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Abstract

Molecular magnetic resonance imaging (MRI) methods have the poten-

tial to provide detailed information regarding cellular and molecular

processes at small scales within the human body. Nuclear signals from

chemical samples can be probed using specialised MRI techniques, to

highlight molecular contrast from particular enzymes or metabolites.

The aim of the work described in this thesis is to investigate both ex-

ogenous and endogenous contrast mechanisms using fluorine MRI and

chemical exchange saturation transfer (CEST) respectively, in order to

detect molecular changes in vitro.

Initial theoretical work investigates the factors which affect fluorine MRI

signals and provides a theoretical framework to determine the sensitiv-

ity of such experiments. A novel paramagnetic fluorine sensor to detect

enzyme activity is then characterised using high field nuclear magnetic

resonance (NMR), showing 60 to 70–fold increases in T1 relaxation val-

ues upon enzyme interaction. The effects on the fluorine lineshape from

varying sample temperature and solvent were investigated. The possi-

bility of imaging is demonstrated, but further investigations using the

theoretical framework found pre–clinical implementation of the sensor

is limited by the achievable experimental sensitivity.

Efforts then focussed on CEST molecular methods, which are not limited

by sensitivity. A protocol is developed to target amide protons in an in

vitro cancer cell model, with parameters optimised following simulation

of the expected contrast. Analysis of CEST results were aided through

use of a support vector machine (SVM) to distinguish group differences

between cancer cells and control samples. A linear classifier was found

to be suitable to discriminate between samples.
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Thesis overview

Chapter 1 provides the relevant background knowledge for NMR and

MRI understanding. Analytic formulae for a sample’s magnetisation are

described, which will provide an introduction for later SNR studies. The

mechanism of paramagnetic relaxation is briefly described, whose con-

trast effect in MRI is used extensively in this thesis.

In Chapter 2, the use of exogenous contrast agents in MRI is described

with particular emphasis on molecular agents. The current literature

pertaining to fluorine contrast agents is reviewed, in order to assess the

novel sensor described in later chapters.

The sensitivity of a fluorine experiment is an important factor in design-

ing such an experiment, and a thorough analysis of the factors affecting

sensitivity is presented in Chapter 3. In this chapter an expression is

formulated for the sensitivity achievable in a fluorine experiment, ac-

counting for experimental and sample parameters and effects. This is

used to assess the sensitivity for an example fluorine experiment, which

could be used to predict the sensitivity of future fluorine experiments.

Chapter 4 takes a novel enzymatic sensor for the detection of matrix met-

alloproteinase (MMP) molecules and characterises its MR contrast and

properties. The sensitivity of the probe is highlighted as the greatest

problem facing translation to a pre–clinical set–up.

Chapter 5 changes focus to endogenous contrast mechanisms and in par-

ticular chemical exchange saturation transfer (CEST) contrast. A descrip-

tion of the mechanism behind CEST is given, with relevant technical and

theoretical considerations discussed. Simulations and experiments are

presented which will inform later CEST experiments performed on a 9.4

4



CONTENTS

T Varian scanner.

In Chapter 6 an optimised CEST experiment is performed, using the op-

timisation parameters in Chapter 5, on a cancer cell line in vitro. A ma-

chine learning approach is applied to the resulting CEST spectra, in an

attempt to classify data from the cancer cell sample and a control sample.

The results of both exogenous and endogenous studies are summarised

in Chapter 7 and the future direction of the presented work is outlined.
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CHAPTER 1

Nuclear Magnetic Resonance and

Magnetic Resonance Imaging

For nuclear magnetic resonance (NMR) based experiments which ex-

ploit certain quantum properties of molecules, such as quantum coher-

ence, it is not possible to explain or predict the observed NMR signals

using a purely classical physics formalism. However, for most applica-

tions within the field of MRI it is suitable to use a classical description

to describe the magnetisation experimentally observed. It is this classi-

cal description which forms the focus of this chapter. The purpose of

this chapter is to provide the background physics specifically necessary

to understand the original research presented in subsequent chapters.

In particular the physical nature of magnetisation is described, which

forms the basis of our sensitivity investigations in Chapter 3. The mech-

anism and formulations involved in relaxation theory, which is drawn

on in Chapter 2 and 4, is also highlighted.

1.1 Origins of the NMR signal

The origin of the NMR phenomenon and the associated imaging tech-

niques developed since its discovery, derive from the quantum mechan-

ical concept of "intrinsic spin" or "spin". Spin is a vector quantity and

was introduced initially in the mathematical framework of quantum me-

chanics (QM) to describe the energy states of the electron; in fact, the con-
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CHAPTER 1: NUCLEAR MAGNETIC RESONANCE AND MAGNETIC
RESONANCE IMAGING

cept of a spin operator for an electron is a direct consequence of the solu-

tion of the relativistic Dirac equation and deeply conceptually rooted in

QM [1]. The intrinsic spin can be related to the total angular momentum,

J, such that the magnitude, |J|, is given by

|J| = h̄
√

S(S + 1) . (1.1.1)

Here h̄ = h/2π, where h is Planck’s constant and h = 6.63× 10−34 J s−1.

For an atomic nucleus, the total angular momentum may be viewed as

a single summation of the composite protons and neutrons. Convention

gives the nuclear spin as I , rather than as a constituent particle spin of

S. Eq. 1.1.1 holds for I as well as S.

Certain quantities such as spin and orbital angular momentum are ob-

servable quantities, and measurement of a given QM property (an ob-

servable) will yield a set of discrete values; these values are eigenvalues

of the QM operator acting on a quantum state’s eigenvector [1]. Mea-

surement of a nucleus’ angular momentum in the z spatial direction un-

der the influence of an external magnetic field will consequently give a

number of finite possible values, such that the angular momentum ob-

served is quantised. The quantum rule that mz = −I, I + 1, ..., I− 1, I de-

fines these eigenvalues, where mz is the associated intrinsic spin quan-

tum number and there are 2I + 1 possible different states such a mea-

surement of J can take. A measurement of Jz, the projection of J in the

z–direction, yields

Jz = h̄mz . (1.1.2)

For hydrogen and fluorine (both nuclei used in the experiments described

in this thesis), I = 1/2 such that 〈Jz〉 can take one of two possible states;

Jz = +h̄/2 ("spin up" state) and Jz = −h̄/2 ("spin down" state). These

states are defined for spins which are parallel and anti–parallel to an ex-

ternal magnetic field respectively.

7



CHAPTER 1: NUCLEAR MAGNETIC RESONANCE AND MAGNETIC
RESONANCE IMAGING

Element Symbol Spin Gyromagnetic ratio

γX [106 rad s−1 T−1]

Abundance

%

Hydrogen 1H 1/2 267.522 99.99

Carbon 13F 1/2 67.283 1.07

Fluorine 19F 1/2 251.815 100

Phosphorus 31P 1/2 108.394 100

Xenon 131Xe 3/2 22.091 21.18

Oxygen 17O 5/2 –36.281 0.038

Gadolinium 155Gd 3/2 –8.213 14.80

Table 1.1: Selected elements and their associated NMR properties,

taken from [2]. Notable points in this table include the proximity of fluo-

rine’s gyromagnetic ratio to the proton value, as well as the comparably

low ratios for other nuclei (13C, 131Xe).

1.1.1 Gyromagnetic ratios and Zeeman splitting

The magnetic moment of a proton or particle, µ, is directly proportional

to the angular momentum,

µ = γJ , (1.1.3)

where γ is the proportionality factor or gyromagnetic ratio (this constant

is specific for a given nuclei). For protons and many other nuclei I =

1/2, but several other values exist for different combinations of protons

and neutrons in nuclei (see Table 1.1 for additional examples).

The energy of a particle, E, with a magnetic moment interacting with an

external magnetic field, B0, is given by

E = −µ.B0 . (1.1.4)

Nuclei at room temperature are thermally distributed between the two

spin states, with spins aligned along the direction of the B0 field in the

lower energy state. This spin alignment is known as Zeeman splitting

in which the spin population is split by the external magnetic field, see

Fig. 1.1. Conventionally the B0 field is applied in the z direction such

that B0 = B0ẑ, where ẑ denotes the principal z axis, in an orthogonal xyz

basis set in Euclidean space.

8



CHAPTER 1: NUCLEAR MAGNETIC RESONANCE AND MAGNETIC
RESONANCE IMAGING

Figure 1.1: Zeeman splitting under the influence of an external mag-

netic field. Spin states are indistinguishable without the applied mag-

netic field, which on application, splits the spin population into two lev-

els with different energies.

Combining Eq. 1.1.4 with the expression for the energy of a specific spin

state in the z direction, using Eq. 1.1.2 and 1.1.3, we obtain,

E = −µ.B0 = −γJzB0 = −mzγh̄B0 . (1.1.5)

In the case of spin 1/2 Zeeman splitting in an external magnetic field,

the energy difference between the two states is:

∆E = E2 − E1 = −γh̄(−1/2)B0 + γh̄(1/2)B0 = γh̄B0 (1.1.6)

where the values of mz are the allowed spin quantum number associated

with a spin 1/2 particle denoting the two energy states. From the Zee-

man diagram, the energy expression is substituted into Eqn. 1.1.6, and

the energy difference between the two states can be written as:

∆E = hν = h̄ω0 = h̄γB0 . (1.1.7)

This allows one to calculate the energy needed to be transferred into the

system in order to interact with the nuclei and to allow a transition into

the higher spin energy state:

ω0 = γB0 . (1.1.8)

9



CHAPTER 1: NUCLEAR MAGNETIC RESONANCE AND MAGNETIC
RESONANCE IMAGING

The frequency, ω0, is the characteristic frequency for a particular nucleus

transition, also known as the Larmor equation.

1.1.2 Boltzmann distribution and bulk magnetisation

The total magnetisation of a sample, M, is the sum of all the individual

magnetic moments of a sample:

M =
Ns

∑
i=1

µi (1.1.9)

where Ns is the number of spins in a sample and µi is the magnetic mo-

ment of a single spin in a large spin ensemble of Ns spins. If no external

magnetic field is present, the net sum of magnetic moments is equal to

zero, since there is no preferential direction for the magnetic moment

vectors. In the presence of an external magnetic field, the population

of spins is distributed between the Zeeman–split discrete energy levels.

According to the Maxwell–Boltzmann distribution, the population dis-

tribution is given below,

P =
N
Z

e−
Emz
kBTs , (1.1.10)

where Z is the partition function, kB is the Boltzmann constant (kB =

1.38× 10−23 J K−1), Ts is the sample temperature [K], N is the number of

spins per unit volume, Emz is the energy of a particle in a state defined by

the quantum number mz (defined explicitly in Eq. 1.1.5). Z is a feature

which normalises Emz ;

Z =
mz=I

∑
mz=−I

e−
Emz
kBT . (1.1.11)

where n covers all values of I. Using Eq. 1.1.9 the summation of the

individual magnetic moments can be replaced by a weighted sum of the

magnetisation in each separate state,

M =
Ns

∑
i=1

µi = ∑ 〈µ〉 P , (1.1.12)

where 〈µ〉 represents a possible spin state of magnetic moments. A gen-

eral expression for the total magnetisation, Mtot, of a nuclei with spin J

10



CHAPTER 1: NUCLEAR MAGNETIC RESONANCE AND MAGNETIC
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is then given by,

Mtot =
Nγh̄

Z

I

∑
mz=−I

mz × exp
(mzγh̄B0

kBTs

)
(1.1.13)

=
Nγh̄

2

[
(2I + 1) coth

(
(2I + 1)γh̄B0

2kBTs

)
− coth

( γh̄B0

2kBTs

)]
. (1.1.14)

At room temperature, the thermal energy, kBTs, is far greater than the

magnetic energy, mzγh̄B0. In magnetic resonance experiments, the fol-

lowing orders of magnitude are representative of typical experimentally

encountered energy values: kBTs ∼ 10−21 J and mzγh̄B0 ∼ 10−26 J. This

leads to the high temperature approximation in Eq. 1.1.14,

Iγh̄B0

kTs
� 1 . (1.1.15)

Upon series expansion of the coth terms in Eq. 1.1.14,

cothx =
1
x
+

x
3
− 1

45
x3 +

2
945

x5 − ... . (1.1.16)

Combining with Eq. 1.1.15 such that non-linear order terms are ne-

glected and substituting into Eq. 1.1.14, we arrive at Curie’s law, which

describes the magnetisation’s dependence upon temperature:

Mtot = I(I + 1)
N(γh̄)2B0

3kBTs
. (1.1.17)

In our case of a spin 1/2 particle, such as 1H or 19F, the total magnetisa-

tion available, M0 is,

M0 =

(
γh̄
2

)2 N
kBTs

B0 . (1.1.18)

The total magnetisation of a sample is an important quantity in deter-

mining the available signal for MR experiments and the above expres-

sion shows the relatively few parameters which affect M0. The magneti-

sation has a square dependence upon the gyromagnetic ratio, illustrat-

ing a further benefit of using hydrogen and fluorine as MR nuclei; table

1.1 shows these nuclei to have some of the highest gyromagnetic ratio

values. The number of spins per unit volume is linearly proportional to

M0 and inversely proportional to the sample temperature but these sam-

ple parameters are not often easily adapted to enhance magnetisation in

conventional MR imaging.
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CHAPTER 1: NUCLEAR MAGNETIC RESONANCE AND MAGNETIC
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1.1.3 The Bloch equation

Figure 1.2: Magnetic moment precession around the z–axis. Under an

external magnetic field, the magnetic moment of a particle will undergo

gyroscopic rotation around an axis, with the direction of motion being

determined using the cross product of the two vectors.

Quantum mechanics necessarily provides the spin and energy level de-

scription of a spin 1/2 particle in an external magnetic field, but clas-

sical dynamics accurately describes the changing magnetisation vector

dynamics.

Each classically rotating object has an associated angular momentum,

and analogously the angular momentum arising from a particle’s nu-

clear spin produces a magnetic moment, µ (shown already). In an ex-

ternal magnetic field, the magnetic moment will experience a torque, τ,

given by:

τ = µ× B . (1.1.19)

The torque is defined as the rate of change of the angular momentum, L:

τ =
dL
dt

. (1.1.20)

12
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Combining this with Eq. 1.1.19 and substituting for M we have:

dL
dt

= M× B . (1.1.21)

This equation is combined with M = γL, and allowing time dependent

magnetisation and magnetic field vectors gives the Bloch equation:

dM(t)
dt

=γ(M(t)× B(t)) (1.1.22)

=γ((MyBz −MzBy)i− (MxBz −MzBx)j + (MxBy −MyBx)k)

(1.1.23)

Here, Mx,y,z and Bx,y,z denote the magnetisation and magnetic field val-

ues in the x, y and z direction respectively. This equation shows there

are three coupled linear differential equations, one for each orthogonal

co–ordinate, in the general Bloch equation. Solution of this equation al-

lows the depiction of a sample’s magnetisation as a function of time,

which forms the basis of understanding the spin system’s dynamics af-

ter peturbation.

These initial equations show that under application of an external mag-

netic field, the magnetic moment (or indeed the magnetisation vector)

will precess at a rate of ω0 around the z axis. Fig. 1.2 illustrates the

precessional motion of the magnetic moment.

1.1.4 Signal acquisition and relaxation phenomena

Rotating reference frame and radio frequency (R.F.) excitation

To an observer in the stationary laboratory frame, the magnetisation vec-

tor will precess under a B0 field at a frequency of ω0. An alternative ref-

erence frame can be formulated which rotates at the precessional rate,

such that the magnetisation vector appears stationary in the xy plane

and is unchanged in the z direction (z = z′). The transformations occurs

only in the x and y direction [3], where x → x′ = x cos(ω0t)− y sin(ω0t)

and y → y′ = x sin(ω0t) + y cos(ω0t), with x′ and y′ the transformed

co–ordinates.
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Figure 1.3: Magnetisation relaxation in the rotating reference frame.

Upon B1 interaction, the magnetisation is "flipped" into the x′y′ plane.

The flip angle, β, is the angle between the z′ axis and the magnetisation

vector after B1 pulse application. Note, in the laboratory frame (non–

rotating reference frame), the magnetisation vector’s path includes a pre-

cessional rotation in the new xy plane around the z′ axis at a frequency

of ω0.

All NMR experiments utilise a R.F pulse (in the form of a B1 magnetic

field pulse) to interact with a spin system, perturbing the magnetisa-

tion vector from its equilibrium state. This input of energy is distributed

between the excited spins and external environment, such that the spin

magnetisation returns to the initial state. The return of the magnetisation

vector to the initial state can be described as two separate decay process

in the transverse (xy) and longitudinal (z) plane; this process is known

as relaxation. The B1 field can be described as an excitation in the xy

plane of frequency ω0,

B1 = B1x̂ cos(ω0t)− B1ŷ sin(ω0t) . (1.1.24)

In the rotating frame, B1 = B1x̂′. The Bloch equation can be shown to be
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modified by the combined B0 and B1 fields, such that

dM′

dt
= γM′ × B1eff , (1.1.25)

where B1eff = (B0−ω/γ)ẑ + B1x̂′ and M′ is the magnetisation vector in

the rotating reference frame. This B1 pulse causes the magnetisation to

precess around the B1 field in the rotating reference frame and a creates

tipping of the magnetisation from the z′ axis into the x′y′ plane. The

angle at which the magnetisation vector is tipped by is known as the flip

angle, β. The duration, t, and the power of the B1 pulse determine β,

given by

β = γB1t , (1.1.26)

for a non–modulated (amplitude) B1 field. Fig. 1.3 shows the direction

of the magnetisation at t = 0, and after the application of a B1 pulse.

In the non–rotating frame the B1 field would cause a rotating magneti-

sation vector which reaches the same flip angle after precession around

the z axis. A β = 90◦ or (π/2 in radians) pulse would transfer the mag-

netisation completely into the x′y′ plane, and a β = 180◦ transfers the

magnetisation completely onto the −z′ axis.

Transverse relaxation: T2

As the magnetisation vector interacts with a B1 pulse and the longitudi-

nal magnetisation component relaxes back to its equilibrium value, the

transverse magnetisation components in the xy plane decay to zero. This

decay is described by the following equations,

Mx(t) = Mx(0) cos(ωt)exp
(
− t

T2

)
(1.1.27)

My(t) = Mx(0) sin(ωt)exp
(
− t

T2

)
. (1.1.28)

Defining MT(t) = Mxx̂ + Myŷ,

dMT(t)
dt

= −MT(t)
T2

, (1.1.29)

which is integrated to give

MT(t) = MT(0)exp
(
− t

T2

)
, (1.1.30)
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Figure 1.4: Transverse magnetisation components and their character-

istic decay over time. The x and y components of T2 relaxation have a

π/2 phase difference. In this example, T2 = 1200 ms.

where T2 is the spin–spin transverse relaxation value or time constant.

This decay is shown for the transverse component of the magnetisation

and the individual x and y components in Fig. 1.4. The oscillation of the

x and y components are enveloped by the exponential transverse decay

with a characteristic decay time, T2.

The energy acquired after B1 application is conserved through energy

transfer between spins in the sample. During this process, spins ac-

quire different ω as spin–spin interactions create different local magnetic

fields. This causes dephasing of the sample spins and consequently a re-

duction in the transverse magnetisation.

In practise, the transverse signal decays at a rate faster than T2. This is

because the transverse relaxation is not only affected through spin–spin

interactions, but also the local magnetic inhomogeneities in the B0 field.

This realistic decay rate, T∗2 , is a combination of T2 spin–spin effects and

magnetic field effects:
1

T∗2
=

1
T2

+ γ∆B . (1.1.31)

Here, ∆B is the deviation in the local magnetic field from the B0 value,

which increases the rate of relaxation through inducing a faster spin de-
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phasing.

Longitudinal relaxation

Figure 1.5: Longitudinal decay at 9.4 T in a mouse brain. The different

longitudinal relaxation values of different regions in a mouse brain at

9.4 T are plotted, showing longer T1 components taking longer to reach

equilibrium magnetisation values. The regions used were T1 = 4287 ms

in the lateral ventricle, T1 = 1069 ms in the posterior pituitary, and T1 =

1781 ms in the corpus callosum. Values were taken from [4].

After a perturbation, the longitudinal component of the magnetisation

will tend to relax back to the minimal energy state. A number of pro-

cesses facilitate this spin–lattice relaxation (essentially an energy exchange

process with the environment) including interactions between the spin

system and molecular rotations and movement. This can be described by

a first order differential equation, in which the magnetisation exponen-

tially decays back to M0, with a characteristic longitudinal decay con-

stant, T1,
dMT(t)

dt
= −MZ(t)−M0

T1
. (1.1.32)
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This equation is solved by integration, yielding

Mz(t) = M0 +
(

Mz(0)−M0
)
exp

(
− t

T1

)
. (1.1.33)

Fig. 1.5 shows the effect different T1 values have on the rate at which the

magnetisation decays back to the equilibrium value.

