernando et al (33))). The details of the parameters used in
the simulations are given in Table 6.8

Simulation parameters 3T colon
Fat fraction 0, 0.03, 0.05, 0.1,
0.2,0.4,0.6,0.8, 1.0
T2* water (s71) 45
T2* fat (s71) 230
Noise (percentage of 2
Mo)
BO field inhomogeneity 500
(Hz)

Table 6.8: Table detailing the parameters of the Monte Carlo simulations to
determine the accuracy of fat quantification in the colon at 3T.
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Scan parameters 6 point Dixon mDixon
First TE (ms) 1.34 1.06
ATE (ms) 1.53 1.09
Voxel size (mm?) 2.0 x 2.0 x 2.0x 2.0 x
4.00 4.00
Slice thickness (mm) 5 5
Number of slices 20 20
Slice orientation sagittal sagittal
Reconstruction 0.99 x 0.99 0.99 x 0.99
in-plane (mm?)
Number of echoes 6 2
Flip angle (degrees) 5 5
Motion Breath held Breath held

Table 6.9: Table detailing the parameters of the fat quantification scans taken
as part of the cystic fibrosis study.

6.3.9 Colonic Fat Measurements at 3T

Multi-echo Dixon data was collected as part of a wider cystic fibrosis study. At
the time of writing 5 participants with cystic fibrosis had been recruited and
scanned. The volunteers underwent a full day study in which they were scanned
at baseline and after the consumption of a fatty meal. As the Dixon scans were
collected at baseline and the main outcomes of this section were only related
to a very small part of the whole study, only the relevant scan details are given
here. The scan parameters are given in Table 6.9 The colonic fat data was
fitted using a in-house magnitude and complex fitting, using the ISMRM toolbox

and using Philip’'s mDixon method.

6.4 Results

In this section the results from the Monte Carlo simulations and preliminary
results of in vivo data are given. The results for the simulations are shown in
2D plots which show the simulated fat fraction along the x axis and the fitting
method along the y axis. The color indicates either the percentage difference in
the simulated and fitted fat fraction or the standard deviation in the fitted fat
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percentage depending on the chart. The results are given for each of the four

echo times tested.

6.4.1 Simulations in the Liver a 3T

Figure [6.7| shows the results when two similar T2* values for fat and water (105
s~! and 100 s™!) are simulated and no field inhomogeneities included.

All sets of echo times showed similar results (differences mainly <2%) with
complex fitting consistently performing better than the magnitude fitting. It was
found that at low fat fractions (<5%) using a common T2* was more accurate
than using separate T2*s however the difference in the errors between using a
common and separate T2* was small. At high fat fractions it was expected that
magnitude fitting would misregister water and fat (swap water and fat signals)
which did happen in some cases however at fat fractions of 80% it was common
for the fitting algorithm to find an alternative fat fraction that better matched
the data rather than misregister the water and fat fraction. It was determined by
further simulations that this was due to the fitting algorithm finding a local min-
ima which can be avoided by using different starting parameters for the fitting
algorithm. However it may not be known in advance what starting parameters
would work best and so a particle swarm type approach to the fitting would be
needed if using magnitude fitting with fat fractions about 60% (/48)).

223



6. Fat Quantification using Multi-Echo MRI in Non Standard Situations

c1

c2

M1

M2

C1

c2

M1

Mz

C1

Fitting Method

c2

M1

M2

C1

c2

M1

M2

(a) Percentage difference in simulated (b) Standard deviation of fitted fat frac-
tion.

IDEAL1

.l

0 0.03 0.05 0.10 0.20 0.40 0.60 0.50
IDEAL2

0

0 0.03 005 010 0.20 D40 060 0.80

IDEAL3

0

0 0.03 0.05 0.10 0.20 0.40 .60 0.50
IPOP

0

0 0.03 005010 0.20 040 060 0.80

Simulated Fat Fraction

and fitted fat fraction.