Bloch equation including relaxation

Including the relaxation effects, the complete Bloch equation (eq. 1.1.23)

becomes:

dM(t)
dt

= γ(M(t)× B(t))− R(M(t)−M0) . (1.1.34)

Here, R is a relaxation matrix including the T2 and T1 contributions. The

individual components of the magnetisation are:

dMx(t)
dt

= γ((My(t)Bz −Mz(t)By)−
Mx(t)

T2
(1.1.35)

dMy(t)
dt

= γ((Mz(t)Bx −Mx(t)Bz)−
My(t)

T2
(1.1.36)

dMz(t)
dt

= γ((Mx(t)By −My(t)Bx)−
Mz(t)−M0

T1
(1.1.37)

In the simplest scenario, we consider a "single–pulse" experiment in which

a B1 pulse is briefly applied to the spin system, using a flip angle of

β = 90◦, with the resulting spin dynamics predicted using the solution

of the Bloch equation. The time dependent magnetisation is described

below, with Fig. 1.6 showing the relaxation process,

M(t) = M0

((
e−t/T2 cos(ω0t)

)
x̂ +

(
e−t/T2 sin(ω0t)

)
ŷ +

(
1− e−t/T1

)
ẑ
)

.

(1.1.38)

The dynamics of this excitation show a precession around the z axis as

the peturbed magnetisation relaxes back to the equilibrium M0 value.

As the magnetisation relaxes, a changing electromagnetic (EM) field is

generated by the changing magnetisation. This in turn generates a cur-

rent (through Faraday induction) in a conducting coil in the xy plane,

placed near the irradiated sample. The detection of this 90 ◦ pulse decay,

is known as detection of the free induction decay (FID).
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Figure 1.6: T1 and T2 full relaxation after β = 90◦ excitation. The trans-

verse component decays back to zero as the longitudinal component re-

laxes back to the equilibrium value. The parameters used in this simula-

tion are T1 = 2500 ms and T2 = 900 ms, with a total durations of 10,000

ms.

Fourier transformation: application to free induction decay (FID)

The signal acquired in typical NMR experiments rarely has a single fre-

quency contributing to a perfect exponential signal decay. In reality, the

temporal signal consists of a number of frequencies which are convo-

luted to form a single spectrum. Since the frequency indicates the proton

environment of the associated signal, deconvolution of the composite

frequencies is necessary. This is achieved using a Fourier Transforma-

tion (a mathematical technique to change between a time and frequency
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Figure 1.7: Fourier transformation of temporal frequencies into the

spectral domain from [5]. The addition of two separate frequencies in

the temporal domain leads to a convoluted FID signal. Fourier trans-

formation of the signal shows two clear contributing frequencies in the

frequency domain.

domain). The general form of the Fourier Transform (FT) is given by:

F(k) =

√
1

2π

∫ +∞

−∞
e−i2πkt f (t)dt (1.1.39)

where f (t) is the function defining the NMR signal in the time domain

and F(k) it the Fourier transformed counter–part in the frequency (k) do-

main. The ideal example of a single frequency exponential decay from a

simple FID experiment, can be Fourier transformed, following the Bloch

equations which account for the transverse exponential relaxation. This

resulting shape has both real and imaginary parts, to account for am-

plitude and signal phase, where the real part defines a Lorentzian line-

shape after FT application. Fig. 1.7 gives an example of a FT application

between the time and frequency domain.

Chemical shift

Alluded to above, a major advantage of using NMR is the specificity of

signals to particular molecules or bonds. The electron cloud distributed

around a nuclei will affect the frequency observed in an NMR exper-
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iment. The effective magnetic field, Beff, experienced by a species de-

pends upon the shielding factor, σ, such that Beff = B0(1 − σ). The

chemical shift, δ, is defined as:

δ =
ωeff −ωTMS

ωTMS
× 106 (1.1.40)

where TMS is tetramethylsilane, commonly used as a reference standard

to define 0 parts per million (ppm) in a frequency spectrum for 1H ex-

periments. In this thesis, convention is alternated between a ppm and

frequency description depending on the most appropriate measure.

1.2 Magnetic Resonance Imaging

In imaging, additional magnetic field gradients (produced by gradient

coils) are used in conjunction with the main magnetic field and act to

change the magnetic field strength at a given point in the scanner; the

change in magnetic field strength is linear with the distance from the

centre of the coil,

G(t) =
dBz

dx
x +

dBz

dy
y +

dBz

dz
z = Gxx + Gyy + Gzz = G.r , (1.2.1)

where

Gx =
∂Bz

∂x
Gy =

∂Bz

∂y
Gz =

∂Bz

∂z
, (1.2.2)

with Bz being the scalar field and G(t) a general gradient vector. Using

the relation between magnetic field and frequency in Eq. 1.1.8, the gen-

eral frequency of the spins at a point q(x, y, z) is shown to depend on the

magnetic fields as follows:

ω = ω0 + ∆ω = γ(B0 + Gxx + Gyy + Gzz) , (1.2.3)

and with radial co–ordinates this is ω = γ(B0 +G.r). A higher magnetic

field causes a higher resonant frequency, which is generated due to the

spatial dependence of the magnetic field upon distance.

1.2.1 Slice selection

MRI is generally required to be selective in the thickness of the two di-

mensional (2–D) images acquired. The slice thickness is a compromise
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Figure 1.8: Slice selection achieved with varying magnetic field

strength. A slice selective gradient applied across an object will vary

the resonant frequency of the spins linearly with spatial distance in the

direction of the applied gradient. The points at which the dashed line in-

tersects the cylindrical object define the limits of the slice selection, and

consequently the frequencies being excited. The steeper the dashed line

(i.e. the stronger the field gradient), the smaller the slice thickness will

be, since the resonant frequency will be increased.

between various factors: too thick and the detail of the image is lost as

the signal is acquired over structurally different regions; too thin and not

enough signal will be acquired leading to an image with low signal in-

tensity. The solution to obtaining optimal 2–D slice thickness in MRI is

to use R.F. pulses which are slice selective. Pulses are used which vary

B1 over the duration of the applied pulse. Such pulses use a flip angle,

θ, given by

θ =
∫ T

0
γB1(t)dt . (1.2.4)

A FT of the pulse shape will produce a slice of the same shape, relative

to the selection direction [6],

slice width =
2π × R.F. bandwidth

γGz
=

∆ω

γGz
(1.2.5)
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where the slice thickness is equivalent to ∆z in Fig. 1.8. The gradient

is applied for a time, t, and then a reverse slice gradient with opposing

polarity refocuses the spins to their original phase. The area of the re-

focussing gradient applied in the slice encoding direction (in a time vs.

gradient strength plot) must equal one half of the original slice selective

gradient for complete rephasing.

1.2.2 Frequency encoding

Slice selection provides the signal in a given slice, and the process is

characterised by the application of an excitation pulse to excite the slice

whilst under a gradient (normally in the z direction). However, to pro-

duce an image, 2–D spatial information must be encoded into the acqui-

sition part of the sequence. This is achieved by encoding the frequency

of the sample spins in one direction, during the acquisition of the sig-

nal, by applying a field gradient in that particular direction (normally

known as the x direction or the "read" direction) [5]. In the x–direction,

the distance is linearly related to the strength of the gradient applied [6]:

f (x) =
γ

2π
(B0 + x.Gx) . (1.2.6)

This equation shows that a higher signal frequency is produced the fur-

ther a sampled point is from x = 0. The signal, S(t), under the influence

of an x–gradient is given by

S(t) =
∫

ρ(x)eiωtdx , (1.2.7)

where ρ(x) is the density of the spins, as a function of x. In the x direc-

tion, x = ω/γGx, where x can be re–arranged for ω in Eq. 1.2.7 such

that,

S(t) =
∫

ρ(x)eixγGxtdx . (1.2.8)

An alternative variable for the frequency can be defined as kx such that,

kx = −γGx∆t , (1.2.9)

where ∆t is the separation between points sampled in the time domain.

Convention defines the number of points sampled in the x direction as
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Figure 1.9: Relationship between sampling in the time and k–space

domain. The distance between sampling points in the time domain is ∆t

which is the equivalent of ∆k in the kx domain.

Nx, such that the total sampling time, T, is given by T = Nx∆t (demon-

strated in Fig. 1.9) . The use of the alternative variable, k, better known

through the concept of k–space [7], can be generalised as

k(t) = γ
∫ t

0
G(t′)dt′ , (1.2.10)

where G is the vector gradient of the magnetic flux and k is the scanning

trajectory in the k–space plane. The signal in Eq. 1.2.8 can now be stated

as,

S(x) =
∫

ρ(x)e−ixkxdx . (1.2.11)

1.2.3 Phase encoding

To provide a 2–D or three dimensional (3–D) image, phase encoding

must be used determine the phase of an MR signal. A gradient applied

in the y–direction, Gy, will produce a change in the phase of the nuclei;
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(a)
(b)

Figure 1.10: Effect of FT on MR image. (a) An MR intensity image has

a FT applied, (b) giving the corresponding k–space image.

a nuclei further away from the zero point will precess faster, and a nu-

clei closer to the zero point will precess slower. The quantity of phase

shifting induced by a gradient in the phase direction, Gy, is given by:

ky = −γyGyt . (1.2.12)

where ky is the phase shift in the phase encoding (y) direction. Anal-

ogous to Eq. 1.2.8, the signal, S(t) obtained under a phase gradient is

given by,

S(t) =
∫

ρ(y)eiγy
∫

G(t)dtdy , (1.2.13)

where ρ(y) is the density of spins, as a function of y. Since the gradient

strength is varied to induce different phase shift quantities, the integral

of the phase gradient is required. A single phase gradient is applied to

modulate a single phase, and for Ny sampling points in the y direction

Ny separate gradients must be applied.

Including the contribution of phase encoding to the signal, Eq. 1.2.11 can

be adapted to include this second dimension,

S(x, y) =
∫ ∫

ρ(x, y)e−(ikxx)e−(ikyy)dxdy , (1.2.14)

such that the signal intensity depends on the frequency and phase of the

signal acquired and the expressions for ky and kx are used.
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The signal intensity in k–space is now related to the proton density in

the Cartesian (x, y, z) co–ordinate system. By performing a Fourier trans-

form of S(kx, ky), ρ(x, y) can be obtained. This FT method forms the basis

of image production in MRI, where k space is sampled and then Fourier

transformed to produce the proton density at a given point,

ρ(x, y) = FT−1[S(kx, ky)] =
∫ ∫

S(kx, ky)e−(ikxx+ikyy)dkxdky . (1.2.15)

This illustrates the key concept in k–space which is that the trajectory in

which the points in k–space are traversed or sampled is determined by

the nature in which the read and phase encoding gradients are applied.

Consequently, the field of view (FOV) obtained in an MR image is related

to the sampling rate of the k–space geometry [3],

FOVx =
1

∆kx
=

2π

γGx∆t
(1.2.16)

FOVy =
1

∆ky
=

2π

γ∆Gytph
, (1.2.17)

where FOVx and FOVy are the field of view length in the x and y direc-

tions respectively, ∆Gy is the phase encoding gradient step size and tph

is the duration of the phase encoding. Fig. 1.10 shows an image which

has been processed from the intensities sampled in the corresponding

k–space domain.

1.2.4 Sequence types: gradient and spin echo

Two main categories of pulse sequence exist in MRI: spin echo (SE) and

gradient echo (GE) sequences. Fig. 1.11 shows the pulse sequence rep-

resentation with contributions from the read (Gx), phase (Gy) and slice

encoding (Gz) gradients and the position of the acquired signal.

Gradient echo

A gradient echo imaging sequence uses the application of magnetic gra-

dients in the read direction to refocus the proton signal after excita-

tion.The process begins in an identical way to spin echo experiments,

in which a R.F. pulse is applied to transfer the magnetisation into a non–

equilibrium state. The slice selective gradients are applied, and the phase
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(a) (b)

Figure 1.11: Pulse sequence diagram of gradient and spin echo meth-

ods. The application of magnetic gradients in the read, phase and slice

selective directions are demonstrated for the gradient and spin echo

methods. The acquisition of signal (Acq.) is shown, along with the tim-

ing of applied R.F. pulses.

gradients select the line of k–space to acquire signal from. The defining

feature of the gradient echo scan is the way in which the read gradient

is applied. A negative read gradient is applied for a period of time, τ,

which causes the spins to dephase in the xy plane. This is immediately

followed by a positive gradient of the same strength applied for a time

2τ. This positive gradient acts to refocus the spins, producing a max-

imum measurable signal at a time τ into the duration of the positive

gradient application. The echo time for a gradient echo sequence is de-

fined as the time between the middle of the R.F. pulse and the middle of

the frequency encoding (data acquisition) gradient. The signal available,

S, is given by,

S = ρ
(1− e−

TR
T1 )

1− e−
TR
T1 cos(α)

e
− TE

T∗2 sin α . (1.2.18)

where the maximum signal intensity achievable for a gradient echo scan

with a repetition time TR, is achieved by choosing an optimal flip an-

gle, α, value. This flip angle is known as the Ernst angle, in which α is

maximised for optimal signal intensity in Eq. 1.2.18:

α = cos−1(e−
TR
T1 ) . (1.2.19)
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Spin echo

The idea of refocussing is also applied in spin echo methods. A π/2

pulse is applied to a sample, with slice and phase selective gradients

applied, initiating dephasing of the spins. After a time, τ, a second pulse

with a flip angle of π is applied. The second pulse inverts the dephasing

spins, causing a refocussing of the signal at a time 2τ after the initial

pulse. In SE experiments the echo time, TE, is defined as TE = 2τ. The

signal intensity of a spin echo sequence depends on the transverse signal

decay after excitation and the time between pulses (repetition time, TR)

which determines how much signal can relax back to equilibrium. This

signal is given by,

S = ρ(1− e−
TR
T1 )e−

TE
T2 . (1.2.20)

1.3 Contrast: paramagnetic relaxation

Inner and outer sphere model

Molecular interactions between nuclei cause relaxation effects and in

MRI, the paramagnetic relaxation induced by gadolinium (Gd(III)) is

used in the majority of MR scans with a contrast agent [9]. The T1 re-

laxation of a solvent (normally water) in the presence of paramagnetic

Gd(III), depends on both diamagnetic and paramagnetic contributions

[10]:
1

Ti,obs
=

1
Ti,d

+
1

Ti,p
i = 1, 2. (1.3.1)

where Ti,obs is the observed T1 or T2 value and Ti, d and Ti, p are the dia-

magnetic and paramagnetic contributions to the longitudinal or trans-

verse relaxation values respectively. The contribution of the paramag-

netic effect is linearly proportional to the Gd(III) concentration:

1
Ti,obs

=
1

Ti,d
+ ci[Gd(I I I)] i = 1, 2. (1.3.2)

Here, ci is the concentration of gadolinium. The paramagnetic mecha-

nism of relaxation is caused by the dipole–dipole interactions between
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Figure 1.12: Paramagnetic relaxation effect of gadolinium on sur-

rounding water . Here, τr is the rotational correlation time of the

gadolinium molecule, kex is the exchange rate and τs represents the lon-

gitudinal and transverse relaxation times of the paramagnetic electrons

[8].

proton spins and the paramagnetic electron spins, which in turn is com-

prised of two separate relaxation contributions. The first contribution

is termed the inner sphere (IS) contribution and this represents the di-

rect proximal dipole interactions between nearby water protons and the

gadolinium electrons. These inner sphere protons are said to be bound

to the gadolinium chelate. The paramagnetic relaxation also affects the

bulk water as a whole. The diffusive, random motion of the paramag-

netic centre induces transient relaxation in the bulk water and is known

as the outer sphere (OS) contribution. The contributions of the IS and

OS relaxivities to the overall paramagnetic contribution are illustrated

in Fig. 1.12 and mathematically defined as,

1
Ti,p

=

(
1

Ti,p

)IS

+

(
1

Ti,p

)OS

i = 1, 2. (1.3.3)
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Several mechanisms contribute to the IS relaxation. When the magnetic

moments of two nuclei interact, fluctuations in the magnetic field can

arise which is known as dipole–dipole interactions or dipolar coupling.

The theory of this interaction was outlined first by Solomon in the 1950’s

[11]. Interactions between a nucleus and the electron can also affect the

magnetic field, and this interaction is known as a scalar interaction. Ad-

ditional relaxation effects arise through quadrupolar magnetic moments

from non–spin 1/2 particles, but a discussion of this is beyond the scope

of this thesis.

Other effects which induce relaxation include chemical shift anisotropy

(CSA), where the chemical shift of a nucleus is affected by neighbouring

electron cloud orientations. Spin–rotation relaxation, which arises from

electron cloud movement in a molecule, is also particularly important

for quickly rotating small molecules in a non–viscous lattice.

In paramagnetic systems, electron spin and nuclear spin population en-

ergy level differences induce a magnetic moment for systems adhering

to the Boltzmann distribution, which is known as Curie relaxation. The

relaxation due to a paramagnetic species is dominated by dipole–dipole

interactions and scalar interactions, where Curie contributions are as-

sumed to be small.

Modified Solomon–Bloembergen equations

The T1 and T2 relaxation rates of the bulk water in the inner sphere are

given by (
1
T1

)IS

=
1

55.5
cq

T1m + τm
(1.3.4)

and (
1
T2

)IS

=
cq

55.5τm

T−2
2m + τ−1

m T−1
2m + ∆ω2

m

(τ−1
m + T−1

2m )2 + ∆ω2
m

(1.3.5)

respectively. In these equations, T1m and T2m are the longitudinal and

transverse relaxation rates for protons in the bound water respectively,

τm (= 1/kex) is the lifetime of the water molecule in the inner sphere of

the gadolinium chelate, ∆ωm is the chemical shift difference in frequency

between bound and bulk water, c is the molal concentration and q is

the number of water molecules bound to the gadolinium chelate (in the
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inner sphere).

The bound proton relaxation times are composed of the scalar contact

and dipole–dipole contributions, such that

1
Tim

=
1

TDD
i

+
1

Tsc
i

i = 1, 2 , (1.3.6)

where Tim is affected solely by the dipole and scalar contact contribu-

tions. The dipole–dipole contributions in this above equation are given

explicitly by the Bloembergen–Pound–Purcell (BPP) theory [12]:

1
TDD

1
=

2
15

γ2
I g2

r6
GdH

µ2
BS(S + 1)

(
µ0

4π

)2[
7

τc2

1 + ω2
s τ2

c2
+ 3

τc1

1 + ω2
I τ2

c1

]
(1.3.7)

1
TDD

2
=

1
15

γ2
I g2

r6
GdH

µ2
BS(S + 1)

(
µ0

4π

)2[
13

τc2

1 + ω2
s τ2

c2
+ 3

τc1

1 + ω2
I τ2

c1
+ 4τc1

]
.

(1.3.8)

In these equations, rGdH is the distance between the gadolinium and

hydrogen atoms, g is the electron g factor, µB is Bohr’s magneton, ωS

and ωI are the nuclear and electron Larmor frequencies. The correlation

times, τci and τei are given for i = 1, 2 :

1
τci

=
1

τR
+

1
Tie

+
1

τm
(1.3.9)

1
τei

=
1

Tie
+

1
τm

(1.3.10)

where τR is the rotational correlation time and T1e and T2e are the metal

ion longitudinal and transverse electron spin relaxation times.

The scalar contact contribution to T1 and T2 is given by:

1
TSC

1
=

2S(S + 1)
3

(
A
h̄

)2(
τe2

1 + ω2
s τ2

e2

)
(1.3.11)

1
TSC

2
=

S(S + 1)
3

(
A
h̄

)2(
τe2

1 + ω2
s τ2

e2
+ τe1

)
. (1.3.12)

where (A/h̄) is the hyperfine or scalar coupling constant.
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1.3.1 Alterative nuclei: 19F as a contrast agent

The first use of fluorine MRI is generally attributed to Holland et al. in

1977 at Nottingham University [13], shortly after the development of

proton MRI. There are several similarities between fluorine and hydro-

gen, rendering them useful in MRI. Both fluorine and hydrogen have

an intrinsic spin of 1/2, allowing the splitting of energy levels in the

presence of an external magnetic field, a necessary feature for MRI com-

patible nuclei.

The gyromagnetic ratio of an atom also plays a role in determining the

suitability that a nuclei has for MRI imaging. Fluorine has a gyromag-

netic ratio of 40.053 MHz T−1 which is close to the value of 42.576 MHz

T−1 for hydrogen, using Table 1.1. The majority of the literature quotes

the sensitivity as being proportional to the cube of the gyromagnetic ra-

tio and this leads to the fact that fluorine has 83 % of the sensitivity of

hydrogen for MRI; an alternative proportionality relation gives the sen-

sitivity as dependent upon the gyromagnetic ratio to the power of 11
4 , as-

suming the quality factor, Q, scales with the square root of the resonant

frequency [14], leading to an 84.5 % sensitivity of fluorine compared to

hydrogen. The quality factor is discussed in Chapter 3, and is a measure

of the sensitivity of an MRI coil.

Regardless of the particular definition used, compared to the ratios for

other spin 1/2 nuclei 6.4 % for 31P and 1.6 % of 13C, it is clear that flu-

orine’s gyromagnetic ratio is very favourable in terms of sensitivity for

magnetic resonance experiments. 19F is also 100 % naturally abundant

which means that one can be certain of the molecular weight of any flu-

orine atoms used in MRI experiments, i.e. monoisotopic. This certainty

is useful for precise measurements in spectroscopic experiments, where

the signal observed comes from a single chemical isotope.

Another prominent feature of fluorine is that it exhibits a very large

chemical shift (around 300 ppm) under the influence of an external mag-

netic field. This is due to the seven electrons in the fluorine outer shell

which are loosely held by the central nucleus, compared to the single

electron held by a hydrogen atom. Consequently, the fluorine atom is
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very sensitive to the environment it is placed in.

Most importantly, there is no background fluorine present in vivo mean-

ing 19F MRI has excellent specificity, a key attribute for molecular tar-

geting. Put simply, if a fluorinated contrast agent is administered into a

system then only the fluorine associated with the contrast agent will be

detected. This "hotspot" method has the obvious advantage over con-

ventional proton MR, where it is more difficult to distinguish the origin

of a signal due to the large quantities of 1H nuclei present in water. There

are small amounts of fluorine present in the body, bound in the teeth and

bones, but this is present in such small quantities and with very short T∗2
values that only very specialised techniques can detect it.
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CHAPTER 2

Contrast agents and molecular

imaging: biomarkers and

imaging strategies

2.1 Outline

This chapter will cover the emerging need for exogenous molecular biomark-

ers in medicine, as well as highlighting the role contrast agents currently

play in this field. There is a growing need in medicine to understand pro-

cesses and function in the body at a molecular and cellular level rather

than rely on larger scale features such as shape and size to predict out-

comes in disease. Conventional and more clinically routine MR imaging

methods use anatomical scans as a diagnostic tool but recent advances in

the field of MR aim to use molecular information to gain a better under-

standing of different pathophysiologies. Later chapters explore a novel

endogenous contrast mechanism (CEST), whilst Chapters 2 to 4 focus on

exogenous contrast.
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2.2 Introduction to current contrast agents (CAs)

in MRI

MRI scans are used ubiquitously in modern healthcare systems as a di-

agnostic tool and over a third of clinical MR examinations use a contrast

agent [15]. Currently, there are eleven MR CAs administered by intra-

venous (i.v.) injection, with a few commercially ingestible agents also

available [16]. Clinical contrast agents tend to be classified as T2 (iron

oxide) or T1 (gadolinium) contrast agents, with appropriate MR scans

tailored accordingly to the individual relaxation parameter. These con-

trast agents will affect both T1 and T2 values, as shown in Chapter 1,

but the definition refers to the parameter which is greatest affected by a

particular agent.

2.2.1 T1 agents: gadolinium contrast agents

Figure 2.1: Tumour enhancement with gadolinium based contrast

agent from Artemov et al. [17]. A T1 weighted image of mouse model

of a HER–2/neu expressing tumor before and one hour after injection of

gadolinium CA is shown. The CA binds to herceptin in the tumour in-

creasing the local CA concentration there. In a T1 sequence, the intensity

is increased due to the increased relaxation of tissue near to the CA; the

white arrow indicates the location of the tumour.

35



CHAPTER 2: CONTRAST AGENTS AND MOLECULAR IMAGING:
BIOMARKERS AND IMAGING STRATEGIES

Paramagnetic contrast agents which are based on GdIII have 7 unpaired

electrons ([Xe] 4f7), which have a positive magnetic susceptibility creat-

ing a reduction in T1 and T2 times of surrounding media. GdIII must be

encased or chelated since a free gadolinium ion produces a toxic effect in

vivo. The first GdIII CA for clinical use was gadolinium(III) diethylene–

tetra–amine–penta–acetic acid (Gd–DTPA) in 1987, approved for cancer

patients to detect brain tumours [16] with manifold applications demon-

strated since.

Widest use has been for the anatomical and functional delineation of

solid brain tumours, in which the CA passes through the disrupted blood

brain barrier (BBB), and accumulates at the tumour site to cause MR con-

trast. In particular, dynamic contrast enhanced (DCE) MRI has been de-

veloped to measure quantitative parameters, such as permeability and

other pharmokinetic parameters, showing good ability to assess cancer

treatment effectiveness [18]. Fig. 2.1 shows the intensity enhancement

visible one hour after gadolinium CA administration in a mouse tumour

model.

MR angiography (MRA) has been clinically used for many years to im-

age blood vessels, initially by measuring signal differences between flow-

ing blood and static tissue, known as the time–of–flight (TOF) method

[19]. The advent of contrast agents has allowed contrast–enhanced MRA

via a bolus injection to reduce the blood T1 for blood vessel imaging; re-

duction of T1 is typically of the order of 102 ms [20].

Problems for gadolinium contrast agents are the confusion between back-

ground signals and contrast agent induced signals. Paramagnetic species

such as oxygen or iron compounds in the body produce a similar ap-

pearance to contrast agents, and a high concentration is needed to pro-

vide sufficient contrast [15]. Gadolinium is also toxic, with the stability

of gadolinium chelates being affected by hydroxyl groups [21]. The hy-

droxyl groups reduce the capability of the chelate to bind the gadolinium

and acidic conditions increase the probability of gadolinium being re-

leased in solution. Biological systems cannot differentiate between large

metal ions such as calcium and gadolinium due to their similar size,

and consequently gadolinium is mistakenly uptaken cellularly. In high

36



CHAPTER 2: CONTRAST AGENTS AND MOLECULAR IMAGING:
BIOMARKERS AND IMAGING STRATEGIES

enough doses, this leads to a condition known as Nephrogenic Systemic

Fibrosis (NSF), which is a disease of fibrosis of the internal organs. This

was an issue for early contrast agents, such as Gd–DPTA, which were

given to patients with poor kidney function who within a month devel-

oped symptoms of NSF [22]; the cause of this was not recognised at the

time. In patients with compromised kidney function, the clearance of the

compound takes an extended period of time during which the gadolin-

ium can "leak" out of the chelate; this dissociation is caused by acidic

conditions in the environment as well as the presence of endogenous

metals ions such as calcium and zinc. More recently, long term retention

of gadolinium has been shown in subjects who have not had a history of

kidney disease, although the implications of this are not yet known [23].

Around 1 in 6 people in the US suffer from chronic kidney disease (CKD)

[24] and would therefore be ineligible for imaging using conventional

gadolinium CA scans. This group of patients often suffer from other

comorbidities and would be most at need of diagnostic MR techniques to

assess organ function and guide therapeutic decisions, which provides

the need for a gadolinium alternative MR contrast agent [25].

2.2.2 T2 agents: iron oxide contrast agents

Iron oxide based compounds used for MR purposes tend to be referred

to as super paramagnetic iron oxide (SPIO) compounds. SPIOs are com-

posed of a Fe3O4 (magnetite) or γ Fe2O3 (maghemite) central structure,

encased in a hydrophilic coating, typically ranging in size from 10−9 up

to 10−6 m, depending on the end application [26]. The primary mecha-

nism of relaxation for this category of contrast agent is from the para-

magnetic iron oxide (in a similar manner to other paramagnetic ions

such as Mn2+, Gd3+ etc.). In SPIOs, the whole crystallite material’s mag-

netic moment will tend to align with an external magnetic field, in con-

trast with purely paramagnetic materials in which only individual atoms

align. This is the key difference between SPIOs and gadolinium contrast

agents. The SPIO contrast is generated in proton–rich solutions, such as

water and in vivo, by the dipole–dipole interaction between the magnetic
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moment of the paramagnetic electrons and the magnetic moment of the

solution proton in a similar way to GdIII paramagnetism [27]. This large

magnetic effect produces dark spots in areas of SPIO accumulation in

MR images.

Applications using SPIOs have included targeting cancer and for imag-

ing of the liver and spleen. Combidexr has been used in the detection of

lymph node metastases, with the first application shown in prostate can-

cer patients in 2003 [28]. SPIOs are small enough to be retained in lymph

nodes but not to permeate the metastases. Thus, lymph nodes appear

black on an MRI scan whilst tumour tissue is white; lymph nodes with-

out metastases are completely black and those with metastases are an

inhomogeneous combination of the two. Bowel imaging has proved pos-

sible with oral SPIO contrast agents such as Lumiremr [29]. Lumirem

has a high relaxivity (72 mmol−1 L s−1) and is coated in an insoluble

matrix which does not degrade during transit through the bowel. Other

agents such as Endoremr accumulate in the liver and spleen (80 % and

10 % respectively [29]). Peak concentrations were found in the liver two

hours after i.v. administration in a iron deficient rat model [30].

As the MR signal to identify SPIOs is 1H based, background signals in

vivo can also confound MR results using this technique. Additionally, in-

formation on the viability of labelled cells for molecular imaging appli-

cations is limited. Once labelled, the position of a SPIO compound may

be inferred but whether the cells are alive or dead, or any other physi-

ological information, is not available [31]. A recent study reiterated the

utility of SPIO particles for tracking stem cells in rats, but suggested that

the long term fate of cells was unclear due to uncertainty around moni-

toring cell proliferation and migration [32]. Confusion with signal from

endogenous molecules has been shown by Van den Boss et al. [33] to

interfere with the signal from iron oxide labelled cells in a pig model of

myocardial infarction.
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2.2.3 The need for an alternative: towards molecular imag-

ing using MRI

Molecular imaging represents a paradigm shift in the information gen-

erated from imaging modalities and has seen a revolution in imaging

in the past two decades. Traditionally, imaging has used morphologi-

cal observations to inform biological theories, yet molecular and cellular

imaging may provide functional information to improve our biological

understanding

Molecular imaging has allowed scientists to establish important biomed-

ical goals, of which several are relevant to the work described in this the-

sis. These include: the non–invasive in vivo imaging of specific molecu-

lar or cellular processes; the tracking of specific cells or cell populations;

and the monitoring of disease progression at a molecular level [34]. De-

veloping in parallel with biotechnology advances, imaging modalities

have an increased "arsenal" of technologies and methodologies to target

cellular and molecular processes [35].

2.3 Molecular contrast agents for MRI

In 1997, Moat et al. [36] developed what is considered as the first demon-

stration of a "smart" or molecular contrast agent (these terms are used

interchangeably in the literature and I follow this convention). This class

of contrast agent typically changes the MR detectable signal to reflect

changes in the molecular environment. This CA was designed to be sen-

sitive to β–galactosidase with a mechanism based on an increased water

accessibility to the inner co–ordination sphere, where a blocking group

is removed from the chelate to increase q upon enzyme contact. Later,

this mechanism was demonstrated in vivo to indicate reporter gene ex-

pression [37] (see Fig. 2.2).

With smart MR probes, we are generally interested in observing changes

in a particular parameter space to generate observable MR contrast. Based

on the categorisation given by Hingorani et al. [38] in a recent review pa-
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Figure 2.2: Molecular interactions change q number in MR probe from

[37]. The chelated gadolinium has one of its water binding sites blocked

by a sugar moiety. Upon enzyme addition this sugar is removed, in-

creasing the q value and hence the relaxivity.

per, six key changes which can be applied to observe molecular activity

are outlined below:

• Water accessibility – Changing a molecule’s q number, will allow

a larger bulk water relaxation when the exchange site contains a

magnetically influencing ion such as paramagnetic gadolinium.

• Ligand proximity – Composite molecules may have nuclei which

are magnetically affected by the proximity of certain elements. Mod-

ulation of this distance, often through molecular cleavage, pro-

duces a change in the MR signal.

• Rotational tumbling time – Factors such as the size of a molecular

will affect its rotational dynamics in solution. Generally, a slower

rotational tumbling time will reduce T1, from the BPP equations in

Chapter 1.

• Aggregation state and superparamagnetism – SPIO particles gen-

erate a strong T∗2 contrast. If molecules cluster, the T2 is reduced

due to the increased proximity of spins.

• Chemical exchange rate with water – Selective saturation tech-

niques can highlight the magnetic transfer of protons, which is the

key feature of the CEST technique.
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• Electron shielding and chemical shift – Chemical interactions may

alter the MR contributing nuclei environment, which can lead to a

change in the chemical shift or the addition/removal of MR peaks.

The following section highlights current responsive molecular MR probes

based on these categories.

2.3.1 Detection of enzymes

Enzyme activity is responsible for the majority of cellular and molecular

activity in the body, yet many enzymes are produced in an inactivated

form. Activation can occur given appropriate molecular signalling and

it is the activation state of such enzymes, rather than the mere presence,

which is one of the goals of modern responsive MR agents.

Tumbling time mechanisms

MR sensors have been developed which change their tumbling time,

upon enzymatic contact. Gadolinium based sensors which are hydrol-

ysed by β–galactosidase exhibit changing r1 (r1 = 1/T1) relaxivity due

to protein binding from the increased reactivity after hydrolyisis [39].

Other gadolinium chelates have been constructed to form macrocyclic

nanoparticles upon cleavage of ligands by the enzyme furin [40].

CEST agents: PARACEST, DIACEST

The first demonstration of a paramagnetic CEST agent as an MRI agent

was given by Zhang et al. and showed a large (∼ 60 ppm) ppm dif-

ference between the water bound to an europium compound and the

bulk water [41]. Enzymatic targets have been of particular interest for

paramagnetic chemical exchange saturation transfer (PARACEST) ap-

plications. Yoo and colleagues developed a PARACEST agent to detect

urokinase plasminogen activator (uPA), a protease biomarker of pancre-

atic cancer and an important matrix metalloproteinase (MMP) activa-

tor. A synthesised lanthanide–DOTA (tetra–azacyclo–dodecane–tetra–

acetic acid) complex gave a 10 % CEST effect upon uPA addition [42].

It has also been shown that a chemical shift in the CEST effect from a

PARACEST agent can be used to indicate the presence of transglutami-
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nase [43]. Work demonstrating that chemical reactions can create "CEST

active bonds", used the creation of an amine group onto a PARACEST

agent to highlight esterase interaction [44].

HYPER–CEST

Figure 2.3: Molecular specificity of the HYPER–CEST method taken

from [45]. The bead signal can be selectively saturated and subtracted

from a non–selective image to produce an avadin–specific molecular sig-

nal.

CEST applications have been widened with the incorporation of hy-

perpolarised methods, combining both novel methods in a technique

named HYPER–CEST. This technique is similar to CEST but uses hyper-

polarised xenon along with a cryptophane cage which can "trap" xenon

and change the chemical shift of the gaseous xenon. Early examples of

this work investigated avidin–functionalised agarose beads [45], using a

HYPER–CEST xenon method, which allowed delineation of the avadin–

environment xenon, free xenon and xenon in the biosensor (see Fig. 2.3).

Ion sensors
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MRI probes have also been used to detect ions, in particular, biologi-

cally important ions which are used in cellular signalling and protein

construction [46]. Zinc ions have been detected with chelated gadolin-

ium probes which bind zinc, and in doing so release additional water

binding sites to increase q. Binding to zinc was found to increase the re-

laxivity by a factor of two for a probe synthesised by Major et al. [47]. A

similar mechanism was used to demonstrate the ability to detect calcium

ions, noting a r1 change in relaxivity of 5.76 mM−1 s−1 to 3.57 mM−1 s−1

after calcium addition [48].

2.3.2 pH measurement

Figure 2.4: Chemical structure dependent pH alterations for Gd–

DO3A molecule from [49]. The free ligand arm attaches fully to the

chelate upon pH conditions above 6.7, changing the water accessibility

from q = 2 to q = 0.

A change in the water accessibility, due to a change in protonation state

is another method which has been used to measure pH. Probes have

been developed which bind an attached ligand to a gadolinium chelate

at a pH greater than 6.7 (see Fig. 2.4), reducing the q number and hence

decreasing the relaxivity [49]. This probe is reversibly pH sensitive and

will increase relaxivity in pH conditions less than 6.7; a two–fold relax-

ation enhancement was orchestrated using this technique.

Aime and colleagues [50] exploited the T1/T2 dependence on rotational
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correlation time, τr, to measure pH. A modified gadolinium chelate is

constructed such that increased pH causes a deprotonation effect, such

that the molecules form helical structures. The structure tumbles more

slowly than the protonated chelate molecule, and is sensitive to the pH

environment. Investigations using gadolinium bound metallofullerenes,

which aggregate at low pH, raised the possibility that such sensors could

produce pH sensitive relaxivity measurements [51]. This was experi-

mentally demonstrated by Toth et al. [52], in a study which showed a

two–fold increase in relaxivity when the pH was changed from pH = 3

to pH = 8.

2.3.3 Cell tracking

Molecular applications using SPIOs have included a large research area

in cell tracking, including a small number of clinical applications [53].

Cell tracking is not implemented with gadolinium based agents due to

the long–term retention in labelled cells and the associated risks posed.

The first clinical application of iron oxide labelled cells used SPIO la-

belled dendritic cells which were injected into melanoma patients, using

a ferumoxide (Feridex, Bayer HealthCare) SPIO molecule [54]. Ferumox-

ides were approved by the FDA in 1996 and are known as Endorem out-

side of the US. The study found that ferumoxide–labeled cells injected

into lymph nodes could be detected, as well as in nearby lymph nodes af-

ter migration. A later study showed detection was possible in the brain,

in a study involving traumatic brain injury patients and the stereotactic

injection of ferumoxide labelled neural stem cells [55].

2.4 19F contrast agents

19F CAs can utilise many of the contrast generating mechanisms asso-

ciated with 1H agents, including aggregation, enzymatic cleavage, util-

isation of the PRE, and change in chemical shift, amongst other effects.

Applications have been found in many diverse areas, such as measuring

oxygenation in cancer [56], catheter tracking [57] and monitoring of flu-
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orinated drug distribution [58, 59], which reinforce the potential of 19F

MR methods for biomedical applications.

The wealth of available fluorine MR techniques to investigate differ-

ent pathologies does however make categorisation of fluorine CAs dif-

ficult. Past definitions have separated agents into two broad categories:

"passive" and "active" [60]. The term passive contrast agent refers to

molecules which are injected or administered into a system, in vivo or

in vitro, for which a continuous fluorine signal, relating intensity and

position, can be established. These molecules do not interact signifi-

cantly with the immediate chemical environment and are generally used

as markers for cells or molecules by accumulating at specific sites. Ac-

tive contrast agents rely on a specific mechanism or an interaction with

a specific molecule to produce a change in the fluorine signal. Generally,

this category of MRI probe have an enzyme cleavable ligand which is

attached to a contrast inducing ion (namely chelated GdIII [61]) to gener-

ate contrast, but other less common mechanisms have also been demon-

strated. Other definitions exist for contrast agents, categorised by their

application or target [62], for which there can be several different mech-

anisms for the same application, and it is this later definition which we

will adopt.

The following sections highlight a number of different applications, for

both active and passive contrast agents, using fluorine MRI. I aim to

demonstrate that fluorine CAs play an important role, and have the po-

tential to provide mechanisms for molecular biomarker detection and

monitoring.

2.4.1 Molecular, gene expression and enzyme targeted probes

Several key molecules of biomedical interest have been detected and

observed using 19F MR methods. Amyloid β plaques were detected

in vivo using an i.v. injection of a fluorinated amyloidophilic sensor

which selectively labels these plaques, and allowed 19F MRI to visu-

alise location and distribution [63]. The activity of glutathione (GSH)

transferases (GST) using a 19F sensor was first demonstrated by Ito et
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al. [64] in cell cultures of E.coli, through a change in NMR signal. More

recently, using a self–assembly nanoparticle system at 14.1 T, a fluorine

signal was found to reduce upon GTH interaction [65]. Other molec-

ular self–assembly mechanisms include those developed by Takaoka et

al. [66] to target carbonic anhydrase. The group constructed a fluori-

nated benzene derivative with six magnetically identical fluorine atoms

attached to a benzene–sulfonamide moiety via a hydrophobic linker.

The ligand moiety is specifically chosen to target human carbonic anhy-

drase. In solution, this molecule will combine with other molecules into

a larger molecular mass ensemble, of the order of hundreds of nanome-

ters, which has a broad 19F linewidth. The molecules are then disassem-

bled and activated by individual protein interactions with the carbonic

anhydrase. The individual molecules have a relative low molecular mass

now, such that the NMR signal is increased and intensity can be visu-

alised. A SNR of 60.1 was recorded on individual activation by addition

of carbonic anhydrase compared with a negligible signal without.

Other molecular sensors applied in cells include an "On/Off” type mech-

anism in which a molecular linker is cleavable by β–lactamase, leading

to the production of visible fluorine signals [67]. The probe was devel-

oped from a mechanism outlined by Mizukami et al. [68] in 2011 which

used the β-galactosidase enzyme to study cellular gene expression. The

previous method was modified due to the poor ability of the 19F probe

to permeate the cell; the new method uses β–lactamase which is a re-

porter protein found on the exterior of cell membranes. β–galactosidase

is one of the most popular molecular targets for current molecular fluo-

rine probes, whose reporter gene is LacZ.

Gene expression probes for β–galactosidase were developed over a decade

ago for use in 1H MRI in which access to water was regulated (changing

q) in order to measure a changeable NMR signal [36, 37]. Other groups

have previously used 19F NMR to also detect β–galactosidase activity in

human cancer cells in vitro [69], and more recently in vivo; a sensor de-

sign published by Yu et al. [70] exhibits a chemical shift in fluorine signal

and a quenched T2 proton signal due to a ferromagnetic iron core interac-

tion to detect β–galactosidase. Other gene expression targets have been
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cytosine deaminase (CD), which is a microbial gene investigated for its

prodrug gene therapy potential. A study by Stegman and colleagues

[71], showed that conversion of the antifungal agent 5–fluorocytosine

(5–FC) to the antimetabolite 5–fluorouracil (5–FU) could be observed in

a mouse tumour model after 5–FC intraperitoneal (i.p.) administration,

using 19F magnetic resonance spectroscopy (MRS).

Figure 2.5: Mechanism of a 19F enzymatic sensor using the PRE from

[60]. A low MRI signal is produced in the uncleaved state of the sensor in

which the fluorine moitey is bound closely to the paramagnetic gadolin-

ium. Upon contact with a given protease, the peptide linker is cleaved

and the distance between the fluorine and gadolinium is increased. This

leads to an observable MR image, since an increase in the T1 and T2 has

occurred.