.0

100

a0

=120

-40

-100

Percentage difference in simulated and fit fat fraction
Fitting Method

IDEAL1

0.03 0.05 0.10 0.20 0.40 0.60 0.50
IDEALZ2

0.03 0.05 0.10 0.20 040 0.60 0850

IDEAL3

0.03 0.05 0.10 0.20 0.40 0.60 0.50
IPOP

0.03 0.05 0.10 0.20 0.40 0.60 0560

Simulated Fat Fraction

Standard deviation of fit fat percentage

Figure 6.7: Monte Carlo simulation results for the liver at 3T when fat and water
have similar T2* values (105 s~! and 100 s™!) and no field inhomogeneities are
included. a) Percentage difference between the simulated and fitted fat fraction.
b) Standard deviation of the fitted fat percentage. Magnitude fitting is not as
accurate as complex fitting. At low fat fractions (<5% common T2* fitting is
more accurate and precise than separate T2* fitting.
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The next simulation for the liver at 3T used the extreme values of T2* of fat
and water that were found in vivo (45 s™! and 230 s™'). Figure |6.8| shows the
results of these simulations. It was found that the fitting was less accurate than
in the previous simulation. The only method which produced results with a high
accuracy (<5% error on fat fractions of more than 10%) and precision were
those performed using the magnitude data, using separate T2* values with the
IDEAL3 or IPOP echo times. The other methods introduced an error on the
fitted T2*s of fat and the fat fraction. Changing the starting parameters of the
fitting algorithm to be closer to the simulated value improved the accuracy of the
fitting for all echo times and fitting methods (the original starting parameters
were 50% fat, T2* fat and water = 100 ms with no field inhomogeneity). This
suggests that the fitting algorithm is finding a local minima rather than the
global minima which could be overcome by using a particle swarm method.
Alternatively altering the starting parameters to be approximate for anatomical
location could provide a computationally faster solution than using a particle

swarm method.

The final scenario considered was in the case of field offsets (Figure[6.9). Again
a large difference in the T2* of fat and water was simulated. The error on the
fitted fat fraction was dependent on the fitting method used as well as the echo
times. All echo times performed poorly when complex fitting was used. IDEAL3
and IPOP echo times performed with a high accuracy (<10% error when the
fat fraction is higher than 3%) when magnitude fitting was used with separate
T2*s except at high fat fractions (>60%).
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Figure 6.8: Monte Carlo simulation results for the liver at 3T when fat and
water have different T2* values and no field inhomogeneities are included. a)
Percentage difference between the simulated and fitted fat fraction. b) Standard
deviation of the fitted fat percentage.
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Figure 6.9: Monte Carlo simulations results for the liver at 3T when fat and
water have different T2* values and large field inhomogeneities are included. a)
Percentage difference between the simulated and fitted fat fraction. b) Standard
deviation of the fitted fat percentage.
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6.4.2 Fat Phantom Measurements at 3T

Fat quantification was performed using a phantom containing emulsions with
four different fat percentages. In-house fitting, and fitting using the ISMRM
toolbox were performed on 6 echo Dixon data. A fat map was generated using
the mDixon Quant package for comparison. A single ROl was drawn in each
table tennis ball encompassing as much of the content as possible. The first
echo time image taken using the 6-point Dixon acquisition is shown in Figure
[6.10] with the fat fraction measured for all four balls given in Table [6.10]

Figure 6.10: Magnitude image of the phantom with a cross section slice covering
all table tennis balls.

In-house fitting assuming a common T2* produced accurate results at low fat
fractions (5%). At high fat fractions (>20%) assuming separate T2*s produced
accurate results . Neither methods produced accurate results at 20% fat, this
is likely due the algorithm finding a local minima (however further experiments
were not performed to determine the source of this error). Based on these
results and the simulations a two step fitting process was employed for the
in vivo data, initially a common R2* was fit, followed by a separate R2* fit
for voxels that contained fat fractions >5%. The ISMRM toolbox produced
accurate fat measurements at the three lower fat fractions but over estimated
the fat fraction at 40%. This may be due to the fact that the toolbox is limited
to using a single T2* in the fitting which can introduce and bias on the fitted

fat fraction.
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Fat | In-house | In-house | In-house | In-house | mDixon ISMRM
% complex | complex magni- magni- Quant toolbox

fitting fitting tude tude

1T2* 2T2* fitting fitting

1T2* 2T2*
5% | 3.44+0.8 | 5.8+1.2 | 2.94+0.9 | 16.5+1.2 | 434+0.5 | 5.8+0.1
10% | 4.7+05 | 6.4+0.8 | 7.4+0.7 | 19.2+6.2 | 11.14+0.8 | 9.1+1.3
20% | 11.2+0.7 | 15.6+0.8 | 10.9+0.6 | 26.6+3.2 | 20.3+2.2 | 20.3+0.1
40% | 42.0+2.0 | 42.3+0.9 | 28.1+1.2 | 46.6+4.7 | 45.74+7.5 | 50.1+0.2

Table 6.10: Table detailing the mean and standard deviation fat measurements
from the fat phantom. All measurement are given as the mean and standard
deviation fat percentage.

The T2*s that were fitted for the fat and water were variable with fat percentage
and had an average of 167 ms for water and 197 ms for fat. These results are
likely to be inaccurate as the echo times are too short to measure the T2* of
free water and the oil that are used in the phantom which much longer than

those found in vivo.

6.4.3 In Vivo Liver Fat Measurements at 3T

In vivo liver fat quantification was performed on four subjects using in-house
fitting, Philips’ mDixon Quant package and the ISMRM toolbox. Three ROls
(one in the subcutaneous (SC) fat and two in the liver) were used to measure
the fat fraction from the three different methods. The ROls for a participant are
shown in Figure a) with the fat fraction measured for all four participants
in each ROI given in Table[6.11] Similar ROIs were used for all participants. It
is clear from the fat fraction maps produced by in-house fitting to the complex
data that the fitting method used for the complex data fails to provide accurate
fat fractions. This is probably due to the fact that a large number of variables

are fitted to few data points.
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(a) In-house fat map created using mag- (b) In-house fat map created using com-
nitude data plex data

(c) ISMRM toolbox fat map (d) mDixon Quant fat map

Figure 6.11: a) Fat map generated using in-house fitting and magnitude data.
b) Fat map generated using in-house fitting and complex data. c) Fat map
generated using Philip’s mDixon Quant package. d) Fat map generated using
the ISMRM toolbox which utilises a combination of magnitude and complex
data. ROls are named 1,2 and 3 with ROI 1 in the subcutaneous fat, ROl 2 on
the left of the image in the liver and ROI 3 at the bottom of the image in the
liver.