Exciting work by Mizukami and colleagues in 2008 [60] demonstrated

the paramagnetic relaxation enhancement (PRE) effect applied to fluo-

rine MR in vitro, which monitored enzymatic activity using a fluorine

sensor sensitive to caspase–3. The design makes use of the PRE in which

the relaxation times of a fluorine atom can be greatly shortened when

placed at close distances from a Gd3+ ion; typically at distances less

than 70 nm, and connected via a peptide linker which is cleaved at the

C–terminal peptide bond by a particular enzyme, thus changing the

fluorine–Gd distance and hence relaxation properties. An example of

this mechanism is shown in Fig. 2.5. This mechanism was successfully

demonstrated in real–time at 11.7 T with a 1 mM sensor solution and

the addition of Caspase–3, showing an increase in signal after 70 min-

utes. The measured T2 time further confirmed successful cleavage; be-
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fore caspase–3 addition the T1 and T2 values could not be measured (due

to broad fluorine signal), and after, T1 = 0.122 s and T2 = 0.032 s [60].

Several groups, including our own, have sought to use the same tech-

nique for other enzymes. A dual 19F and 1H probe design based on

a self–immolation mechanism was proposed by Keliris et al. in 2012

[72], in which β–galactosidase initiates a self–immolation reaction in the

probe to change the Gd–fluorine distance and affect relaxation. More re-

cently in late 2014, an MMP–2 sensor was published by Yue et al. [73].

This sensor was published during the characterisation of our own MMP

probe, and reported an 8.5 fold increase and a 4.5 fold increase in T1 and

T2, respectively.

2.4.2 Partial oxygen pressure measurement

One of the most successful applications of 19F MRI has been within the

field of oximetry, namely, mapping tumour oxygenation using perfluo-

rocarbons (PFCs) and other fluorinated compounds. Low levels of oxy-

gen in tumours lead to anticancer chemotherapy and radiotherapy re-

sistance, and knowledge or mapping of the tumour micro–environment

can inform treatment adaptation [74]. Oxygenation mapping measures

the partial pressure of oxygen within biological systems by using the lin-

ear relationship between the longitudinal relaxation rate of fluorine (r1)

and the partial oxygen pressure (pO2) [75]. PFCs in particular can carry

a large quantity of dissolved oxygen and allow a fast gas exchange rate

with surrounding tissue [76]; this method of oximetry can measure the

tissue oxygen levels rather than the blood oxygen levels, as is the case

with other 1H methods.

PFC compounds used to measure oxygenation have included perfluo-

rooctyl bromide (PFOB), perfluoro(15)–crown–5–ether (PFCE) and hex-

afluorobenzene (HFB) amongst others (see Fig 2.6). These compounds

are nontoxic and stable in vivo, with clearance occurring biologically via

circulation as well as through respiration [78]. 19F pO2 measurements

have been compared with other oximetry methods in mouse tumour

models including a fibre–optic probe method [79], showing an increased
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Figure 2.6: Chemical structures of commonly used PFCs from Tirotta

et al. [77]. Compounds shown clockwise from top left are hexafluo-

robenzene (HFB), perfluorodecalin (PFD), perfluoro(15)–crown–5–ether

(PFCE), tetra(perfluorotertbutyl)pentaerythritol (PERFECTA), perfluo-

roctyl bromide (PFOB), and perfluorononane (PFN).
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sensitivity. Comparision with histology found a linear correlation be-

tween the two methods [80]. Fast T1 methods have been developed by

Mason and colleagues specifically for this application, such as fluorocar-

bon relaxometry using echo planar imaging for dynamic oxygen map-

ping (FREDOM) MRI, successfully measuring HFB signals in a rat tu-

mour model [81]. The main obstacle this method faces is the heterogene-

ity of tumours and the uneven distribution of the PFC within it, with the

greatest signal occurring in the most highly perfused areas [82].

Compounds which undergo a chemical change to indicate pO2 condi-

tions have been mostly fluoronitromidazoles, which have been used to

detect hypoxia. This group of compounds undergo a reductive reac-

tion by cellular components which liberate highly reactive fluorinated

molecules; under hypoxic conditions these molecules will remain in the

tissue, but can be cleared out upon oxygenation. In particular, the ni-

tromidazole hypoxia marker SR4554 has even been trialled in man as

part of a phase I clinical study [83]. SR4554 was developed by Aboagye

et al. [84] and has been shown to allow monitoring of tumour hypoxia

non–invasively in pre–clinical rodent models [85]. Clinical application

allowed detection of the retained fluorine signal, but was limited by the

dose tolerated by patients [86].

2.4.3 pH and ion sensititive probes

pH sensors

Originally investigated by Deutsch et al. [88] in the late eighties, the pos-

sibility to measure pH changes using fluorine MR chemical shifts has

been demonstrated almost exclusively in vitro. The interest in pH mea-

surements stems from the Warburg effect, meaning most tumours ex-

hibit more acidic pH conditions than normally observed in the body [89],

and detection of such changes this could lead to an earlier diagnosis. The

Warburg effect itself is the observation that cancer cells exhibit increased

glycolisis in the presence of oxygen, producing lactic acid, which has an

acidic pH.
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Figure 2.7: "On–off" regulation mechanism in response to local pH

from [87]. A sensor concentration of 55 µM allowed sufficient signal

in the "On" state to identify a pH of 6.5, after a volume transition was

induced.

Early work focussed on fluoroalanines [90], and aimed to measure intra–

and extra–cellular pH, finding the two equal for a pH range of 6.7 – 7.3

in human lympocyte cells, with a changing extracellular pH outside of

this region [91]. A chemical shift of up to 2 ppm is exhibited by fluo-

roalanines, based on the protonation of the amine group [62], with later

work investigating aromatic fluroinated compounds which have larger

chemical shifts (∼ 101 ppm) [92].

Other approaches have used sensor accumulation in tissue to measure

pH. In a paper by Oishi et al. [87], a method for measuring pH is based

upon accumulation and structural alteration of a fluorinated gel probe

in vitro at tumour representative pH (∼ 6.5). This accumulation in the

tumour tissue which allows a detectable signal measurement is called

the enhanced permeability and retention (EPR) effect. The accumulation

of certain sized molecules occur more in tumours than normal tissue,

which is attributable to the quick angiogenesis and growth of tumours,

as well as poor lymphatic drainage. The design of the sensor allowed

a core hydrophillic–hydrophobic (volume) transitional increase to take

place in the presence of a more acidic pH environment. When the vol-

ume transition occurs, there is greater volume for fluorine molecules

to move around in, which gives rise to a larger T2 value and hence a

stronger fluorine signal (see Fig. 2.7). A fluorine signal sensitive to pH
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values between 6.5 and 7 is produced (a typical pH range for tumours),

indicating a promising mechanism for in vivo work. Subsequent sensors

were synthesised, using a similar volumetric change mechanism to mea-

sure pH, in which protonation of an ammonium group linked to a flu-

orine source leads to molecular dispersion and 19F signal increase [93].

This later work was able to distinguish pH environments as low as 4.5,

at 0.25 pH unit intervals.

Ion specific probes

Early examples of chelated probes which directly targeted biological ions

were detailed by Smith et al. [94] almost three decades ago, with most

ion reporter probes undergoing a binding–dependent chemical shift for

detection purposes [62]. A large range of other metal ions have been de-

tected in vitro using changing chemical shifts, including K+ [95], Na2+

(using a 5FBAPTA molecule [96]) and Zn+ [97]. Jiang et al. [98] synthe-

sised a fluorinated chelator whose fluorine chemical shift and relaxation

times vary depending on the metal ion which is chelated, allowing de-

tection of lanthanide series metals, Cu3+ and Ca2+ ions amongst others.

Recent trends have been to utilise gadolinium or other paramagnetic lan-

thanide ions for additional 19F probe sensitivity. Harvey et al. described

the concept behind increased 19F sensitivity by inclusion of a param-

agnetic ion [99], later applying this to detect calcium and citrate levels,

measuring a doubling of the longitudinal relaxivity upon addition of 1

mM of calcium chloride [100]. Kadjane and colleagues [101] developed

dual 1H/19F probes to detect Ca2+ which showed an 82% change in lon-

gitudinal relaxation per Gd3+ ion. Imaging was performed using the

sensors to determine minimum concentrations needed (∼ 1.2 mM), with

the potential to replace the fluorine source to provide a three–fold in-

crease in sensitivity.
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2.4.4 Cell labelling

Cell labelling is one of the most popular and active research areas within

MRI, with cellular therapeutics offering promise for treating disease through

the implantation of cells in vivo. Tracking labelled cells with 19F imaging

offers benefits over traditional proton MRI tracking methods, in which

monitoring cells after administration is currently challenging; contrast

agents for 1H MR create signals which are difficult to identify and distin-

guish from other background sources in the body, whereas with fluorine

there is no endogenous signal present in biological systems. Fluorinated

cell labels tend to be simple, highly fluorinated structures such as tra-

ditional PFCs, but other more complex fluorine compounds have been

developed for a range of translational uses, including clinical, such as

the patented and commercially available Celsense compounds [102].

Cell tracking

Figure 2.8: "Hotspot" 19F imaging of implanted stem cells bilaterally

in mice striatum from Boehm–Sturm et al. [103]. Proton, fluorine and

merged images are shown in the left, centre and right of the figure re-

spectively. A clear signal is seen two days (A) after implantation, with a

reduction noticeable after six days (B).

Initial experiments of fluorine tracking with dendritic cells were first re-

ported in 2005 [104], as an early method of tracking immunotherapeutic

cells with later immune cell studies also tracking T cells in rats [105].
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Partlow et al. [106] used PFC nanoparticles to label mononuclear cells

and track the migration of the cells on implantation in tumour bearing

mice. Attention was given to quantification of cell numbers in this study,

and to determine the sensitivity with fluorine MRI; cell numbers greater

than 2000 were detected with a SNR ≥ 3.5. Ahrens and colleagues in

particular have emphasised the importance of quantification of the flu-

orine signal, pioneering the use of spin–density 19F images to quantify

cell loading and detection limits of PFC labelled cells [105].

In 2011, Boehm–Sturm et al. [103] used fluorine MRI and labelled stem

cells, implanted into mice brains, to track migratory stem cell effects (see

Fig. 2.8). A perfluoropolyether (PFPE) cell emulsion was used to label

stem cells implanted into mouse striatums, with a noticeable signal from

labelled cells being observed a week after injection. Furthermore, a lin-

ear relationship between the SNR and the number of cells was assumed,

allowing an estimate of the minimum number of detectable cells which

was found to be of the order of 103 cells [107]. Later work by Tennstaedt

et al. [108] used a multi–modal read–out, combining bioluminescence

imaging and 19F MR. To validate the loss of 19F signal over a period of

several days, correlation with bioluminescence signal indicated a migra-

tion of cells away from the original implantation site.

Other studies by Bible and colleagues have tracked transplanted human

neural stem cells in a rat stroke model [109] and a mouse stem cell graft

model at 9.4 T has also been performed [110]. Recently, mesenchymal

stem cells were tracked for a variety of mouse models (immune compe-

tent and immune compromised) [111] with the latest research in the field

aiming to translate pre–clinical advances to clinical applications [112].

Whilst current cell tracking methods using 19F MR have the ability to

track fluorine labels, no information can be extracted regarding the via-

bility of the cell, if it is alive or dead, or even if the label is still within

the original cell. Ex vivo analysis can determine the exact location of the

label [113], but non–invasive in vivo verification would be preferable.
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Inflammation applications

PFCs have found numerous applications for monitoring and detecting

inflammation using 19F MRI. In biological systems, the intravenous in-

troduction of emulsified PFCs causes the circulating monocyte–macrophage

system to uptake the solution as part of an innate immune response.

The 19F labelled macrophages will then tend to accumulate at sites of

inflammation, providing a measurable signal once sufficient cells have

aggregated. This provides a possible mechanism for tracking of this

macrophage population [114]. After accumulation, clearance occurs through

the reticuloendothelial system, as evidenced by Weise et al. [115]. Using

a model of neuroinflammation by insult to the peripheral nervous sys-

tem, the group was able to show fluorine uptake in lungs, spleen and

liver.

19F literature tends to categorise this collection of fluorine applications

as "inflammation" rather than "cell tracking". Cell tracking applications

generally introduce cells after labelling occurs outside the biological sys-

tem, whereas inflammation applications generally allow the fluorinated

emulsion to be taken up upon introduction to a biological system.

Figure 2.9: Myocardial infarction detection with 19F MRI from Floegel

et al [116]. A anatomical proton image (left) shows the infarcted region

(I), with a fluorine image (centre) showing areas of accumulation from

labelled macrophages. In the merged proton/fluorine image (right), the

fluorine signal is apparent in not only the infarcted region, but also the

point of surgery in the thorax (T), used to induce the infarction.
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One of the first reports of the in vivo application of PFC labeled immune

cells to detect inflammation was a murine model of acute cardiac is-

chaemia [116], in which PFCs were found to infiltrate areas of infarction

and were detectable with 19F MRI (see Fig. 2.9). The PFC signal in-

creased over time and was localisable to monocytes/macrophages using

histological analysis. Signal accumulation has been observed in animal

models of inflammatory bowel disease [117], pneumonia [118] (correla-

tion between lung inflammation and fluorine signal), and experimental

allergic encephalomyelitis (EAE) [119]. Recent studies on EAE (an ani-

mal model of MS) have shown that the in situ method of PFC labelling

can be used as a marker of disease burden [120]. Another application

by Hertlein et al. [121] showed that i.v. introduction of a PFC (Celsense,

VS1000H) in a murine thigh infection model of Staphylococcus aureus al-

lowed abscess delineation. Injected PFC emulsions have also be used

to correlate the fluorine signal intensity with allograft rejection status

(higher signal indicated more severe rejection) in rats [122], which was

also shown by Floegel et al. [123] in a mouse heart transplant model.

2.5 Discussion

The range and breadth of applications of 19F MR methods demonstrated

in this section is great, using many of the mechanisms and techniques

developed for 1H MRI as well as fluorine specific imaging benefits; the

lack of background signal has allowed for "hotspot" type imaging meth-

ods to be used to good effect. The area of fluorine CA research is exciting

and expanding, with the first clinical applications being only recently re-

ported [112]. It is clear that this is a promising technique, which has been

developed only recently relative to other proton methods, and does not

suffer from background issues unlike 1H MRI.

Enzyme monitoring is an attractive target for potential MR probes, with

only a small number of sensors synthesised for such a purpose. Few

of these sensors have been comprehensively demonstrated in vivo to

monitor enzyme activity, despite the validation of the various contrast

mechanisms in vitro. Our aim in subsequent chapters is to use the 19F MR
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imaging modality along with a suitable contrast mechanism to monitor

enzyme activity in vitro, working towards molecular application in in

vivo.
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Sensitivity considerations for 19F

MR signal detection

3.1 Introduction

19 F MRI can provide important molecular information regarding a flu-

orinated sensor’s chemical environment. In particular, 19F is an ideal

marker to study the transient fate of exogenous molecules by MRI. For

most applications an important goal is therefore to maximise the sensi-

tivity of the experiment, as well as ascertaining a minimum detectable

concentration for the fluorine compound. The following chapter high-

lights the importance of understanding the theoretical factors which af-

fect sensitivity and to this end, a theoretical method is described to esti-

mate the sensitivity of 19F MRI experiments. Theoretical understanding

of fluorine sensitivity is crucial for choosing experimental parameters

involved in testing novel fluorine molecular probes.

19F MRI is an attractive modality for biomedical imaging applications

including molecular sensing [72, 101] and cell tracking [62, 103], owing

to the absence of a detectable fluorine background in vivo. While this of-

fers high specificity, the low sensitivity due to the relatively small fluo-

rine concentrations that can be achieved in vivo remains one of the main

obstacles for the clinical application of fluorine MRI [124]. Therefore,

knowledge of the potential sensitivity of a 19F MRI experiment and influ-

encing factors is particularly important for quantification in cell tracking
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and labelling studies.

The fluorine signal is proportional to the number of 19F spins, and quan-

tification in vivo can be achieved by comparing the total signal of a sam-

ple with a reference standard of known concentration [104]. In cell track-

ing, a minimum detectable number of cells can then be extrapolated by

measuring the peak signal–to–noise ratio (SNR) over a range of fluorine

concentrations [106, 125]. To determine this limit beforehand, a range

of images at different concentrations are taken and can be quantitatively

used to inform experimental concentrations [126]. However, there is lit-

tle in the literature which details a theoretical approach to fluorine sen-

sitivity and minimum detectable concentration limits for a given SNR.

Whilst a number of references in the literature provide an estimate of

the sensitivity of a particular 19F technique, these tend to be based on

calculations taking into account a priori data, rather than a theoretical

prediction based on available knowledge of parameters.

Efforts towards predicting the SNR for simple proton experiments have

been well studied, firstly by Hoult et al. [127], with later studies in-

corporating specific factors related to in vivo imaging including electri-

cal losses [128] and additional noise contributions [129, 130]. Several

groups have developed theoretical models to describe the experimen-

tally available SNR but have focused specifically on comparing SNRs

at different field strengths (for 31P) [131] or on different coil designs for

SNR maximization [132]. Determining concentrations has been success-

fully demonstrated for metabolites in 1H spectroscopy [133], although

this method is not directly applicable to fluorine studies which use ex-

ogenous chemical reference standards rather than endogenous water for

calibration purposes.

Based on a theoretical model using Hoult’s principle of reciprocity [127],

the aim of this chapter is to present a theoretical description of the factors

affecting fluorine sensitivity and demonstrate an application in estima-

tion of the number of 19F spins detectable in an MRI experiment. Such an

estimate could allow prediction of the minimum concentration required

to achieve a target SNR for novel molecular fluorine probes, eliminating

the need for another calibration experiment as long as the setup remains
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unchanged. This could be especially useful to estimate the signal from a

new contrast agent or fluorinated drug before synthesis [134].

3.2 Theoretical sensitivity for MR

3.2.1 Theoretical SNR for a 19F MR experiment

The signal–to–noise ratio is defined as the ratio of the peak amplitude

of the NMR signal divided by the root mean square noise. In the for-

mulation described by Abragam [135] and adapted to pulsed magnetic

resonance, where the receiver bandwidth is replaced by the bandwidth

of a matched filter [136], the theoretically achievable SNR, Ψ, in a single

pulse nuclear magnetic resonance experiment can be approximated by,

Ψ = KηcM0

√
µ0QωLCVcπT∗2

4FkBTc
sin(β) . (3.2.1)

Here M0 is the nuclear magnetization of the sample at thermal equilib-

rium, Tc is the temperature of the coil, Vc is the volume of the coil, F is the

pre–amplifier noise figure (which is generally constant for a given nuclei

frequency [137]), µ0 is the permeability of free space, Q is the quality fac-

tor of the detection circuit, ωLC is the frequency of the resonant circuit,

and β is the flip angle associated with the excitation pulse. K is a numer-

ical factor introduced by Hoult and Richards to account for the specific

receiving coil geometry [127]. The quality factors for the following in

vitro experiments will be similar and small differences are not significant

due to the square root dependence. However, for in vivo situations the

coil’s loaded quality factor, QL, will be significantly different from the

empty quality factor, QE; incorporation of these Q factors into the model

for this case are described in the discussion section of this chapter.

The filling factor, ηc, is a measure of the fraction of the coil volume oc-

cupied by the sample. For an ideal solenoidal volume coil this can be

approximated as,

ηc ≈
Vs

2Vc
, (3.2.2)

where Vs is the sample volume.
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For spin 1/2 nuclei, such as 19F, in the high temperature limit M0 is given

by the equation for the magnetisation stated in Chapter 1 (Eq. 1.1.18),

M0 =
Nγ2h̄2B0

4kBTs
, (3.2.3)

where all terms are previously defined. The sin(β) term in Eq. 3.2.1

represents the contribution of the pulse sequence (in this case, a single–

pulse experiment with detection of the FID) to the SNR. Eq. 3.2.1 as-

sumes that a matched filter is applied, which can be implemented by

multiplying the time–domain signal by an exponentially decaying win-

dow function with time constant T∗2 prior to Fourier transformation [136].

It is also possible to approximate ωLC ≈ |ω0|, where |ω0| = |γB0|, im-

plying that the resonant frequency of the circuit is tuned to the Larmor

frequency of the 19F signal. We further assumed that the coil tempera-

ture is similar to the sample temperature, Ts ≈ Tc. Both terms can then

be replaced with a general temperature, T. The number of contributing

spins in a sample per unit volume, N, is defined as N = NsV−1
s , with the

total number of contributing spins in a sample given by

Ns = cNAneVs . (3.2.4)

Here c is the concentration in units of mole/m3, Vs is the sample volume,

ne the number of equivalent fluorine spins per molecule that contribute

to a signal with identical chemical shift, and NA is Avogadro’s constant.