230



6. Fat Quantification using Multi-Echo MRI in Non Standard Situations

The same ROls were used to compare the T2* measured by the mDixon Quant
sequence and the in-house fitting when a common T2* was used and when
separate T2*s were used for magnitude data, the T2* maps are shown in Figure
6.12] with the fitted values of T2* in Table [6.12] The complex data did not
produce accurate fat maps when using in-house fitting and so the T2* maps are

not shown.
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Participant ROI 1 - Subcutaneous fat

In-house In-house fit- | mDixon ISMRM tool-

fitting mag- | ting complex | Quant box

nitude data data
P1 22.0+29.1% | 48.8+30.8% | 80.4+6.8% 85.3+5.5%
P2 86.5+8.7% 14.242.4% 89.8+2.8% 94.3+3.6%
P3 35.9+38.6% | 27.7£19.9% | 92.04+2.3% 100+1.5%
P4 85.6+6.3% 12.84+5.8% 85.0+3.9% 88.4+4.4%

ROI 2 - liver fat (anterior)

In-house In-house fit- | mDixon ISMRM tool-

fitting mag- | ting complex | Quant box

nitude data data
P1 2.0+3.2% 25.74£24.2 % | 3.9+2.0% 2.5+1.3%
P2 1.2+1.0% 40.0£15.3% | 2.2+£1.8% 2.8+1.5%
P3 5.6+8.7% 81.1+410.1% | 8.4+3.5% 6.94+2.0%
P4 3.1+1.3% 49.7£1.8 % | 1.6£1.3% 3.5+1.1%

ROI 3 - liver fat (posterior)

In-house In-house fit- | mDixon ISMRM tool-

fitting mag- | ting complex | Quant box

nitude data data
P1 1.0+1.3% 5.0+4.9 % 5.24+3.1% 4.0+1.0%
P2 0.3+0.5% 33.24+20.0% | 1.84+1.9% 2.6+1.5%
P3 4.6+0.4% 46.1+34.1% | 8.3£4.9% 5.94+2.2%
P4 1.6+0.9% 30.44+16.7% | 1.0£1.3 % 1.7+0.9%

Table 6.11: Table detailing the fitted fat fraction and standard deviation from
four participants at 3T in three different ROls.
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(a) 3T - In-house separate T2* fitting - (b) 3T - In-house separate T2* fitting -
T2* of water map T2* of fat map

(c) 3T - In-house common T2* fitting - (d) 3T - mDixon Quant (assumed single
T2* map T2*) - T2* map

Figure 6.12: T2* map for water (a) and fat (b) from in-house fitting. T2* map

using a common T2* (c) using in-house fitting. T2* map from mDixon Quant
(d) (All performed at 3T).
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ROI In-house In-house In-house mDixon
fitting single fitting dual fitting dual Quant (ms)
T2* (ms) T2* - water | T2* - fat (ms)
(ms)
ROI' 1 1744 67+11 1844 100+11
ROI 2 1544 2749 3249 1748
ROI 3 1944 20£7 23+6 1643

Table 6.12: Table detailing the parameters of the T2* measurements from an
in vivo data set.

6.4.4 Simulations for the Liver at 7T

A set of simulations were run to test the accuracy and precision of fitting at 7T
similar at 3T. The first set of Monte Carlo simulations used T2*s for fat and
water that had a large difference, with no field inhomogeneities assumed. The
results are shown in Figure |6.13]

The accuracy of the results seen at 7T were variable depending on the echo
times used and the fitting method. All echo times had a similar accuracy using
separate T2*s (<10% error on fat fractions >10%). With all echo times, using a
combination of common T2* fitting for low fat fraction and separate T2* fitting
for higher fractions can produce more accurate results than using one method
alone (= 50% error on fat fractions <10% and ~ 10% error on fat fractions
>10%).

The second set of Monte Carlo simulations ran for the liver at 7T was again
using T2*s with a large difference but this time a large field inhomogeneity was
included. From the results in Figure it can be that the seen accuracy of
the fit depends on the fitting method and the echo times used. For some echo
times used, using a common T2* fitting followed by a separate T2* fitting for
those voxels with a high fat fraction could provide a higher overall accuracy.