Substitution in Eq. 3.2.1 provides an alternative expression for the SNR,

Ψ =
cNAneγh̄2Vs

16

√
K2µ0Qω3

0πT∗2
VcFk3

BT3
sin(β) , (3.2.5)

which can be used to determine the concentration from a measured SNR

value. Rearranging this equation yields the concentration, c, needed to

obtain a chosen SNR, Ψ,

c =
16Ψ

NAneVsγh̄2

√
FVck3

BT3

K2µ0Qω3
0πT∗2

1
sin(β)

. (3.2.6)

To formulate a practical equation which can be used to calculate a min-

imum concentration or SNR, a gauge factor, Λ, is introduced which is

experimentally determined for each hardware setup. The gauge factor
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has to be measured only once for a particular setup in order to calibrate

the theoretical model to the experimental SNR, and is only valid for the

specific coil used. Based on our idealized SNR equation, the gauge factor

is

Λ =

√
K2Q
FVc

. (3.2.7)

In practice, the gauge factor also includes correction factors for experi-

ments whose performance differs from the ideal situation in Eq. 3.2.1.

These factors, which include the filling factor as a function of the coil

geometry [127], only contribute a constant multiplicative factor for the

MRI hardware setup and nucleus (i.e. a particular resonance frequency).

To simplify the equations further all constant terms are combined into

Π, which is independent of the sample and can be calculated without

performing an experiment,

Π =
16

NAγh̄2

√
k3

BT3

µ0πω3
0

. (3.2.8)

The minimum concentration to obtain a target SNR is then,

c =
Π
Λ

Ψ
neVs

√
T∗2

1
sin(β)

. (3.2.9)

Factoring in additional NMR acquisition parameters (the repetition time,

TR, the longitudinal relaxation time, T1, and the number of acquisitions,

Nacq) yields the minimum concentration [136],

c =
Π
Λ

Ψ
neVs

√
NacqT∗2

SF
1

sin(β)
, (3.2.10)

where the saturation factor,

SF = (1− cos(β)exp(−TR/T1))× (1− exp(−TR/T1))
−1, (3.2.11)

is introduced to account for incomplete relaxation (SF ≈ 1, if TR ≥ 5×
T1). For in vivo situations, β and TR should be optimised to give the

best SNR per unit time. Eq. 3.2.9 allows one to predict the minimum

concentration of 19F nuclei in a MRS experiment.
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3.2.2 Noise and signal loss in MRI experiments

The model is defined in terms of the peak signal–to–noise rather than

the integral value of a lineshape. The units of integration are a relative

quantity which are only practical when comparing metabolite integrals

in the same spectra, for example, in which there is a known concentra-

tion which can be ascribed to a given peak which then allows concentra-

tion quantification of another peak reference. However, from the point

of view of minimum detectable quantities it is the SNR which we use

to define this limit. SNRs take the full width half maximum (FWHM)

value of the lineshape into account; broad lineshapes with large FWHM

values will have a lower SNR than lineshapes with sharper and narrower

FWHM values. For two samples of identical concentration but different

lineshape, an integral measure would give the same value regardless of

FWHM value.

For the in vitro experiments in this study, the dominant source of noise

is assumed to be thermal electronic excitation (Johnson noise). In vivo,

physiological noise is significant, as well as the thermal noise generated

by the patient or in the detection circuit [129, 130]. For a given frequency

and B0 field strength, this noise contribution could be added in quadra-

ture to the Johnson noise and included into the model. The noise term

does not feature explicitly in the equations but one should be aware of

the noise’s field dependency when considering the gauge factor’s appli-

cability in different situations.

Rician noise effects

In MRI the images are usually presented in magnitude mode. The rele-

vant noise amplitude, σ, is given by the variation of the signal amplitude

as determined by a large number of repetitions of the experiment. As

long as Ψ is not very large [138], measuring the off–resonant noise at po-

sitions in the spectrum or image that do not contain any signal provides

a good estimate of σ with a much smaller number of repetitions. How-

ever, assuming a Gaussian noise distribution for off–resonant noise of

magnitude data over–estimates the SNR and a Rician noise distribution
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is more appropriate. In this analysis, the noise is estimated from off–

resonant data. The theoretical model for Ψ > 3 is adapted by dividing

the SNR with a factor of
√

2− π/2 (approximated to 0.655) to account

for a Rician noise distribution [139]. For Ψ < 3, this factor needs to be

readjusted.

SNR dependence upon B0 in different noise regimes

From Eq. 3.2.1 and the magnetisation expression given in Eq. 3.2.3, it can

be seen that the signal emitted by a spin 1/2 sample will increase linearly

with B0, based purely on the contribution from the sample magnetiza-

tion; this is the main motivation for the current trend of using higher

magnetic field strengths in both clinical and research settings. How-

ever, the noise is related to the B0 field as well and for reasons stated

immediately above, it has been shown that there are two different field

dependencies under different noise conditions [5]:

• For small samples where coil noise dominates: SNR ∝ B0
7/4

• For large in vivo experiments where sample noise dominates: SNR

∝ B0

In our situation we are interested in comparing and predicting quantities

initially on the same set–up (B0 is constant) so these general dependen-

cies will not feature in the quantitative model. Translating detectable

concentrations between wholly different set–ups (pre–clinical to clini-

cal), for example, is not as straightforward as replacing the field strength

or resonant frequency values in Eq. 3.2.5 and predicting new detection

limits; ideally a measure of the noise is needed to extrapolate between

set–ups.
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3.2.3 Application to imaging sequences

Eq. 3.2.10 can be adapted for MR imaging. For a fast low angle shot

(FLASH) gradient echo sequence [140] we obtain,

c =
1

0.655
Π
Λ

Ψ
neVs

√
NacqT∗2

SF
1

sin(β)e−
TE
T2

, (3.2.12)

where Vs now specifies the voxel size and Ns the number of spins that

are required in a voxel to obtain a pre–selected Ψ. The pulse sequence

contribution is reflected by simply adding relaxation terms, i.e. changing

sin(β) to sin(β)e−
TE
T2 ; in this case a realistic fluorine acquisition sequence

is chosen [103] but the model is not limited by the choice of pulse se-

quence. More generally, a numerical factor could be determined for a

particular pulse sequence that provides the signal amplitude relative to

a single–pulse experiment with subsequent acquisition of the FID. No-

tice that this factor could be larger than one, for example in the case of a

multi–spin–echo sequence.

Instead of a minimum concentration, c, the minimum number of de-

tectable spins required in a sample to achieve a certain SNR can be ex-

pressed as,

Ns =
1

0.655
ΠNA

Λ
Ψ√

NacqT∗2
SF

1

sin(β)e−
TE
T2

. (3.2.13)

This is the most useful quantity to compare detection limits from differ-

ent studies, since it is not volume dependent unlike concentration.

3.3 Materials and Methods

All experiments were performed on a 9.4 T vertical bore Bruker Avance

III microimaging system (Bruker Corporation, Billerica, Massachusetts,

USA) with a 19F 25 mm volume coil tuned to the resonant frequencies of

the specific compounds (approximately 376.5 MHz).
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Figure 3.1: Chemical structures of compounds with variable

number of fluorine spins per molecule. Compounds C1 (3,5–

Bis(trifluoromethyl)benzylamine), six fluorine spins; C2 (perfluoro-tert-

butyl alcohol), nine fluorine spins; C3 (trifluoroacetic acid), three fluo-

rine spins.

3.3.1 Sample synthesis and preparation

Three basic fluorine compounds were used, all displaying a single fluo-

rine peak in the NMR spectrum (Fig. 3.1). Two solutions were initially

prepared: compound C1 contained 58 mM of 3,5–Bis(trifluoromethyl)benzylamine

(Sigma Aldrich, UK), and compound C2 contained 322 mM of perfluoro-

tert-butyl alcohol (Sigma Aldrich, UK), both using methanol as a solvent.

All other solutions were made by dissolving anhydrous trifluoroacetic

acid (TFA, C3 in Fig. 3.1) powder (Sigma Aldrich, UK) dissolved in dis-

tilled H2O.

A line broadening effect on a compound’s linewidth is likely to occur

in vivo, where paramagnetic species or changing magnetic susceptibility

affect fluorine molecules’ linewidth. Such possible line broadening was

replicated in the SNR experiments to verify the theoretical model’s ro-

bustness in such cases. To induce line broadening, samples containing

compound C3 were prepared by either: (a) adding a gadolinium based

contrast agent, gadobenate dimeglumine (MultiHance, Bracco Imaging,

SpA, Milan, Italy) which leads to line broadening due to paramagnetic

relaxation; or by (b), introducing the solution into a porous medium

that increases susceptibility broadening, consisting of a 5 mm NMR tube

filled with 0.5 mm diameter solid glass beads (BioSpec Products, Bartlesville,

OK). The beads introduce additional magnetic field gradients at the glass–

liquid boundary.
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3.3.2 MR spectroscopy and imaging

Thin walled 5 mm NMR tubes were prepared with 1 mL of each sam-

ple and placed into the magnet. The same position set–up and man-

ual shimming procedures were performed for all samples. T1 was mea-

sured using an inversion recovery (IR) sequence with eight logarithmi-

cally spaced time delays between 0.1 s and 20 s; for C1, T1 = 1.59 ± 0.01

s, for C2, T1 = 3.12 ± 0.01 s, and samples prepared from C3 had T1 ≤
4 s. The SNR was measured with a single 90◦ pulse–acquire sequence,

where the pulse power and duration were calibrated manually. The fol-

lowing general parameters were used for MRS experiments: Gaussian

excitation pulse duration = 67 µs, pulse power = 3 dB, flip angle = 90◦,

TR = 30 s, Nacq = 8, number of datapoints in time domain = 4× 104, and

receiver frequency bandwidth (BW) = 50 kHz.

One dimensional (1–D) spectra were Fourier transformed and phase cor-

rected (Topspin 2.0, Bruker BioSpin GmbH, Ettlingen, Germany). The

SNR was optimized according to the matched filter condition by apply-

ing a line broadening factor equal to the linewidth at full width half max-

imum (FWHM). T∗2 was calculated as,

T∗2 = (π∆ν)−1, (3.3.1)

where ∆ν is the linewidth at FWHM. The experimental SNR was deter-

mined by dividing the peak signal amplitude by the root mean square

noise (determined from a region of the spectrum that does not show any

fluorine signal) using Matlab (The Mathworks Inc, Natick, MA). The ex-

perimental error was calculated from six repeat measurements, where

samples were repositioned into the magnet for each measurement. The

gauge factor, Λ, was then calculated from Eq. 3.2.9 by dividing the ex-

perimental SNR by the term necVs
√

T∗2 sin(β)Π−1. The gauge factor er-

ror was calculated using error propagation in Eq. 3.2.9.

3.3.3 SNR determination

To determine the SNR, 19F MR images were acquired with a fast low

angle shot (FLASH) sequence (TE = 1.27 ms; matrix size (MTX) = 32 ×
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32; FOV = 12 × 12 mm; slice thickness = 40 mm; BW = 50 kHz). Images

were processed by zero–filling to a 64 × 64 matrix and applying a sine

squared window function. The SNR was determined from the images

by dividing the ratio of the average intensity in a region of interest (ROI)

containing fluorine signal by the standard deviation of a noise ROI.

The SNRs for two sets of samples (C3 with gadolinium, as well as C3

in the glass bead medium) were measured with MR imaging and spec-

troscopy, keeping pulse power and pulse duration constant in both mea-

surements. The sample volume in the glass bead medium was derived

from the packing volume of the glass beads in the NMR tube, obtained

experimentally by comparing liquid volumes between an empty tube

and a tube containing the glass beads; 60 ± 10 % volume was occupied

by the beads, compared with an ideal packing volume [141] of 74 %.

An alternative method of T∗2 estimation was used for the sample C3 in

the glass bead medium using a proton multi gradient echo (MGE) se-

quence (Nacq = 32, TR = 3 s, MTX = 32 × 32, FOV = 12 × 12 mm2,

slice thickness = 40 mm with 12 echo times ranging from 1.98 ms to

14 ms) using Paravision 5.1 (Bruker, Ettlingen, GmbH Germany) with

a linear phase encoding scheme. The T∗2 measurement is made for pro-

tons using a range of echo times and fitting the intensity of the signal

produced at each echo, using an exponentially decaying curve, where

signal ∝ exp−t/T∗2 , and where T∗2 here is the estimated T∗2 value of the

sample. Using Eq. 1.1.31, T∗2 ∝ γ−1, such that γFT∗2,F = γPT∗2,P, where

P and F denote proton and fluorine parameters respectively. This is re-

arranged to obtain an estimate of the fluorine T∗2 value, provided the

proton T∗2 is estimated through the above T∗2 MGE method.

3.4 Results

3.4.1 Determining the gauge factor

To test the validity of the model for the minimum detectable 19F concen-

trations (Eq. 3.2.9), spectra for a range of fluorine samples and of various
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Sample 19F conc. Gd conc. Linewidth SNR Λ
[
m1.5×104]

C1 58 mM 0 mM 3.6 Hz 700 ± 63 (4.6 ± 0.6)

C2 322 mM 0 mM 3.0 Hz 5524 ± 497 (4.1 ± 0.5)

1000 mM 0 mM 7.5 Hz 3698 ± 348 (4.2 ± 0.3)

800 mM 0 mM 7.3 Hz 2983 ±274 (4.2 ± 0.4)

600 mM 0 mM 7.0 Hz 2152 ± 196 (4.0 ± 0.4)

C3 400 mM 0 mM 7.2 Hz 1499 ± 139 (4.2 ± 0.4)

200 mM 0 mM 7.1Hz 723 ± 63 (4.0 ± 0.5)

100 mM 0 mM 8.2 Hz 36 3± 31 (4.3 ± 0.6)

900 mM 0 mM 7 Hz 2418 ± 270 (3.9 ± 0.5)

C3 900 mM 50 mM 36 Hz 1450 ± 143 (4.3 ± 0.5)

900 mM 500 mM 339 Hz 666 ± 67 (5.5 ± 0.7)

Table 3.1: SNR and gauge factor. The gauge factor was calculated

through the rearranged Eq. 3.2.9 using number of fluorine spins per

molecule (ne), 19F sample concentrations and T∗2 obtained from the

linewidth.

concentrations (compounds C1–C3) were compared and the data was

processed with the appropriate line broadening factor (Table 3.1). The

gauge factor, Λ, was calculated from Eq. 3.2.9. For simplicity, possible

steady–state signal reduction (as described by factor SF) was avoided

by choosing TR times such that TR > 5× T1 for all compounds. Table

3.1 shows that even with different compound structures and an increase

in linewidth by two orders of magnitude, the calculated gauge factors

remained within (3.9 – 5.5 )×104 m1.5. The broadening effect on the fluo-

rine line shape caused by the presence of gadolinium is shown for sam-

ple C3 in Fig. 3.2.

3.4.2 Minimum detectable limits

The minimum fluorine concentration was determined by extrapolation

using a minimum detectable SNR of Ψmin = 3.5; the exact value of this

minimum SNR is arbitrary to an extent, and previous studies have used
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Figure 3.2: 19F spectra with varying fluorine concentration and para-

magnetic broadening. (a) Spectra of 1000 mM (i) and 100 mM (ii) con-

centrations of C3. The magnified section shows the scaled noise section.

(b) Spectra of C3 (900 mM) with varying concentrations of gadolinium

added. The origin of the spectra (0 Hz) in both (a) and (b) corresponds

to a laboratory frame of reference of arbitrary chosen frequency.

Figure 3.3: Minimum detectable concentrations in fluorine MRS. Ex-

perimental (solid circles) and derived SNRs (open squares) vs. concen-

tration for compound C3. The derived SNR was obtained from an aver-

age gauge factor using Eq. 3.2.9. Lines of best fit were extrapolated to

determine a minimum detectable concentration assuming a minimum

required SNR of 3.5. (Insert, right) The fitting of the experimental (light

grey line) and derived data (dark grey line) both resulted in a minimum

detectable limit of 948 µM.

values of 3 or 3.5 [103, 106, 116]. First, an average gauge factor was

determined from the average ratio of the experimental spectroscopic
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SNR and the term necVs
√

T∗2 sin(β)Π−1 for a range of concentrations,

using sample C3 without gadolinium (Table 3.1). From this gauge fac-

tor, Λ=(4.2± 1.1)× 104 m1.5, a derived SNR was calculated. Using the

spectroscopy data, two lines of best fit intersecting the origin were con-

structed using a linear least squares regression of the experimental and

derived data; concentrations ranged from 100 to 1000 mM and r2 = 0.99

was obtained for both lines. The intersection of the lines of best fit at

Ψmin were used to estimate a minimum concentration (Fig. 3.3); this was

found to be 948 µM for both experimental and derived data.

3.4.3 Experimental detection limits

Figure 3.4: 19F signals at low concentrations. 0.4 mM and 1 mM TFA

spectra on the 9.4 T; whilst the 0.4 mM is difficult to disinguish from the

background noise, the 1 mM sample is clearly visible. Line broadening

of 5.1 Hz has been added to both spectra.

Using 0.4 mM and 1 mM of TFA, the SNRs of fluorine samples at low

concentrations were measured close to the detection limit. Both SNR

experiments used identical single–pulse sequences to all other SNR ex-

periments, with two minor changes to the parameters: BW = 5 kHz and

Nacq = 8 (for the 0.4 mM sample). The measured linewidth of the 1 mM

peak was 5.1 Hz which produced an SNR of 5.8 after optimal line broad-
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ening was applied. For the 0.4 mM peak, an SNR of 2.1 was observed

prior to adding line broadening which made it difficult to accurately

identify the FWHM (see Fig. 3.4); the same linewidth was used as the

1 mM for line broadening (LB), giving a final SNR of 3.8. For the 0.4 mM

sample, 8 acquisitions (Nacq = 8) were needed to accumulate sufficient

signal, with a single scan SNR calculated as 4.8/
√

8 = 1.7.

3.4.4 Comparing the SNR measured by MRS and MRI

Figure 3.5: Paramagnetic and susceptibility broadening effect on 19F

MRI. (a) 19F image intensity plots for C3 (424 mM and 212 mM) in a

glass bead medium (sketch) inducing susceptibility line broadening. (b)
19F images of C3 (1000 mM, 600 mM, 100 mM) with 50 mM gadolinium

added to induce paramagnetic line broadening. Images were acquired

with a gradient echo FLASH sequence (TE = 1.2 ms, TR adapted to allow

full relaxation, MTX = 64 × 64, FOV = 12 × 12 mm2, Nacq = 1, and slice

thickness = 40 mm).

To determine whether the gauge factor differed when measured by MR

spectroscopy rather than MR imaging, the experimental imaging SNR

values from MRI (Fig. 3.5) and MRS experiments were compared for the

samples containing compound C3. To introduce paramagnetic broaden-

ing, gadolinium was added leading to a maximum broadened linewidth

of 50 Hz (Table 3.2), while for susceptibility broadening, a glass bead

medium was used which caused a linewidth of 419 Hz (Table 3.3).
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1000 mM 600 mM 100 mM

Linewidth [Hz] 29.3 29.5 49.6

T∗2 [ms] 10.9 10.8 6.4

MRS SNR 2667 ± 240 1888 ± 170 266 ± 24

MRI SNR 391 ± 109 240 ± 65 37 ± 4

ΛS [×104 m1.5] 6.0 ± 1.1 7.1 ± 1.4 7.9 ± 1.7

ΛI [×104 m1.5] 4.9 ± 0.5 5.0 ± 0.4 5.9 ± 0.5

Table 3.2: Gauge factor under paramagnetic broadening. Gauge fac-

tors derived from experimental SNR data from MR spectroscopy, ΛS,

and imaging, ΛI , for sample C3 (1000 mM, 600 mM and 100 mM) with

paramagnetic broadening from a constant gadolinium concentration (50

mM). The linewidth is the spectral linewidth at full width half maximum

(FWHM). The model provides largely consistent gauge factors for both

imaging and spectroscopy experiments separately.

424 mM 212 mM

Linewidth [Hz] 419 396

T∗2 [ms] 0.77 0.80

MRS SNR 342 ± 31 162 ± 16

MRI SNR 28 ± 6 13 ± 3

ΛS [m1.5 ×104] 6.8 ± 1.7 6.2 ± 1.6

ΛI [m1.5 ×104] 7.5 ± 1.9 7.5 ± 2.1

Table 3.3: Gauge factor under susceptibility broadening. Gauge factors

derived from experimental SNR data acquired with MR spectroscopy,

ΛS, and imaging, ΛI , for sample C3 (424 mM and 212 mM) with sus-

ceptibility broadening through a glass bead medium. The broadening

effect of the glass beads is demonstrated by the large linewidths and the

sharply reduced SNR values.
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3.4.5 Alternative T∗2 measurement

A series of proton T∗2 MGE images were used to estimate the fluorine T∗2
value, from a ROI, for the SNR in Eq. 3.2.12 (compound C3 at 424 mM

concentration in Fig. 3.5); T∗2 was found to be 0.72± 0.21 ms. Assuming

susceptibility line broadening is the dominant broadening mechanism

in the glass bead sample, ∆ν ∝ γ, such that T∗2 ∝ γ−1. From this, the

fluorine relaxation value was estimated to be T∗2 = 0.81± 0.08 ms. By

comparison, the direct measurement of the fluorine linewidth yielded

T∗2 = 0.77 ms (Table 3.3). Using the fluorine T∗2 estimate from the proton

images, the fluorine linewidth was ∆ν = 393 ± 38 Hz compared with

419 Hz from the actual fluorine sample spectrum.

3.5 Discussion

3.5.1 Spectroscopy and imaging gauge factors

The gauge factor was found to be largely independent of the measure-

ment technique for the same specific coil, for spectroscopy or imaging,

which means that spectroscopic measurements – rather than an imag-

ing experiment – are sufficient to predict SNRs. Furthermore, signal

processing in spectroscopy (line broadening) and imaging (sine squared

window function) produced a similar SNR increase, in agreement with

recent work by Jacoby et al. [142]. The gauge factor was confirmed to

remain largely stable for a range of samples with different structures and

fluorine concentrations. Even under the more "extreme" conditions stud-

ied (paramagnetic broadening with high concentrations of gadolinium

and susceptibility broadening in a glass bead medium), the gauge factor

varied by less than a factor of two. The signal decay in these cases is no

longer mono–exponential, hence the matched filter condition assumed

in this model is no longer met. This leads to a systematic error, which

is the main reason for the discrepancy from the theoretically expected

behaviour for the gadolinium–doped samples.
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3.5.2 Line broadening, T∗2 estimations and potential pit-

falls

Figure 3.6: Effect of line broadening (LB/lb) on the SNR. (a) Line broad-

ening with factors (25–50 Hz) applied to a sample spectrum of gadolin-

ium doped sample C3, compared with the original spectrum. (b) The

optimal line broadening factor was 50 Hz, corresponding to 100 % rela-

tive line broadening to FWHM. The SNR and FWHM values follow the

expected relation SNR ∝ (T∗2 )
0.5 ∝ FWHM−0.5 (Eq. 5). The SNR was

found to reduce to 96 % of the maximum value for a line broadening

value set at 80 % of the value of the FWHM line broadening value. Since

the spectrum is broadly symmetrical, a 20 % variation in line broadening

corresponds to a reduction in SNR of 4 %.