Similarly to the 3T simulations further simulations showed that altering the
starting parameters of the fit provided more accurate results for all fitting meth-

ods and echo times.
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Figure 6.13: Monte Carlo simulation results for the liver at 7T when fat and
water have different T2* values and no field inhomogeneities are included. a)
Difference between the simulated and fitted fat fraction. b) Standard deviation
of the fitted fat percentage.
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Figure 6.14: Monte Carlo simulation results for the liver at 7T when fat and
water have different T2* values and field inhomogeneities are included. a) Dif-
ference between the simulated and fitted fat fraction. b) Standard deviation of
the fitted fat percentage.
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6.4.5 In Vivo Liver Fat Measurements at 7T

Four subjects were scanned both at 3T and 7T to provide a comparison of
fat quantification across the two field strengths. Figures and show
fat maps produced from mDixon (three echos), the ISMRM toolbox and in-
house fitting (6 echo) Dixon data. The 3 point mDixon does not quantify fat
accurately or precisely. The ISMRM toolbox appears to overestimate the fat
fraction in the liver and misregister the fat and water in the subcutaneous fat
as is expected when using magnitude only data. The in-house fitting appears to
give more accurate fat fractions however the maps are noisy and could benefit
from smoothing. Again as expected from magnitude fitting the fat and water in
the high fat areas such as the subcutaneous fat are misregistered giving a low
fat fraction. The overall in-house fat maps show that volunteer 1 has a higher
fat fraction in the liver than volunteer 2 which is to be expected due to the
higher amount of abdominal fat seen in volunteer 1.

For both the 3T and 7T data the phase information could not be used for
complex fitting due to the scan control parameter " Echo Phase Determination”
not being switched off. Three ROIs were drawn on the mDixon Quant maps
acquired at 3T, and the toolbox and in-house fat maps produced using magni-
tude data. Figure [6.17] shows an example map produced by the mDixon Quant
sequence at 3T as well as the in-house fitting and toolbox fat maps, with the
average fat in each ROI from each of the maps given in Table[6.13] The central
slice of the image plane was planned on the same spinal disc in order to match

the location of the slices across the two field strengths.
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(c) 7T - ISMRM toolbox fitting to (d) 7T - in-house fat map (assuming
magnitude data separate T2%)

Figure 6.15: a) Magnitude image from first echo of 6 echo Dixon. b) Fat fraction
map from 3 point mDixon. The fat and water have been misregistered on the
scanner causing the fat and water to be switched in the calculated images. ¢)
Fat fraction from a magnitude fit using the ISMRM toolbox. d) Fat fraction
from a two stage magnitude fit. Initially a common T2* was used, followed by
separate T2*s for voxels with more than 5% fat in the initial fat map. The in-
house fitting swapped the fat and water signals in the subcutaneous fat resulting
in a fat fraction around 10% rather than around 90% which is expected.
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(c) 7T - ISMRM toolbox fitting to (d) 7T - in-house fat map (assuming
magnitude data separate T2*s)

Figure 6.16: a) Magnitude image from first echo. b) 3 point mDixon fat fraction
calculation. The fat and water have been misregistered on the scanner c) Fat
fraction from a magnitude fit using the ISMRM toolbox. d) Fat fraction from a
two stage magnitude fit. Initially a common T2* was used, followed by separate
T2*s for voxels with more than 5% fat in the initial fat map. The in-house
fitting swapped the fat and water signals in the subcutaneous fat resulting in a
fat fraction around 10% rather than around 90% which is expected. The three
echo mDixon has swapped the water and fat signals across the whole image.
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(c) In-house fat map - 7T (d) ISMRM toolbox fat map - 7T

Figure 6.17: a) Fat map generated using in-house fitting at 3T. b) Fat map
generated using Philip’s mDixon Quant package at 3T. ¢) Fat map generated
using in-house fitting at 7T. d) Fat map generated using the ISMRM toolbox
at 7T. ROls are named 1,2 and 3 with ROI 1 in the subcutaneous fat, ROl 2 on
the left of the image in the liver and ROI 3 at the bottom of the image in the
liver. The in-house fitting at 3T and 7T swapped the fat and water signals in
the subcutaneous fat resulting in a fat fraction around 10% rather than around
90% which is expected.
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Participant ROI 1 - SC fat
mDixon Quant | In-house In-house ISMRM tool-
at 3T fitting to mag- | fitting to mag- | box fitting
nitude data at | nitude data at | to magnitude
3T T data at 7T
P1 93.0+6.8% 0.3£5.4% 2.7+4.6% 29+1.7%
P2 67.7+11.6% 53.9+11.6% 17.8+5.6% 4.0£1.9%
P3 87.1+6.3% 12.1+19.8% 41.3+2.4% 6.9+5.2%
P4 84.24+6.0% 57.4+20.1% 9.24+6.7% 3.14+2.0%
ROI 2 - liver fat
mDixon Quant | In-house In-house ISMRM  tool-
at 3T fitting to mag- | fitting to mag- | box fitting
nitude data at | nitude data at | to magnitude
3T 7T data at 7T
P1 3.1+2.2% 6.7+4.3% 1.24+7.5% 15.9+2.1%
P2 2.0+1.8% 1.24+1.3% 1.94+2.7% 14.4+1.1%
P3 3.0+2.2% 1.34+2.2% 4.442.5% 13.9+2.2%
P4 2.24+1.9% 1.44+1.9% 2.4+0.1% 12.24+3.1%
ROI 3 - liver fat
mDixon Quant | In-house In-house ISMRM  tool-
at 3T fitting to mag- | fitting to mag- | box fitting
nitude data at | nitude data at | to magnitude
3T T data at 7T
P1 3.24+2.5% 6.6+4.5% 6.3+9.4% 15.64+2.1%
P2 3.04+2.0% 1.4+£5.2% 2.2+4.1% 14.74+1.5%
P3 2.7+2.4% 1.54+1.1% 3.7+7.0% 14.8+1.5%
P4 1.5+2.2% 2.0+1.4% 1.24+1.3% 10.0+1.8%