The SNR is inversely proportional to the square root of the linewidth of

the signal and therefore robust over a range of line broadening factors as

illustrated in Fig. 3.6. This is important for in vivo situations where it is

challenging to determine an exact T∗2 value, due to tissue heterogeneity.

In non–proton experiments the receiver gain needs to be optimized to

avoid signal clipping, since automatic receiver gain calibration is not al-

ways possible due to a low sample signal. This is particularly true when

the actual receiver gain differs from the receiver gain settings [143, 144].

For the theoretical model to be accurate, the dwell time, ∆t, between

data points must be much smaller than T∗2 , otherwise additional sys-

tematic errors are introduced. As long as this condition is fulfilled, the
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influence of the receiver bandwidth on the validity of the model is small.

We have shown that the 19F linewidth estimated from proton T∗2 images

is in close agreement with actual 19F linewidth measurements. When it

is difficult to obtain a fluorine T∗2 measurement due to low sensitivity or

in situations where a T∗2 value via a linewidth calculation from fluorine

spectroscopy is not available, a proton T∗2 measurement can instead be

used to determine the theoretical SNR.

3.5.3 Validation of detection limits

One of the most useful features of the model is the ability to predict min-

imum detectable limits. Experimental verification of the model at these

low SNR regions experimentally was important, using the 1 mM and

0.4 mM samples. From the extrapolated limits, a minimum SNR of 3.5

should be produced for a concentration 0.948 mM, and from the experi-

mental SNR data a SNR of 5.75 is observed for a 1 mM solution. Impor-

tantly, the linewidth of the two samples is different and since a sharper

linewidth will produce a higher SNR, the two values must take account

of this difference before a direct comparison can be made. Assuming

all other parameters in the theoretical model except concentration and

linewidth were the same between the predicted detection limit in Fig.

3.3 and the experimental 1 mM sample, one can deduce the SNR of the

of the sample if linewidth and concentration were identical:

SNRnew ∝ SNR5.75
cpre

c5.75

√
∆ν5.75

∆νpre
= 5.75× 0.95

1

√
5.1
7.4

= 4.5 (3.5.1)

where the subscripts ”5.75” and ”pre” indicate parameters from the ex-

perimental sample and the extrapolated model based on high SNR data

respectively. There is an approximate 20% difference between the new

SNR and the minimum detectable predicted SNR of 3.5 which, when

taking into account errors in concentration during the set–up, indicates

that the model is robust in predictions at low SNRs. A rigorous analysis

of Rician effects was not incorporated into the spectral analysis for these

samples, since the main objective for this experiment was to establish

whether the model had provided sensible detection limits (rather than
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establish the minimum detectable concentration of TFA for our experi-

mental setup).

A review article by Amiri et al. [145] compared several fluorine studies

and calculated the minimum detectable fluorine per cm3 for each, giving

an overview of the different limits for different compounds. Detection

limits are generally of the order of 100 mM, but direct comparison is

difficult due to varying field strengths and coil and experimental set–

ups.

3.5.4 Towards in vivo and limitations of the study

In vivo, loading a coil with a patient introduces signal losses in terms of

both the Q factor and the SNR (due to additional noise contributions)

[129]. Further adjustments for the theoretical model could account for

this by using a phantom or calibration standard which has a similar Q

factor to typical in vivo values when calculating the gauge factor. A pre–

clinical study at 3 T used a CuSO4 phantom in a solenoid coil to provide

a Q factor of 89, compared with a Q factor of 84 when imaging a rat

[146]. Due to the square root dependence of the Q factor on the SNR,

small differences will have negligible impact on predictions using the

model. If the Q factors for a loaded and unloaded coil can be measured,

these can be factored into Eq. 3.2.5 [147], such that it becomes:

Ψ =
cNAneγh̄2Vs

16

√
QL

QE

K2µ0ω3
0πT∗2

VcFk3
BT3

sin(β) . (3.5.2)

Typical values of the Q factor for loaded and unloaded surface coils at 7

T in a pre–clinical scanner vary by a factor of around 4, so consideration

of the reduced Q factor is important in these cases [148]. The in vivo

sample thermal noise should be accounted for in the model, as stated

previously, since the SNR would be reduced even if a similar Q factor

for patient and sample was exhibited. This would require a measure of

the noise by performing a single in vivo experiment and measuring the

SNR; since the thermal noise is independent of the MR field strength, it

would contribute a constant factor which could be subsumed into the

equations.
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Additional complications in vivo are the long T1 times of fluorine com-

pounds and use of the appropriate detection circuit. Typically used flu-

orinated molecules have a long T1, of the order of seconds, which limits

sensitivity and can be problematic for in vivo studies [149]. However,

the use of paramagnetic substances to modulate the fluorine signal for

improved sensitivity has been shown to be a promising approach to this

issue [150]. Gauge factors calculated using solenoidal or surface coils

will be different and it may be difficult to model the filling factor and de-

tectable coil volume accurately. For surface coils this is especially true,

and it is important to make sure the detection field is as homogenous as

possible by using a B1 map to ensure correct estimations which are not

heavily spatially dependent [151].

In the presented theoretical method any temperature related effects have

been excluded, since the samples were measured in identical conditions

in a temperature controlled environment. However, the SNR is propor-

tional to T−1.5 where a factor of T−1 is contributed by the sample magne-

tization and a factor of T−1/2 is caused by thermal noise. A fluorinated

compound administered in vivo could result in a SNR decrease of up

to 5% compared to a room temperature measurement if coil and sam-

ple are independently controlled. By heating the reference sample to the

temperature of the environment of the desired fluorine experiment such

a systematic error is avoidable.

3.5.5 Summary and applications

A simple theoretical method to determine an estimate of detection lim-

its for a given 19F MRI set–up based on cheap and readily obtainable

reference standards has been demonstrated, allowing extrapolation to

more expensive or valuable compounds. Known properties of potential

sensors, such as number of fluorine atoms per molecule or possible T1

value, could be used in the model to predict the sensitivity of a future

set–up. The theoretical model outlined was validated over a range of

experimental conditions and a gauge factor, constant for a given MRI

setup, needed to be determined once. This theoretical model is not in-
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tended to replace the use of a reference standard in vivo, but can provide

sensitivity information prior to an experiment, without having to use

fluorine probe material to estimate the detection limit. Additional fac-

tors for in vivo experiments need to be considered but the model should

provide the starting point for sensitivity estimates. Although demon-

strated for 19F experiments, the presented approach is not limited to this

nucleus. In principle, the same method could be applied to any nuclei

of interest in magnetic resonance. Independent calibrations are required

for every probe used on a particular spectrometer and, in case of broad-

band probes that are sometimes employed in microimaging, for nuclei

with significantly different gyromagnetic ratios.

A possible application of predicting fluorine SNR and concentrations

could be found in quantifying fluorine labelled cells. As previously

mentioned, quantification of minimum detectable cell numbers in cell

labelling studies rely on the assumption that all labelled fluorine is de-

tectable in an MR acquisition [152]. In situations where fluorinated com-

pounds interact with cells to produce short T2 values, some fluorine sig-

nals are not visible and this can lead to under–estimation of the number

of labelled cells [113, 153]. With the theoretical model, expected and ac-

tual fluorine content can be compared and differences could imply un-

derlying biological processes occurring.
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CHAPTER 4

Characterisation and

development of a 19F MRI sensor

for enzyme detection

4.1 Introduction

Identifying biomarkers of pathological disease is one of the key goals

in modern molecular imaging and medicine [154], with enzyme activity

currently being investigated as a promising indicator of abnormal func-

tioning in living systems. Matrix metalloproteinases (MMPs) in partic-

ular have been identified as a possible biomarker for tumour stage or

cancer type [155], as well as indicators of disease severity in neuroin-

flammatory disease [156]. The ability to detect changes in MMP levels in

vivo could allow for earlier diagnosis of cancers and neurodegenerative

diseases and provide greater information for disease prognosis.

Several imaging methods have attempted to monitor and detect MMPs

in vivo using near–infrared (NIR) optical imaging probes [157], as well

indirect measurement of MMP inhibitors through 111I PET compounds

[158]. However, optical techniques have limited tissue penetration and

current PET probes are at a very preliminary stage of investigation [159].

There is currently no established, non–invasive method available to mon-

itor MMP activity in vivo.

As demonstrated from the literature in Chapter 2, fluorine MRI offers
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a non–invasive imaging modality with high molecular specificity for a

number of biomedically relevant molecules and compounds. In partic-

ular, the use of paramagnetic chelates to modulate fluorine signals in

different molecular environments has been successfully demonstrated

in vitro [60]. Based on a similar mechanism, Prof Neil Thomas and Dr

James Krupa synthesised a MMP–sensitive sensor [160] and it was my

task to characterise and investigate its MR properties.

Thus, the overarching aim of this chapter was to identify the presence

of MMPs in a solution using a 19F MR molecular sensor and characterise

signal changes associated with the molecular detection. Furthermore,

two observable characteristics of the sensor signal upon molecular de-

tection were hypothesised: firstly, that an increase in the 19F T1 value

of the sensor will be observed after exposure to MMPs, due to cleavage

and an increased distance from the gadolinium moiety; secondly, that a

sharpening of the fluorine lineshape will occur along with a decreased

FWHM, since the broadening effect from the gadolinium is reduced. A

secondary aim of this work was to investigate the possibility of transla-

tion to pre–clinical set–ups for in vivo experiments.

This chapter is organised as follows. Firstly, a description of the role of

MMPs as a molecular target is outlined, with the composition and mech-

anism of the 19F sensor explained. The method and results of high field

experiments on the MMP sensor are described, with timecourse and T1

experiments chosen to characterise the function of the sensor. Finally, a

fluorine surface coil which I built is tested on a pre–clinical animal scan-

ner to assess future prospects of applying the sensor to an in vivo study.

The theoretical contributions to fluorine sensitivity detailed in Chapter

3 are utilised to extrapolate detection limits for the pre–clinical scanner.

Conclusions and future prospects for the sensor are then discussed with

potential changes highlighted.
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4.2 Matrix metalloproteinases (MMPs): background,

detection and a novel sensor

4.2.1 MMPs

MMP structure

Figure 4.1: Structural diagram of MMPs and related proteases from

[155]. MMPs consist of a signal peptide and catalytic, propeptide, and

hemopexin regions. Other proteases such as the disintegrin and metal-

loproteinases (ADAMs), disintegrin and metalloproteinases with throm-

bospondin motif (ADAMTs) and membrane bound MMP (MT–MMP)

subgroups have additional functional sections, including cysteine rich

regions and cytoplasmic tails. These proteases provide a similar func-

tion to MMPs in terms of ECM modelling.

MMPs are a group of zinc dependent endopeptidases which are involved

in a range of processes within the body, including normal growth and

wound repair, and play a key role in the development of many different

pathologies including cancers. The prefix of "matrix" relates to the prin-

ciple role of this protease group which is the remodelling of extracellular

matrix (ECM). The ECM refers to the collection of macromolecules which

form a physical support network or matrix between cells and tissues,

and provide a pathway for cell migration [161]. MMPs are generally

found extracellularly, but certain MMPs have been found to be active in-
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tracellularly, playing a role in cell apoptosis (MMP–1 [162]), and being

present in cardiac myocytes (MMP–5 [163]). There are 23 MMPs present

in humans and a similar structure is found for most MMPs, consisting

of four distinct sections: a propeptide section; a hemopexin region; a

catalytic region; and a signalling peptide (Fig. 4.1).

MMPs are produced in a latent form, as pre–proenzymes, which re-

quire activation. Firstly, the signalling peptide is removed to form the

proMMP, referred to as a zymogen or inactive enzyme precursor. The

signalling peptide is used to guide the enzyme within a cell’s cytoplasm,

with the proMMP preserving the enzyme until disruption or removal.

The proMMP contains a cysteine bond, which whilst chelated to the zinc

ion renders the MMP inactive. Upon removal of the bond, in a process

known as the" cysteine switch", the MMP is activated; this switch can be

activated by plasmins as well as other MMPs. The hemopexin (a heme

binding protein) section of MMPs determines the substrate specificity

to the particular MMPs which may cleave it. In the body, the regula-

tion of activation and inhibition of MMPs is controlled in part by tissue

inhibitors of metalloproteinases (TIMPS) [164], which themselves have

been targeted as an indirect measure of MMP activity with molecular

PET probes.

4.2.2 MMP role in the hallmarks of cancer

MMPs have been implicated as the leading mediators of cancer progres-

sion, responsible for the observable changes in the tumour microenvi-

ronment [166]. They have been identified to be involved in each of the

characteristic hallmarks of cancer and are upregulated in every known

type of cancer [167]. Examples include circulating MMP–7 levels which

have been correlated with a poor prognostic outcome in bladder can-

cer as a molecular marker, with highest levels being found in a grade

IV tumour [168]. A meta–analysis found that positive tumour derived

MMP–2 levels in ovarian cancer patients were indicative of a lower sur-

vival rate compared to MMP–2 negative tumours [169]. Fig. 4.2 shows

the myriad of MMPs involved in breast cancer, and the variety of origins
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Figure 4.2: Diagrammatic representation of the cells and correspond-

ing MMPs activated in breast cancer from [165]. MMPs are transported

and regulated through several immune cells which respond to chemi-

cal signalling from the surrounding tumour site, such as inflammation

areas.

of the the different MMPs.

Tumour invasion

The invasion of a tumour into tissue and blood vessels (intravasation)

characterise the initial stages of cancer growth, requiring remodelling

of the ECM, regulated by MMPs. Critically, this invasive behaviour in-

cludes the reordering of random collagen fibre arrays, and the bulk clear-

ance of collagen fibres in the bound ECM layer with studies showing that

MMP–14 actively facilitates this process [170].

Tumour vasculature – angiogenesis and vasculogenesis

Tumours require a blood supply to continue growth. A prominent fea-

ture of tumour progression is therefore the acquisition of blood vessels

from existing vessels (angiogenesis) and the formation of new blood ves-
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sels from endothelial cells (vasculogenesis). An important signalling

protein in this process is the vascular endothelial growth factor (VEGF),

whose bioavailability is dramatically increased by local MMP–9 activity.

The presence of MMP–9 itself is due to local inflammation which attracts

immune cells carrying the MMP. This begins the complex process of an-

giogenesis, which is often known as the "angiogenic switch" [171]. Stud-

ies have shown MMP–9 to be an important component in this switching,

through the angiogenic changing of normal islet cells to produce VEGF

in a transgenic mouse model [172]. MMP–2 has also been positively cor-

related with increased VEGF in gastric carcinoma samples, linked to an

increased venous invasiveness and tumour vasculature [173].

Evading apoptosis

Apoptosis is the programmed death of cells, mediated by extracellu-

lar receptors, such as the Fas receptor (FasR), which tumours attempt

to evade in order to increase cell numbers. MMP–7 has been shown

to cleave FasR adhesion to doxorubicin treated cancer cells, reducing

the intended apoptosis [174]. Doxorubicin is a chemotherapeutic drug

which interacts with DNA to reduce cell replication. Mouse models

of pancreatic acinar–to–ductal metaplasia showed that MMP–7 deficient

mice displayed inhibited tumour cell growth [175].

Immune system circumvention

A depressed immune response is a common feature observed in cancer,

in which the normal immune responder activity (T–lymphocytes, nat-

ural killer (NK) cells, neutrophils and macrophage activity) is reduced,

allowing more aggressive cancer progression. T cells rely on interleukin–

2 receptor α (IL–2 α) as an essential receptor for proliferation and it has

been suggested MMP–9 and MMP–2 downregulate IL–2 α, mediating

cleavage from cancer cells [176].

MMPs can also boost cancer cell resistance to NK cells, by cleaving the

α1-proteinase inhibitor (αPI) to produce a reactive molecule which then

modulates NK activity. MMP–1, –3, –8, –11 and –7 all effectively cleave

αPI but MMP–7 is the most efficient protease to do so [177].
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4.2.3 Methods for MMP detection

MRI

The first MRI responsive sensor for MMP–7 detection used a water ac-

cessibility mechanism [178], which is activated upon cleavage by the

MMP. A mouse tumour model overexpressing MMP–7 and an identi-

cal tumour cell line with negligible MMP–7 levels were injected subcu-

taneously with several agents to investigate whether signal differences

could be detected between MMP specific and unspecific sensors. In-

jected agents were a proteinase modulated contrast agent (PCA)–7, a

scrambled version of PCA–7 (i.e. a peptide sequence which should not

be cleaved by the MMP) and a Gd–DPTA compound. A small differ-

ence was observed between the scrambled and PCA–7 sensors, yet the

distinction between MMP–7 positive and negative animal models was

unclear due to large signal variability. The clearest measure presented

in the study was obtained by taking the difference in slope of an inten-

sity time–plot for each sensor, yielding a 15 % change between the PCA

switch and the scrambled version. Later work by the same author used

a similar solubility mechanism but targeted MMP–2 instead [179].

MMP–9 has been targeted in vitro using a different MRI approach. Iron

oxide coated nanosensors with MMP ligands were modified to cluster

together and affect T∗2 relaxation values after cleavage by the MMP. By

measuring the signal intensity in a T∗2 weighted image acquired every 15

s after MMP addition, a signal decrease of 80% was observed at a sensor

concentration of 300 nM [180]. An interesting approach developed by

Silvio Aime’s group uses a ratiometric approach to detect MMP–2, us-

ing the ratio of the T2 and T1 values of a chelated gadolinium to detect

cleavage of an MMP substrate [61]. The chelated gadolinium is bound

initially to a large molecular liposome system (around 80 nm in size)

with reduced mobility and short relaxation values; upon MMP–2 ad-

dition, the gadolinium chelates are cleaved and dispersed, increasing

relaxation. Approximately a four–fold increase could be observed us-

ing this effect between the cleaved and uncleaved states, due to the in-

fluence of the paramagnetic ion (see Chapter 2 for more details of this
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mechanism).

19F methods are particularly promising for detecting molecular changes,

especially due to the low background signal encountered in vivo. An

"On/Off" aggregation approach, which modulates T2 significantly, al-

lowed detection of a fluorine signal associated with MMP–2 cleavage

[181]. Fluorine nanosensors were synthesised to self–assemble into a

large aggregation structure which could be deconstructed and dispersed

upon MMP contact. A measurable signal in both NMR and MRI demon-

strated the mechanism. A 19F MMP sensor was recently published using

the same idea as our sensor, with a GdIII chelate to quench the fluorine

signal, modulated by cleavage of an MMP substrate between the chelate

and fluorine source [73].

Other imaging modalities to monitor MMPs

FRET and optical imaging

Figure 4.3: FRET principle demonstration for caspase–3 activity from

[182]. The donor and acceptor are linked using a caspase–3 substrate,

such that the distance between the two is small and allows a high FRET.

Caspase activation will cleave the donor–acceptor linker and increase

their distance, thus decreasing the FRET. This mechanism allows for the

differentiation between an active and inactive caspase molecular envi-

ronment.

The "On/Off" principle used in MRI contrast sensors is analogous to
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a physical mechanism used for over 50 years in biochemistry, known

as Förster Resonance Energy Transfer (FRET) [183]. In FRET, two fluo-

rescent molecules in close proximity to each other interact by transfer-

ence of virtual photons, from the excited molecule (the donor) to the

other molecule (the acceptor). The efficiency of this transfer is depen-

dent upon r6, where r is the distance between the fluorescent molecules.

Thus, if molecules are close to each other, the transfer efficiency is high.

For FRET to occur, the emission spectrum of the donor molecules must

overlap with the absorption spectrum of the acceptor. Irradiation of the

donor then allows energy transfer from donor to acceptor, and the ac-

ceptor may then emit radiation at the acceptor frequency (Fig. 4.3).

FRET has been used to demonstrate MMP activity, using genetically en-

coded fluorescence indicators. Yang et al. [184] showed that MMP–

2 cleavable acceptor and donor molecules attached to cellular surfaces

exhibited different fluorescence intensities between MMP inhibitor and

control samples. Later work in this area demonstrated the same princi-

ples applied to monitoring MMP–9 activity [185].