Table 6.13: Table detailing the fat fractions measured using mDixon quant,
in-house fitting and the ISMRM toolbox at 3T and 7T.
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6.4.6 Simulations for the Colon at 3T

For the simulations of the colon at 3T, higher field inhomogeneities were simu-
lated than those investigated in the liver. The results (Figure show that
complex fitting swaps fat and water in the presence of very large field inhomo-
geneities. The magnitude fitting with a single T2* overestimates the fat fraction
by around 50% when IPOP and IDEAL3 echo times are used. The highest over-
all accuracy was given by using the magnitude data and assuming a common
T2* although the accuracy is around 50%. From these results it can be seen
that whilst true quantitative measurements may not be possible in the colon the
presence of fat should be detectable and a semi quantitative method of mea-
suring the fat is possible (as the fitting algorithm consistently overestimates the
fat percentage except in the case of 0% fat where it accurately fitted 0% fat).
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Figure 6.18: Monte Carlo simulations results for the colon at 3T when fat and
water have different T2* values and large field inhomogeneities are included. a)
Difference between the simulated and fitted fat fraction. b) Standard deviation
of the fitted fat percentage.
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6.4.7 In Vivo Colonic Fat Measurements at 3T

As the colonic fat study is still ongoing only 5 complete data sets were available
for analysis. Figure [6.19| show an example of in vivo colonic fat map created
using in-house fitting, the ISMRM toolbox and Philip’s mDixon method. The
four methods gave significantly different fat fraction in the colon. This is likely
due to the fact that all methods make certain assumptions which can lead to
inaccuracies in the fat quantification. The mDixon only uses two echoes which is
know to produce inaccurate fat estimations in the case of field inhomogeneities
and T2* decay. The ISMRM toolbox smooths the field inhomogeneities which
may introduce errors on the fat quantification in the colon as the field is likely
to have large inhomogeneiites around pockets of gas. The in-house fitting is
on a voxel-by-voxel basis which lead to noisy fat maps and fits (in the case of
complex fitting) 5 variables to 6 echo times which can also lead to errors in the
fitted fat fraction.

ROIls were drawn in the colon on the fat map images and the median and

interquartile range fat fractions were calculated, the details of which are given

in Table [6.14]

Volunteer mDixon ISMRM Complex | Magnitude
number toolbox fitting fitting
1 41.7 22.8 0 (11.9) 0 (20.5)
(10.0) (24.0)
2 30.0 20.5 12.2 5.7 (25.2)
(22.8) (17.5) (41.3)
3 11.3 (9.1) 20.8 12.2 3.9 (18.1)
(16.4) (29.3)
4 22.3 26.4 19.9 6.5 (26.3)
(14.0) (25.4) (65.7)
5 24.0 37.8 41.7 0 (12.7)
(15.9) (29.4) (88.1)

Table 6.14: Table detailing the median and inter quartile range colonic fat
measurements calculated using the mDixon methods, the ISMRM toolbox, and
in-house fitting using magnitude and complex data.
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i

(c) Complex fitting fat map (d) Magnitude fitting fat map

Figure 6.19: Fat quantification maps calculated using the mDixon method, the
ISMRM toolbox and in-house fitting using complex and magnitude fitting. The
colon ROl is outlined in yellow.
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6.5 Discussion

If fat quantification were to be performed in the liver the Monte Carlo simulations
show that, as expected from the literature, separate and common T2* fitting
methods perform to a similar standard at fat fractions <50% using all echo
times. However in the case of large differences in the T2* of fat and water
fitting for separate T2*s performs with the highest accuracy at all echo times.

The measurements of fat taken using the fat phantom show that the mDixon
Quant method accurately measures the fat fraction in each of the four fat
percentages tested (5%, 10%, 20% and 40%) with <1% absolute difference
between the actual and measured fat fraction up to 20% fat and 5% absolute
difference at 40% fat. The ISMRM toolbox also gave accurate fat percentages,
except in the case of the 40% fat fraction where there was a 10% difference
between actual and measured fat fraction. The in-house fitting gave a similar
accuracy when fitting for separate T2*s expect in the case of the 20% fat where
the fat fraction was underestimated in the complex fitting and magnitude fitting
with a single T2* and over estimated in the magnitude fitting with separate
T2*s. The reason for this discrepancy is unclear but may be due to the fitting
algorithm finding a local minima. Therefore for in vivo cases where a fat fraction
<40% is present the mDixon Quant and ISMRM toolbox method can be used
as a standard measurement.