Optical imaging using fluorescent reporter probes has also been success-

ful in detecting MMPs in certain in vivo studies. This form of optical

imaging does not rely on a donor–acceptor set–up, but needs only a flu-

orescent probe which emits radiation at a given frequency; in the same

way as 19F MRI, this method uses the probe as a marker of uptake in vivo.

Fig. 4.4 shows the application of an optical NIR study to detect tumours

in a mouse cancer model. A study in 2001 by Tung et al. [157] showed it

is feasible to image MMP–2 activity for an in vivo mouse tumour model,

with a fluorescent imaging probe, showing an 850 % increase in signal

intensity. The presence of MMP–7 has also been investigated using an

optical probe, with a 60 % reduction in fluorescence intensity after addi-

tion of an MMP inhibitor [187].

Positron emission tomography (PET)

Positron emission tomography is a nuclear medicine technique which

uses positron (β+) emission to trace radionuclides in vivo. Upon emis-

sion, positrons travel short distances in the body before dissipating en-

ergy and finally interacting with electrons clouds from nearby atoms.
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Figure 4.4: NIR imaging reveals differences in signal between MMP

inhibitor treated and untreated tumour xenografts from [186]. The

upper image shows the raw NIR image, in which the difference between

treated and untreated models is more apparent in the scaled colourbar

image below. A statistically significant intensity difference of 100 % was

found between the two models.

This interaction results in annihilation of both electron and positron, pro-

ducing two γ photons in opposite directions, each with an energy of 511

keV. A series of scintillation crystals positioned around the body detect

the emitted radiation, using time–of–flight algorithms to determine the

position of the emitted positron; Fig. 4.5 depicts this process.

For ionising MMP imaging, most approaches rely on being able to track

MMP inhibitors (MMPIs), observing the location of the radiolabelled in-

hibitor rather than the MMP itself. PET studies have shown increased

uptake in tumour tissues compared to other organs using an 18F–labelled

89



CHAPTER 4: CHARACTERISATION AND DEVELOPMENT OF A 19F MRI
SENSOR FOR ENZYME DETECTION

Figure 4.5: Principle and detection method of positron emission to-

mography from [188]. The radioactive nucleus emits the positron which

then annihilates with an electron, producing two γ rays. The position at

which annihilation occurred can be inferred using a ring of photon de-

tectors around the radionuclide. A neutrino, ν, is also emitted but plays

no part in the PET detection process.

MMP–2 inhibitor [189], indicating increased MMP–2 levels in such tis-

sue. 11C has also been utilised as a radioactive source to target MMP

activity, with MMP–2 inhibitors being targeted as markers of MMP–2

activity [190].

Recent PET studies have been able to directly target MMPs, with Kondo

et al. [191] using a MT–1 MMP 18F PET imaging probe in a mouse tu-

mour model. A cleavable PET probe with a PEG moiety, linked via a

MMP substrate peptide, was designed to prevent the probe being taken

up by cells . Upon contact with MT–1 MMPs, the PEG section is removed

and the 18F source may be uptaken by tumour cells. A high MT–1 MMP

activity tumour xenograft on a mouse hind leg showed greater positron

emission than a low activity tumour on the same animal.
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Figure 4.6: General chemical structure of our novel MMP sensors, from

[160]. The three components are clearly shown: the gadolinium chelate

which acts as the relaxation agent; a peptide sequence specific to MMPs;

and a fluorinated amino acid source of signal.

4.2.4 19F MMP sensor

A large section of the work presented in this thesis is based on the char-

acterisation of a MMP enzymatic sensor (see Fig. 4.6 for the general sen-

sor structure), and the principle and components of this novel sensor are

described below.

MMP sensor principle

Based on a similar mechanism to previous literature [60], a MMP sen-

sor design was synthesised by Dr Krupa which consisted of three linked

parts: a gadolinium chelate; a fluorine source; and a peptide linker. In

the initial form, the fluorine signal is quenched or dampened due to

the proximity of the paramagnetic gadolinium (known as the PRE ef-

fect). This state is termed the "Off" state. Upon MMP addition, the

peptide sequence will be cleaved and the distance between the fluorine

and gadolinium is increased, such that the relaxation is decreased. This

mechanism is shown pictorially in Fig. 4.7.

MMP peptide sequence

The specificity of MMPs to a given MMP substrate is well established

from earlier fluorescence work and a range of MMP substrates were
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Figure 4.7: Mechanism of MMP fluorine sensor. In the bound state,

the fluorine source is in close proximity to the gadolinium chelate. This

causes a broad fluorine lineshape, due to the PRE, with a low signal in-

tensity in an MR image. Upon contact with MMPs, the peptide linker is

cleaved and the fluorine source is no longer bound to the chelate. This

acts to increase the distance between the chelate and fluorine, reducing

the PRE and decreasing the linewidth of the fluorine signal. The signal

intensity is now greater than before MMP addition. The low MR signal

state is often referred to as the "Off" image and the increased contrast

after sensor cleavage is termed the "On" image.

therefore available, including: a generic MMP sequence [192] and an

MMP–2 and –9 (2/9) sequence [193]. Additional sensors used in this

work included substrates for MMP–7 [194] and MMP–1 [195]. These

substrate sequences are composed of several amino acids and were syn-

thesised using solid phase peptide synthesis (SPPS) techniques.

Gadolinium chelate and fluorine source

The paramagnetic agent used in our sensor is chelated gadolinium bound

in a DOTA cage, based on a modification of a commercially available cy-
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clen compound. The fluorine source used is based on a fluorinated ben-

zylamine compound with six identical fluorine atoms; other fluorinated

amino acids were investigated by Dr Krupa to improve the sensor’s sen-

sitivity but problems were found in attaching the three sections together.

4.3 MMP sensor characterisation

4.3.1 Methods and image processing

The next section of this chapter will detail the characterisation process

taken for the fluorine sensor, beginning at initial incubation with MMPs,

with later sections assessing the potential of translation to a pre-clinical

approach. The literature review in section 4.2 helped inform the ex-

perimental procedure for probe characterisation, highlighting previous

approaches and potential challenges. A high field strength was used

for characterisation experiments consequently, since poor fluorine sig-

nal was reported in lower field strength studies. To study signal changes

as a consequence of molecular changes, the standard procedure in fluo-

rine studies is the acquisition of a range of timepoints and to compare

SNR or intensity over a given timecourse [60, 73]. T1 changes are indica-

tive of molecular changes and experiments to measure T1 values before

and after MMP addition were also performed.

Sample preparation

For both of the main probes of interest, the MMP–generic and MMP–

2/9 sensors (see Fig. 4.8), it was decided that MMP–9 would be used as

the enzyme of choice to cleave each fluorinated sensor, since both amino

acid chains would act as a substrate to the MMP.

Two types of NMR samples were prepared by Dr J Krupa, namely "D2O"

samples and "H2O" samples: D2O samples consisted of 100 % distilled

deuterated water (D2O) by solvent volume; H2O samples were 90 % dis-

tilled water (H2O) and 10 % D2O by volume. The presence of deuterated

water was needed to avoid 1H spectra dominated by a water solvent
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Figure 4.8: MMP–activatable 19F MR sensors. (a) Sensor sensitive to

all types of MMP (generic sensor); (b) Sensor sensitive only to MMP–

2/9. The general structure of the sensors show a chelated gadolinium

ion attached via a peptide chain, shown here with specific amino acids

making up the linker, to a fluorinated amino acid.

signal as well as being used for shimming of the magnetic field.

To simulate a more realistic physiological temperature, some samples

were heated and kept at 310 K for around 30 minutes prior to addition

of MMP–9 and during the experiment; for samples scanned at tempera-

tures of 298 K, no additional heating was required. Heating was gener-

ated using an in–built heating system inside the spectrometer.

Each sample had MMP–9 added to it at the beginning of each timecourse

experiment, with the solution of MMP–9 being activated [160] and di-

luted to a concentration of 10 µg/mL prior to addition. The concentra-

tion of MMP in the NMR sample volume was always approximately 20

µM. After each use, the MMP–9 stock solution was stored at - 20◦C for

future use. MMP sensor concentration in prepared samples was 100 µM.
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High resolution NMR spectrometry methods

Initial characterisation of the MMP sensors were performed on a high

field NMR system, a 600 MHz Bruker Avance III spectrometer with a

tuneable multi–frequency birdcage probe (1H and 19F tuneable). All

samples used in this apparatus were contained within a thin–walled 5

mm NMR tube, with a volume of around 600 µL.

To study the fluorine lineshape and intensity after MMP cleavage, ex-

periments were devised such that a fluorine spectrum is acquired at a

number of discrete timepoints over a long timecourse, beginning at the

points of MMP addition (t = 0). A 2–D timecourse experiment was de-

vised in which a series of 1–D spectra were acquired over a period of

time, using a simple pulse/acquire "zg" sequence, and then collated into

a single dataset. The pulse sequence and parameters were set using the

scanner’s Topspin 3.0 software, with the following parameters for the

timecourse experiment: resonant frequency = 564.65 MHz, Nacq = 32,

BW = 250,000 Hz, TD (number of points in the time domain) = 277,762,

dummy scans = 4, TR (per scan per 1–D spectra) = 2.5 s, number of 1–D

spectra acquired = 400. The maximum peak intensity in each 1–D spec-

trum was recorded and normalised to the maximum intensity achieved

for all spectra in the timecourse. A simple exponential was fitted to the

intensity data points following y = 1− ae−bt + c, where y is the signal

intensity and a, b and c are fitted parameters.

For experiments measuring the T1 of samples, a standard inversion re-

covery experiment ("T1ir") was modified for our specific MMP addition

set–up: TR = 2.5 s, Nacq = 288, BW = 16892 Hz or 29.9 ppm, TD = 16384,

resonant frequency = 564.65 MHz and a variable delay list containing

16 or 24 inversion times from 1 ms to 8000 ms (depending on whether

a post– or pre–cleavage experiment respectively). From the hypothe-

sis stated earlier, it was anticipated that there would be two distinct

types of T1 values; previous literature of pre–protease cleavage values

are around 100 to 102 ms, with post-cleavage values expected to be ≥
350 ms [60, 196]. Consequently, the set of inversion times were adapted

to adequately capture changes for post–cleavage samples, with a larger
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parameter set for pre–cleavage samples.

Post–processing of T1 data was performed by extracting the raw data

from Topspin into Matlab and using a curve fitting tool ("cftool") to es-

tablish T1 components from a fitted curve. The curve fitting tool in Mat-

lab used a Levenberg–Marquardt algorithm (LMA), commonly used to

solve non–linear least squares problems, to find the T1 components from

a T1 inversion recovery experiment. For a single T1 component, a single

exponential was used to model the intensity as a function of time:

y = a(1− be−t/T1a + c) (4.3.1)

where a, b and c are variables in the fitting process, y is the intensity

given in arbitrary units and T1a is the T1 value of a single component for

a sample. For situations in which there are believed to be two separate

T1 components,

y = a(1− be−t/T1a + (1− b)e−t/T1b + c) (4.3.2)

can be used, where T1b is the T1 value of the second component in a

sample. It is important to note the form of the co–efficients for each ex-

ponential, which are b and (1− b) for the first and second exponential

respectively. By constraining these co–efficients in this way, it is implied

that the T1 intensity observed is the linear sum of the two exponential

components, i.e. b + (1− b) = 1. In this model it is assumed that af-

ter MMP addition, A + B → A + B where A and B represent two dis-

tinct components i.e. there are no additional components present in this

model. Fitting using the two component model does not require two

components to be calculated but allows for up to two to be found de-

pending on the optimal fit.

9.4 T MRI system and associated methods

Imaging was performed on a 9.4 T Bruker Avance III microimaging sys-

tem with Paravision 5.1 imaging software and Topspin 2.0 spectral soft-

ware (Bruker Corporation, Billerica, Massachusetts, USA). The same 19F

coil used in Chapter 3 for investigating the SNR was used, with a single

NMR tube filled with 600 µL of MMP solution (concentration of sensor
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(a) (b)

Figure 4.9: Changes in sensor lineshape after MMP addition. A se-

ries of 1–D spectra were acquired separately for the generic MMP (a)

and the MMP–2/9 sensors (b), with single spectral acquisitions every 1.5

minutes, to map spectral changes over time. A sharpening of the most

prominent fluorine peaks is visible along with an increased intensity. In-

tensity values are in arbitrary units, with ppm values given relative to

ppm downfield from 0 ppm (frequency ∼ 564.686388 MHz).

was 1 mM). After the fluorine signal from the MMP probe was iden-

tified on Topspin, a single image was acquired on Paravision over an

extended period of time (due to the low signal and the requirement for

a large number of averages).

The sequence used a FLASH scan with parameters: TR = 15 s, TE = 10

ms, Nacq = 128, BW = 5 kHz, resonant frequency ∼ 376.522 MHz and

FOV = 40 × 40 mm2.

4.3.2 Results: Timecourse and T1 experiments

Spectral lineshape acquisition

To observe the effect of MMP addition on the fluorine lineshape, a 1–

D spectra was acquired every 1.5 minutes, comparing the changes in

linewidth and intensity over 400 acquired spectra for the generic and

2/9 MMP sensors at 310 K, in a 90 % H2O/10 % D2O solution. The

linewidths at the t = 0 were chosen as the minimum linewidth and once
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the intensity had flattened out, the linewidth was at that point selected

as the maximum linewidth of the 2–D acquisition, illustrated in Fig 4.9.

The MMP–2/9 sensor linewidth decreased from between 120 Hz and 50

Hz to 17.6 Hz, and from Eq. 3.3.1 this is a change from between 6.4 ms

and 2.6 ms to 18 ms. For the generic MMP probe, the linewidth changed

from between 138 Hz and 51 Hz to 13.4 Hz, giving an increase from

between 2.3 ms and 6.3 ms up to 23.8 ms. The uncertainty in the ini-

tial linewidth is dependent upon which section of the spectra is used

to measure the FWHM, an issue discussed later. Nevertheless, a clear

sharpening effect on the linewidth was apparent, with an intensity (and

consequently SNR) increase of at least a factor of two.

Figure 4.10: Temperature increases reaction rate for MMP–2/9 probe.

The sensor was incubated in three different conditions (298 K in 100 %

D2O; 298 K in 90% H2O and 10 % D2O; 310K in 90 % H2O and 10 % D2O),

with MMP–9 added at t = 0. The sample at 310 K shows the steepest

intensity curve initially, reaching the maximum value the quickest.

For both MMP–2/9 and generic MMP probes, a series of three sepa-

rate samples were used to explore the effect of temperature and solvent

on the temporal signal intensity after MMP addition: one sample was

scanned at 310 K in 90 % H2O; one sample was scanned at 298 K in 90

% H2O; one sample was scanned at 298 K in 100 % D2O. The tempera-
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Figure 4.11: Reaction rate of generic MMP probe under different sol-

vent and temperature conditions. The peak height intensities of the flu-

orine spectra are shown to increase over time, with the intensity gradient

indicative of the reaction rate. Three sample conditions shown are: 298 K

in 100 % D2O; 298 K in 90 % H2O and 10 % D2O; 310K in 90 % H2O and

10 % D2O. An unusually shallow gradient is noted for the 310 K sample,

compared to relatively fast reaction rate for the 310 K sample in Fig. 4.10.

tures were chosen to be: the ambient temperature of the air in the NMR

facility, 298 K; and a physiologically relevant temperature, 310 K (37 ◦C).

The effect of D2O in the samples was found to decrease the rate of re-

action or the steepness of intensity curve for both types of MMP probe

(Fig. 4.10 and Fig. 4.11), compared to samples at the same temperature

in 100 % H2O. For the MMP–2/9 sensor, a higher temperature produced

a faster reaction with an intensity plateau reached in under three hours.

However, the generic MMP sample at 310 K produced an intensity curve

which was not as quickly reacting as the 298 K 90 % H2O sample, taking

almost five times as long as the MMP–2/9 sensor to finish reacting.

Longitudinal relaxation

Prior to MMP addition, a T1 IR experiment was performed for both MMP

– 2/9 and generic samples at 310 K, as well as after MMP addition and
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Figure 4.12: Justification of using multi component model for pre–

cleaved T1 data. IR timepoints taken from the pre–cleavage 310 K

generic MMP sample, with fitting performed using one and two expo-

nential component fits.

the timecourse experiments. It was found that the IR T1 curves for the

pre–cleaved samples were best modelled by fitting the two–component

exponential model in Eq. 4.3.2 (Fig. 4.12 illustrates the appropriateness

of the fitting clearly). The spectra shown in Fig. 4.9 are clearly con-

voluted with a mixture of lineshapes and it is reasonable that a single

component fit is not the most appropriate here. In this case, the T1 value

is taken as the dominant value (the exponential component which con-

tributes the majority of the T1 data). In terms of T1 values, T1 = 15.1 ms

and T1 = 12.8 ms for the pre-cleavage MMP–2/9 and generic MMP sen-

sors respectively. After cleavage, at least an order of magnitude increase

is noted with values of T1 = 961 ms and T1 = 960 ms respectively, see

Fig. 4.13.

Additional sensors: MMP–1 and MMP–7 substrates

Two additional substrates were tested in addition to the generic and 2/9

sensors, namely two sensors specific to MMP–1 and MMP–7. For the

purposes of this chapter, we are interested in only the T1 values pre– and

post–cleavage and will not repeat the full lineshape analysis conducted

for the initial two sensors. T1 IR experiments were conducted in an iden-

tical manner to those in section 4.3.2 for the four additional probes. Ta-
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Figure 4.13: Longitudinal relaxation before and after MMP addition

for MMP generic (a) and 2/9 (b) sensors. An IR experiment was per-

formed for both MMP sensors, to measure fluorine T1 relaxation times

in a cleaved and uncleaved sensor. A steeper initial IR curve is observed

in both cases for the uncleaved state, showing a distinct difference in T1

relaxation after the sensors are cleaved.

ble 4.1 details the T1 values for each component from the exponential

fitting, along with the r2 value of the fitting and the % composition to
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the T1 data which each component contributes. The composition is cal-

culated from the exponential co–efficients (b and (1− b) from the two

component model in Eq. 4.3.2).

Both the MMP–7 and MMP–1 sensors were found to have dominating

short T1 values before cleavage (∼ 101 ms), with values up to 103 ms

after cleavage; this is comparable to the MMP–2/9 and generic sensor

results.

T1 components for additional probes

Probe state and type T1 [ms] Exp. weighting r2 value

MMP–1 pre–cleavage
23 66 %

0.9977
953 33 %

MMP–1 post–cleavage 1038 N/A 0.9997

MMP–7 pre–cleavage
40 65 %

0.9905
882 35%

MMP–7 post–cleavage 1003 N/A 0.9980

Table 4.1: Longitudinal relaxation components of additional MMP

probes. Both MMP–1 and MMP–7 sensors follow the previous trend

of a dominating short (less than 50 ms) initial component before cleav-

age, with a longer (≈ 1 s) single component after MMP cleavage. N/A

indicates a single component fit was used and hence the two component

curve composition analysis is not applicable.

4.3.3 Probe imaging studies

After the MMP sensors were characterised using the high field NMR

system, a 9.4 T microimaging system was used to attempt to show the

"On/Off" mechanism using imaging for the MMP–2/9 sensor. The imag-

ing experiments were performed during development of the probes, with

limited quantity of the probes available. The initial concentrations of the

individual samples used on the 600 MHz spectrometer were below the

detectable limit of the 9.4 T scanner and in order to increase the sample

concentration to a detectable level, samples used for high field studies
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Figure 4.14: Fluorine background at 9.4 T using 19F volume coil. Fluo-

rinated glue used in the coil construction contributes a ∼ 100 ppm wide

resonance to the fluorine spectra.

were combined to produce a single sample of 1 mM concentration. These

samples had already had MMP added and had been cleaved, meaning

that a before ("Off") image was not possible to obtain, but an after ("On")

image to demonstrate feasibility of imaging the sensor was possible.

The fluorine detection coil unfortunately, but not uncommonly, contained

a fluorinated glue which contributed a very wide (small T∗2 ) background

resonance which could not be removed with phase corrections (Fig. 4.14).

However, this did not appear to significantly affect the signal from the

MMP sensor.

A very weak NMR signal from the 1 mM MMP–2/9 solution was ob-

served, shown in Fig. 4.15a, which was immediately imaged using a

FLASH scan on Paravision software, using similar parameters to the 19F

experiments in Chapter 3, allowing full relaxation. Additional changes

were: BW = 5 kHz and Nacq = 128. An overnight scan produced a faint

but observable signal, indicating that the sensor can be imaged in the

"On" state at 9.4 T (Fig. 4.15b).
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(a)
(b)

Figure 4.15: MR imaging of cleaved MMP–2/9 sensor at 9.4 T. A spec-

trum was taken to identify the MMP–fluorine peak (a), with a 19F FLASH

MR image also acquired, (b). A large number of scans were required but

a signal is visible.

4.3.4 Discussion of MMP probe results

We have demonstrated that there is a clear change in the observable flu-

orine MR parameters of both MMP–2/9 and generic MMP sensors, after

addition of MMP–9. In particular for the MMP–2/9 sensor, a 60–fold in-

crease in T1 was observed after MMP addition, as well as a 3 to 7–fold

decrease in linewidth (and consequently, a 3–7 fold increase in T∗2 ).