In-house fitting (using magnitude data) to in vivo liver data has been shown
to match well (<4% different in fat percentage measured, except in the case of
high fat percentage) with the results from Philips’ mDixon Quant fat quantifi-
cation (which may assume a common T2*). The ISMRM toolbox consistently
produced fat fractions similar to those produced by the mDixon Quant sequence.
The fat fraction maps produced using the complex data did not match well and
failed to provide accurate fat fractions, this is likely due to the fact that a large
number of variables are fit to few data points. The ISMRM toolbox has the
benefit of fitting firstly for the field map, then T2* and finally the fat and water
fractions which can overcome the instabilities in a single fitting algorithm. It

also makes use of both the magnitude and complex data. The T2* measure-
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ments from in-house common T2* fitting and mDixon Quant match well (= 2
ms discrepancy except in the case of high fat). In the subcutaneous fat where
the fat fraction is much higher, the in-house fitting produced a slightly lower
fat fraction and much shorter T2* than that given by mDixon Quant (18 ms
compared to 100 ms). The subcutaneous fat is known to have a T2 of 68 ms
and the T2* would be shorter than this (49). A crude estimate of T2* was mea-
sured by fitting an exponential decay to the subcutaneous fat showing the T2*
to be around 13 ms. From this we can conclude that it is unlikely that mDixon
Quant is producing accurate T2* measures in the subcutaneous fat. This may
be due to the fact that mDixon Quant was developed for liver fat quantification
rather than whole body fat quantification where the T2* and fat fraction are
more variable. Despite the need for T2* inclusion in the fitting algorithm the
echo times that are used here and throughout the literature may not be long
enough to provide accurate estimates of T2*.

At 7T the in-house simulations showed that using a combination of fitting
with a common T2* followed by fitting with separate T2*s provides the most
accurate results. In vivo in-house fitting at 7T has been shown to produce
reasonable fat quantification maps. The accuracy of these maps cannot be
confirmed using mDixon Quant at 7T as it is not available on the 7T and the
three point Dixon performs poorly due to the field inhomogeneities. As mDixon
Quant is unlikely to become available on the 7T due to the fact that body
imaging is not widely available on Philips’ 7T systems, the in-house method and
the ISMRM toolbox are the only fat quantification tools available. The toolbox
however is not optimised for use at 7T and the fat maps produced using the
magnitude data in the toolbox consistently showed an over estimation of the fat
fraction in the liver. The comparison of fat fractions measured using in-house
fitting at 3T and 7T and mDixon Quant at 3T show similar fat fractions in
the liver (<5% difference). In the subcutaneous fat large differences in the fat
fraction were measured (e.g. 93% fat measured using mDixon Quant at 3T
and 2.7% measured using in-house fitting at 7T and 2.9% using the toolbox)
however this is probably due to the inability of magnitude fitting to distinguish
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between water and fat using only magnitude data (i.e. the fat and water in this
case have been swapped). To overcome this a mask of fat obtained from Dixon
imaging could be used to inform the algorithm whether a given voxel contains
fat and therefore the fat percentage should be switched if it is given as <50%.

In the colon simulations showed that fitting using the complex data pro-
vided results where the fat and water were sometimes switched (probably due
to large field imhomogeneities and the fitting algorithm finding local minima).
Determining whether fat and water have been switched would be difficult in the
colon as it is not always clear on Dixon images whether fat is present due to the
short T2*. Magpnitude fitting did provide reliable results (probably due to the
fact that the equation for the magnitude signal does not include a term for the
field inhomogeneities, see section [6.3.1)). At fat fractions less than 60%, when
using in-phase opposed-phase imaging the magnitude fit with a common T2*
for fat and water performed the best (=~ 50% error on the fitted fat fraction).
Therefore in vivo fat quantification should be performed using the magnitude
data assuming a common T2* for fat and water. Whilst the quantification was
not as accurate as those performed for lower field inhomogeneities the results
were still precise.

The four fitting methods used on the in vivo all produced significantly dif-
ferent fat fractions. The differences are likely due to the different limitations of
each method. The mDixon quant only used two echoes which is know to give
errors in the presence of field inhomogeneities and T2* decay. The toolbox is
limited to a single T2* and smooths out field inhomogeneities which are likely to
be large but localised to areas of gas in the colon. Finally, the in-house data has
a large number of parameters that are fitted to relativity few data points. There-
fore none of the methods used are likely to provide accurate fat quantification
in the colon.

Fat quantification using Dixon imaging uses an underdetermined model,
whilst sophisticated methods of using the 6 echo data may provide better results
of fat quantification than the method employed here, the model still remains un-

derdetermined (mDixon Quant however we are not aware as to whether it may
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use additional information such as fat segmentation to improve the fat quantifi-
cation). Several solutions to the underdetermined model could in the future be
considered. One avenue to explore is the effect of fixing the T2* of fat in the
fitting algorithm to reduce the number of parameters that are fitted for, however
it is currently unknown how much the T2* fat varies throughout the abdomen
and how much it varies between subjects. A second possibility is the use of
fat/water segmentation as a method of indicating which voxels contain fat or
water in the magnitude fitting could be used to allow accurate fat quantification
above 50%. Outside of the liver the fat spectrum used needs to be given more
consideration. The currently used spectrum is based on fat in the liver which is
unlikely to be applicable to all types of fat within the abdomen. Spectroscopy
could be used to sample the fat giving a more accurate spectra and T2* values of
the fat peaks present. Whilst this method would require extra scan acquisitions
it could provide a much more accurate model of the fat being measured. These
techniques all have the potential to improve the accuracy, precision and speed of
the fitting performed here and will be explored in future work. These methods
could all be included into the ISMRM toolbox code which has the benefit of
using iterative fitting methods and sophisticated minimisation algorithms which
can process data at much faster speeds than the currently used in-house meth-
ods and produce more robust results. The toolbox could be optimised for use
at 7T and modified to allow different fat spectra and the inclusion of separate
T2%s.

6.6 Conclusion

In this section it has been shown that fat quantification at 3T and 7T has a
variable accuracy which is dependent on the in vivo conditions and the fit used.
However, the first steps have been made to quantify fat at 3T in the colon
which is likely to be the most difficult area in the abdomen to quantify fat.
The first 7T fat quantification maps using human participants have also been
acquired. Whilst the work presented here is preliminary it provides a foundation

for quantification which should in future allow for malabsorption of fat to be
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studied as well as high field fat quantification maps to be produced. As in vivo
fat quantification is becoming a common biomarker for disease it is likely that
vendors will continue to produce more and more sophisticated fat quantification
methods that out perform the methods presented here. However it has been
shown in this section that fitting for a common T2* reduces the accuracy of
the fat quantification when fat and water have different T2* values except in
the case of the colon where local field inhomogeneities are large and the T2* is
very short. Fitting for separate T2* values is not currently an option on most
vendor products and therefore in-house fitting may provide more accurate results
under these circumstances. Further to this in-house fitting is likely to be the
only reliable method of fat quantification at 7T due to the absence of body
imaging as a product offered the scanner vendor. At 7T the use of a short ATE
is limited due to acoustic noise limitations and gradient capabilities. In future
these could be overcome by using two acquisitions with interleaved echo times.
In the future in-house fitting will make use of the code provided as part of the
ISMRM toolbox. Optimisation of the toolbox will need to be performed in areas

outside its intended purpose of liver fat quantification at 1.5T and 3T.
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7. Conclusions

7 Conclusions

The work presented throughout this thesis has shown that quantitative measure-
ments in the gastrointestinal tract and abdomen are possible using non-invasive
MRI. These findings will aid in the development of non-invasive tools to diag-
nose and monitor gastrointestinal diseases without the use of invasive procedures
such as endoscopies, colonoscopies and biopsies.

The experimental work presented in Chapter 4 demonstrated that quantita-
tive measures of the abdominal lymph nodes in healthy volunteers and patients
without cancer are possible without the need of a contrast agent. The diffusion
imaging techniques have been optimised allowing for the visualisation of nodes
in healthy volunteer which has not previously been performed. Further to this it
was shown that the measures made using diffusion weighted imaging are sensitive
enough to show differences in the lymph nodes between healthy volunteers and
patient groups with different gastrointestinal diseases. The patient study was
the first to compare both patients and healthy volunteers in order to evaluate
the potential of abdominal lymph nodes to be used as a non-invasive biomarker.
The main limitation of the results presented in this chapter is the small number
of patients recruited. Future work will aim to recruit a larger number of patients
for a more robust analysis of the differences in lymph nodes between healthy
volunteers and patients with inflammatory gastrointestinal diseases.

Chapter 5 described the first quantitative T1 and T2 measures of the healthy
bowel wall. Whilst the T1 results could not be fully evaluated due to the sub-
optimal inversion times used they did provide a basis for determining an optimal
set of inversion times for future studies. The T2 results showed that small
changes in the permeability of the bowel wall can be measured indirectly by T2.
The T2 of the small bowel wall was found to correlate well with the current
standard of measuring bowel permeability, the LMR test. The inter observer
reproducibility was also evaluated and was found to produce no significant dif-
ference between observers.The intra subject reproducibility also showed no dif-

ference except in the case where the imaging slice was not consistent between
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the two scans. Due to the fact that the imaging performed was single slice, the
permeability of the whole bowel could not be evaluated. This inherently limits
the use of T2 as changes in permeability that occur over a small spatial location
may be missed if the slice is not placed in the correct imaging plane. Future
work aims to extend the T2 measurements to multi slice imaging. Perhaps most
importantly in Chapter 5 the method to analyse the data was carried out using
an automated tool that was developed to require a minimal amount of user
input. The tool greatly increases the ease of using T2 as a biomarker in the
future due to the minimal amount of user input required to generate the results.
This work in this chapter is currently being used to file a patent application for
the use of T2 as a marker of permeability.

Finally in Chapter 6 the currently used in vivo methods of quantifying ab-
dominal fat were tested to verify whether the assumptions made in the current
methods are suitable for fat quantification both in and outside the liver at 3T
and 7T. It was found that at 3T the assumptions made by vendor products that
perform fat quantification are justified. However, if the conditions in the liver
differed significantly from a healthy liver, such as large differences in the R2* of
fat and water or there were large field inhomogeneities, then the vendor prod-
ucts may not produce accurate results. At 7T the only available vendor product,
mDixon, was shown to perform poorly in the liver making in-house fat quan-
tification necessary. The ISMRM fat toolbox was found at 7T to greatly over
estimate the fat percentage in the liver which was likely due to the fact that the
toolbox is optimised to work at 1.5T and 3T and only allows for a single T2* to
be used for fat and water. Optimisation of the toolbox for use at 7T is likely to
provide the best over all method for quantifying fat at 7T. In Chapter 6 the first
in vivo fat quantification in the colon was also performed using in-house fitting
on cystic fibrosis patients with fat malabsoprtion. Simulations showed that field
inhomogeneities due to gas in the colon will mean that the fat quantification
is less accurate than that performed in the liver when using vendor products.
The preliminary in vivo results showed the current fitting methods all produce

significantly different fat maps. This is likely due to the individual limitations
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of each fitting method. Again optimisation of the ISMRM toolbox for use in
areas with localised but high field inhomogeneities such as those found around
gas bubbles in the colon is likely to produce the best over all method for fat
quantification in the colon. The ISMRM toolbox provides a good starting base
of code to fit for fat in non standard situations. It is computationally much
faster that the in-house fitting method and therefore is much more applicable
for use on large data sets. Adaption of the toolbox is possible and so could be

used in the future for optimised fat quantification in non standard situations.

7.1 Future Work

The follow up work from this thesis would be to firstly complete the data col-
lection for the lymph node patient study and to evaluate the best method to
compare the nodes between the patient groups and the healthy volunteers. A
more robust method of ROl drawing will also be investigated to reduce the inter
observer variation. Further to this the imaging used to collected the information
on lymph nodes will be further optimised to attempt to gain higher resolution
and thinner imaging slices to reduce partial volume affects on the diffusion mea-
surements. A reduction in the scan time will also try to be achieved in order to
allow the imaging of lymph nodes to be added onto other studies in which the
involvement of lymph nodes in disease progression is of interest. Second to this
a study will be performed to look at whether fat uptake in the abdominal lymph
nodes can be measured using the results presented in this thesis. The interest
in the fat uptake has stemmed from a research group who attach cancer fight-
ing drugs to lipids which are then delivered to the body through the abdominal
lymph nodes. If visualisation of the uptake of the fat is possible then the group
would be able to determine whether abdominal nodes containing cancer cells
could be targeted by this method of drug delivery.

The T1 and T2 of the bowel wall has many possible applications. The
analysis method developed here will allow for bowel walls which are healthy in
appearance to be studied, not just the inflamed wall that is usually the focus

in Crohn's studies. The methods presented here are currently being used in a
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study which monitors the progress of Crohn's disease from base line and for
a year after treatment. A second application of the analysis tool is to allow
research in diseases which are suspected to have gut involvement but which are
not defined as gastrointestinal diseases. Ankylosing Spondylitis (AS) is one such
example which is a type of arthritis. It is currently believed that the gut may be
a gateway for pathogens which may cause or worsen the disease. Having a non-
invasive tool to study the involvement of the gastrointestinal system in non-Gl
disease may provide further insight into diseases such as AS. The T1 and T2
imaging methods will also be developed to allow for multi slice or 3D imaging.
This development should allow for the full length of the bowel to be evaluated
which would enable the variation in the whole bowel to be investigated in a
single scanning session rather than using single slice imaging which has limited
the investigation of changes in the bowel to small section. The use of machine
learning to remove any misidentifications in the bowel wall mask will also be
explored as this could enable the analysis to become fully automated, making
its use in a clinical setting much more likely.

Finally for the fat quantification work the follow up from this thesis will be
to optimise the ISMRM toolbox for use outside the liver and at 7T. In order
to do this the possibility of creating a new fat phantom which better resembles
the in vivo conditions will be considered. Such a phantom would allow for more
robust comparisons of different fat quantification techniques in a controlled en-
vironment. Once optimised the full cystic fibrosis data set will be analysed to
determine whether MRI has the capability to measure fat malabsorption non-
invasively. Different methods of fitting for the fat quantification also need to
be explored such as fixing the T2* of fat and using accurate fat spectra for
the different anatomical locations. Further to this, patient studies are currently
underway to compare the differences in fat quantification in patients with liver
cirrhosis at 7T using MRI and MRS.
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