Linewidth and T∗2 changes

Linewidth changes after MMP addition showed a measurable difference

in value, with up to a seven–fold decrease being observed. The uncer-

tainty in fluorine linewidth due to spectral convolution meant that the

FWHM was difficult to accurately determine, with the lower estimate

of a three–fold increase being based on the maximum possible FWHM.

Other published probes noted a similar order of magnitude difference

in intensity changes from the fluorine spectra [73]. Higher intensity

changes are observed for probes with a reduced fluorine–Gd distance

[60]. The change in T∗2 was used in this study as a proxy for change

in T2 times, which is a more commonly used parameter for such mea-

surements. Our NMR study was limited in that T2 measurements were
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not available due to hardware constraints. However, the high field spec-

trometer was able to produce a very homogenous magnetic field and it

is likely that the differences between T2 and T∗2 in this study would be

small.

Probe specificity

The specificity of the sensor substrate to the specific MMP is an im-

portant feature of molecular sensors. All sequences used for the MMP

probes have been demonstrated to be specific only to the relevant MMPs

(from previously published FRET literature [192–195]). This was con-

firmed using mass spectrometry (MS), to investigate if any cleavage prod-

ucts were formed from an MMP–2/9 sensor after incubation with MMP–

12; the MS output was found to be identical for both before and after

MMP addition (data not shown).

Paramagnetic relaxation effects

The change in T1 times for all sensors exhibited the most significant pa-

rameter with which to measure the presence of MMPs, with a factor of

60 to 75 being observed (even higher than previously published probes).

This is most likely due to the increased average distance between flu-

orine source and gadolinium chelate after cleavage, reducing the PRE

effect.

The distance from the gadolinium moiety to the fluorinated amino acid

was estimated to be around 20 Å, using ChemDraw software. However,

the peptide sequence is a flexible linker which allows for rotation and

coiling; it is likely that these dynamic effects occurred during experi-

mental work. This explanation is the likely reason for the convoluted

fluorine spectra observed pre–cleavage, with less convolution apparent

after cleavage. It also provides physical justification of the use of a mul-

tiple T1 model, in that if some fluorine molecules are coiled closer to

the gadolinium than others, a stronger spin–spin interaction occurs and

hence multiple T1 components are evident.
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Density functional theory (DFT) could be used to calculate more pre-

cise configurations which, in turn with additional relaxation measure-

ments at different field strengths, could be used to calculate the fluorine–

gadolinium distance. This data has been used in previous studies to op-

timise observed relaxation times through controlling the exact fluorine–

lanthanide ion distance [197] and to estimate the reporter molecule to

lanthanide distance itself [198]; future work using our probe may in-

volve distance extension or reduction and optimisation using this method

may be necessary.

Imaging of the sensor and hardware

The imaging of the probe represents very preliminary work, and as a

result a number of sequence optimisations could be implemented. As it

was not known what order of magnitude T1 values would be observed, a

TR based on five times the value observed for TFA was taken. The com-

plicating factor is the changing T1 due to enzymatic cleavage, but this

could be used advantageously to create a mechanism in which a brighter

image is observed pre–cleavage (provided sufficient signal). For a short

TR, as the T1 increased a lower signal would be produced, compared to a

faster relaxing pre–cleavage sample, as alluded to by Schmid et al. [199].

The FLASH sequence could be used more effectively to increase the

imaging sensitivity. To do this, the repetition time must firstly be re-

duced as short as possible, which for a high field research scanner can

be around 101 ms. The Ernst angle can then be calculated based on the

ratio of the minimum TR and estimated T1 of the fluorine sample; this

angle is likely to be low since the TR/T1 ratio is likely to be much less

than 1. This would speed up the acquisition considerably, by at least a

factor of a hundred; a modest TR of 100 ms for an optimised FLASH

sequence would allow 200 acquisitions compared to a single acquisi-

tion using TR = 20 s for the exisiting scheme. The "Off" state of the

probe would exhibit an increased signal compared to the cleaved state

under this regime, where the shorter T1 of the uncleaved state leads to

less signal saturation during the rapid TR scheme. This would lead to a

decreased signal intensity upon enzymatic cleavage of the sensor.
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The most apparent disadvantage for imaging our sensor in terms of

imaging hardware is the lack of an appropriate coil for 9.4 T imaging.

The 25 mm volume coil did not efficiently enclose the sample, and from

Chapter 3, will have had a reduced filling factor and hence, reduced

available SNR. This may explain why Mizukami et al. [196] were able

to use imaging in a timecourse experiment to observe intensity changes,

since they used an 8 mm coil at 11.4 T, which will have a hugely in-

creased SNR available. Additionally, due to the availability of the sam-

ple in small amounts, we were only able to acquire an image of the "On"

state of the probe. The next step would be to demonstrate the mech-

anism by obtaining a "Off" image once more sensor material has been

synthesised.

Chemical structure

An important benefit with our sensor compared to the 19F MMP sensor

by Yue et al. [73] is the type of gadolinium complex used, which is a

relatively stable octadentate DOTA–type complex. The complex used by

Yue et al. is a less kinetically inert heptadentate Gd-DO3A complex, in

which the gadolinium is more likely to leech under acidic conditions.

Yue et al. additionally included a polyethylene glycol (PEG) linker as

part of their probe construction, in order to increase solubility. Our probe

was found to be soluble in all concentrations of up to 1 mM but higher

concentrations may require measures to increase solubility.

4.4 Towards pre–clinical implementation

Investigations into the possibility of translating the sensor towards an

in vivo set–up were conducted on an animal pre–clinical 7 T scanner,

with the aim of quantifying the sensitivity required for this translational

imaging set–up. A surface coil for fluorine and proton imaging was con-

structed, with dual nuclei imaging tested, and the detection limits for

the scanner computed using simple fluorinated compounds.
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4.4.1 Sequence parameters and sample preparation

All experiments were performed on a 7 T Bruker Biospec Avance III

70/20 USR system (Bruker Biospin MRI GmbH, Ettlingen, Germany).

Simple 1–D NMR experiments were performed to detect fluorine signal

and to measure the SNR. For this, Topspin 2.0 software was used along

with a pulse–acquire "zg" experiment. Imaging was performed using

two main sequences, a rapid imaging with refocussed pulses (RARE)

method and a FLASH method, using Paravision 5.1 software, also avail-

able on the Bruker scanner. Specific acquisition parameters are stated in

the relevant text.

Two sets of samples were used for surface coil testing experiments: firstly,

a set of three 1 mL fluorinated samples of different concentrations of

fluorine; secondly, a single 3 mL glass tube with two fluorine species

present. The three single 1 mL samples were prepared by making a stock

solution of 10 mL H2O and 0.1 mL of pure TFA (13 M concentration) and

performing three dilutions: (1) taking 1 mL of stock solution; (2) taking

0.5 mL of stock solution and adding 0.5 mL of H2O; (3) 0.2 mL of stock

solution and 0.8 mL of H2O. This produced a TFA concentration of 130

mM, 65 mM and 26 mM in samples respectively. The 3 mL sample was

prepared by dissolving 10 mg of 3,5–Bis(trifluoromethyl)benzylamine

(6FAA) powder with 0.15 mL of TFA and 0.1 mL DMSO, filled up to

3 mL volume using distilled H2O. The two fluorine sources (TFA and

6FAA) have different concentrations (650 mM and 14 mM respectively)

and different resonant frequencies.

4.4.2 19F surface coil construction and testing

A surface coil resonating at the 7 T fluorine frequency (≈ 282.6 MHz)

was constructed, by myself, at the electronics laboratory at the Sir Peter

Mansfield Magnetic Resonance Centre. Surface coils generally allow a

higher filling factor compared to volume coils and are therefore more

sensitive; for our study a greater sensitivity will mean a lower detectable

concentration which is important. The coil consisted of a printed circuit

board (PCB) divided into three sections, with two variable capacitors
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(a)
(b)

Figure 4.16: Custom–made 19F surface coil. (a) Photograph of actual

coil, showing three fluorinated samples positioned in the single loop coil,

attached to a co–axial cable. The green variable capacitors are easily ad-

justed using a suitable screwdriver. (b) Electrical component diagram of

surface coil with dashed lines indicating the separate electrical potential

regions, divided into three parts on the circuit board.
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Figure 4.17: Sensitivity differences between 1H and 19F. A FLASH scan

is used to acquire images for both nuclei where (a) is the fluorine im-

age and (b) is the proton image. The fluorine concentration, clockwise

starting from top left is 65 mM, 26 Mm and 130 mM. The water con-

centration in each sample is roughly constant. The proton image has a

vastly greater intensity due to the much larger concentration of water

compared to fluorine in the samples.

(range: 5 to 25 pF), connected to a 12 mm copper wire loop (acting as the

resonator) in a series circuit, as shown in Fig. 4.16. Fortunately, the coil

also had a tuneable H2O resonance which allowed comparisons between

the two nuclei.

Initial experiments used the three 1 mL samples bound together and

slotted inside the circular coil loop, to produce both fluorine and pro-

ton images (see Fig. 4.17). A FLASH scan was used for both images,

with parameters: FOV = 40 × 40 mm2, slice thickness = 1 mm, TE = 6

ms, flip angle = 70◦, TR = 15 s, Nacq = 8, MTX = 128 × 128. The pro-

ton scan depicts the three tubes with no discernible signal differences,

as opposed to the fluorine image which correctly identifies the different

concentrations between samples. Note that the FOV has been cropped

to accurately show the two nuclei images side by side.

The differences between gradient and spin echo methods were found to

be very apparent for proton measurements using the surface coil. The
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(a) (b)

Figure 4.18: Two different 1H imaging methods for the surface coil. (a)

a gradient echo FLASH scan, (b) and a spin echo turbo–RARE method.

The "ring" artefact in turbo–RARE method is due to excitation pulse an-

gles different to precisely 90◦ and 180◦ achieved in the darker regions.

Parameters for this sequence were: Nacq = 1, no. slices = 9, no. echos =

8, RARE factor = 8, effective echo time (TEeff) = 36 ms, TR = 2.5 s, FOV

= 45 × 52 mm, MTX = 384 × 384, slice thickness = 1mm. Similarly, the

FLASH scan is susceptible to magnetic inhomogeneities, hence the in-

homogeneous intensity across the samples. The FLASH scan used the

following parameters: MTX = 256 × 192, no. slices = 9, slice thickness =

1, Nacq = 8, flip angle = 70◦, TR = 2.5 s, TE = 6 ms, FOV = 45 × 52 mm.
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(a) (b)

Figure 4.19: Detectable volume determination of surface coil using 1H

images. (a) A coronal and (b) axial FLASH proton image of the 3 mL

sample. The axial image shows an accurate circular profile of the sample

tube. The coronal image is relatively uniform, with signal loss at the top

and bottom of the image where the detection region of the coil ends.

gradient echo method, such as FLASH, is susceptible to magnetic field

distortions and inhomogeneities and this is clear in the spatial and inten-

sity distortions in the FLASH image in Fig. 4.18a. For spin echo methods

using a surface coil, which use a 90◦ and 180◦ pulse, perfect pulse cal-

ibration is impossible since the generated flip angle varies spatially. A

banding type artefact may be produced, as in the case of the RARE scan

[200] in Fig. 4.18b, which resulted from the banded region not receiving

these exact pulses; this was in part due to B1 inhomogeneity in which

the pulse power emitted is not homogeneous across a sample.

4.4.3 In vivo MRI feasibility

The detectable volume of the coil was determined by placing the 3 mL

sample to try and fill as much of the detectable volume as possible, ex-

tending at the top and bottom outside of the detectable region. Adiabatic

pulses were used in order to reduce artefacts and to obtain an accurate

distance measurement, with axial and coronal FLASH scans acquired, as

shown in Fig. 4.19. Identical parameters to the previous section are used,

aside from the adiabatic acquire pulses. The distance measurement tool
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Figure 4.20: 19F non–localised spectrum of fluorinated compounds us-

ing a surface coil. Compounds of known concentration produce flu-

orine signals which can be used to extrapolate detection limits for the

set–up. 650 mM of trifluoroacetic acid (TFA, large peak) and 14 mM of

3,5–Bis(trifluoromethyl)benzylamine (6FAA, small peak to the right of

centre) are the two compounds visible in this experiment.
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in Paravision 5.1 software gave the following measurements: approxi-

mately 26 mm lengthways, with a circular cross–section of diameter of

11 mm, giving a total volume of 2.5 mL. This is the total available sample

which can contribute a signal.

Fluorine spectroscopy was then performed on the 3 mL sample to cal-

culate detectable limits; Fig. 4.20 shows an acquired spectrum from the

sample with the two separate fluorine peaks visible. A "zg" sequence

was used with Nacq = 8, BW = 10 ppm, TR = 20 s, pulse length = 58 µs,

pulse power = 6 dB and TD = 1024, and the SNR was measured for both

fluorine peaks present in the resulting spectrum. For TFA, SNRTFA =

2060/
√

8 ≈ 728 at c = 650 mM, and for the 6FAA, SNR6F = 94/
√

8 ≈ 33

at c = 14 mM. To calculate the concentration detection limit for this coil

and scanner for each fluorine compound, the SNR measured is scaled to

the minimum SNR, and the volume is corrected for the detectable vol-

ume available:

c6FAAmin =
SNR3.5

SNRTFA
× 2.5

3
× c6FAA = 1.2 mM (4.4.1)

cTFAmin =
SNR3.5

SNRTFA
× 2.5

3
× cTFA = 2.6 mM . (4.4.2)

These are the minimum concentrations required for a sample of 2.5 mL

to achieve an SNR of 3.5.

4.4.4 Discussion of detection limits at 7 T

The results of the detection limit study at 7 T using a surface coil show

that a limit of around 1 mM is found for a compound containing six iden-

tical fluorine atoms; this is the same number as the MMP fluorine source.

However, application of these detection limits to the MMP probe are af-

fected by two further factors: fluorine linewidth and sample volume.

The linewidth of the MMP sensor at 9.4 T was around 30 Hz (exact de-

termination difficult due to very noisy spectra) and the linewidth of the

compounds at 7 T were less than 5 Hz. Using the theoretical formula-

tion in Chapter 3, this difference in linewidth will increase the detection

limit by a factor of
√

6, to around 3 mM. The sample volume will also
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affect the detection limit, since in vivo application to a mouse or rat dis-

ease model would require small injectable volumes. For volumes which

could be injected i.v. to a mouse model, the volume will be of the or-

der of 0.1 mL, since a mouse has a total blood volume of around 1 mL.

Consequently, the minimum concentration would need to increase by a

factor of (2.5 mL / 0.1 mL). This puts the minimum detectable concen-

tration for the MMP probe to be around 75 mM. For a dynamic study,

in which the fluorine signal is monitored over the course of an in vivo

experiment (up to and including 4 hours max.), the concentration must

be even higher to meet the SNR/time limit imposed in order to acquire

every few minutes.

Exact in vivo minimal detectable limits are hard to quantify due to a com-

pound’s biodistribution, but previous studies have determined rough

limits which agree with the conclusion that the MMP sensor is below

the detectable limit for pre–clinical scanners. A human neck tumour

metabolism study stated that in a 6 minute acquisition, the minimal de-

tectable limit was a 30 µmol/g concentration per wet tissue from a 33

mL 5–FU chemotherapy administration on a 1.5 T scanner [201]. Other

studies of a PFCE by Ruiz et al. [110] found a limit on a similar order

of magnitude; 30 µmol/g wet weight in a 4 minute acquisition time in

a volume of 60 µL. Importantly in these studies, the fluorine sources

used are either very fluorinated (much more than the six fluorine per

molecule we have) or use large volumes (the Ns is the detection limit-

ing quantity for these studies), neither of which are possible adaptations

which we can utilise for our sensor. It is clear from my investigations

that the current fluorine source is insufficient to provide enough signal

for translation to a pre–clinical set–up.

4.5 Outlook: Signal enhancement strategies

Clearly, a major goal for the application of current fluorine contrast agents

is to increase sensitivity, with several advances in both chemistry and

physics leading towards this.
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Chemistry: increased amount of fluorine atoms

One approach is to increase the amount of fluorine attached to each

molecule; Takaoka et al. [202] demonstrated the linear relationship be-

tween SNR and the number of fluorine spins of different synthesised

molecules. This is supported by the standard equations for the SNR from

a simple NMR pulse sequence (detailed in Chapter 3), where there is a

directly proportional relationship between fluorine spins and the SNR.

Commonly used PFCs such as PFCE produce a sevenfold increase in

sensitivity compared to a molecule with just a CF3 group. A molecule

with 36 identical fluorine atoms named PERFECTA [77] was recently

synthesised, which increases the sensitivity of a CF3 group by a factor

of twelve. A very highly fluorinated probe containing 540 identical fluo-

rine atoms is the latest addition to this group of sensors [203]. It is not yet

clear whether this structure is ideal for in vivo applications, as it has not

been shown that the high fluorine content is enough to outweigh pos-

sible signal reductions from slow tumbling rate and other broadening

effects related to the molecule.

However, for "active" enzymatic probes which consist of several indi-

vidual molecules which are attached together, simply adding more flu-

orinated groups can be problematic. This is due to the increased elec-

tronegativity of a compound from the electronegative fluorine atoms.

Consequently a CF9 molecule is more difficult to attach in such an en-

zymatic sensor than a CF3 group. Additionally, the larger a fluorinated

structure present, the more the kinetics of the whole molecule will be af-

fected. Factors such as the rotational tumbling time of the molecules will

decrease for large structure since the molecule is less mobile, and hence

the fluorine linewidth will broaden.

Physics: pulse acquisition methods

Zero echo time (ZTE) and radial k–space sampling

A technique for ultra–fast imaging of fluorinated compounds has led to

the development of a signal enhancement strategy for 19F MRI. In a re-

cent publication, Schmid et al. [199] build on previous work by Chalmers
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et al. [197, 204] and describe a GE imaging sequence which can be used

to measure an increased signal from small fluorinated molecules in flu-

orine MRI, which have short T1 values from paramagnetic relaxation ef-

fects. Radial sampling in k–space using a zero echo time method [205]

is used to obtain a signal from the highly relaxed fluorine. With this

approach in mind, it has been conjectured that this sampling method

could be applied to measure the relaxed fluorine signal from a linked

Gd-fluorine compound such as that used by Mizukami et al. [60].

Accelerated (compressed) sensing

Compressed sensing is a concept adapted from information theory and

is based on the principle that an image can be compressed by record-

ing a small number of parameters and then reconstructing the image

fully, based on the given parameters. It was theorised that if a com-

pression and reconstruction can take place, then some of the initial data

should not be needed if the reconstruction relies on only a select number

of points. This should allow a small amount of k–space to be sampled

and then reconstructed without the need for full sampling of k–space, ul-

timately allowing a faster acquisition time. The data sampling technique

as applied to MRI was detailed by Lustig et al. in 2007 [206] and has since

gained popularity within a number of applications in MRI. Kampf et al.

[207] used a compressed sensing method for chemical shift imaging and

more recently Zhong et al. [208] have shown a method of compressed

sensing applied to 19F MRI. The Zhong group showed that an eight–fold

reduction in imaging time for a PFC emulsion phantom using 19F imag-

ing scan can be achieved with little reduction in image quality. Fluorine

imaging tends to detect sparse "hotspots", rather than structural infor-

mation as is the case in proton MRI, and it is likely that the development

of these sparse imaging methods will reduce acquisition times for fluo-

rine MRI in the future.
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CHAPTER 5

Alternative techniques for

molecular imaging: chemical

exchange saturation transfer

(CEST)

5.1 Outline

The preceding chapters have demonstrated the application of an excit-

ing molecular technique in 19F MRI, yet it is clear that sensitivity is the

greatest prohibitive consideration for this method. With this in mind, the

remainder of this thesis is centred on a molecular MR technique which

seeks to address the issue of sensitivity, namely chemical exchange satu-

ration transfer (CEST).

In this chapter, the basic principles involved in CEST are introduced, be-

fore moving to the more theoretical aspects of the method. This chapter

discusses the technical details involved in a CEST experiment, present-

ing results from experiments and optimised simulations. These results

will inform later chapters.

The purpose of this chapter is to simulate the optimal experimental pa-

rameters for an amide proton transfer (APT) CEST experiment, and to

test CEST sequences in vitro prior to a full CEST study. Simulating the

CEST effect can help inform choosing experimental parameters for in
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vitro experiments, highlighting important parameters and the nature of

their effect on the CEST effect. Various experimental set–ups are investi-

gated to ascertain potential issues, before performing an in vitro cell ex-

periment in Chapter 6. In particular, initial experiments are performed

using a fast imaging with steady–state precession (FISP) sequence on a

Bruker 7 T scanner as well as cine and GE sequences on a Varian 9.4 T

scanner to compare optimal conditions for APT experiments. Creatine

(Cr) phantoms are tested using CEST sequences, since creatine is widely

used in the CEST literature to replicate the exchange rate of APT CEST.

In addition, myo–inositol (mI) phantoms are used to investigate metabo-

lite effects near the water peak. Optimisation is performed only for APT

simulations, to inform parameter choice in Chapter 6; otherwise generic

saturation parameters are sufficient for observing CEST effects and these

are stated in the text.

5.2 Introduction

CEST was originally developed by Ward and Balaban as a method to

study pH changes using NMR [210]. The simplest physical interpre-

tation of CEST was to assume two distinct chemical pools engaging in

proton chemical exchange; the two exchanging pools being a bulk wa-

ter pool (pool A) and a small pool of labile protons in solution (pool B).

The protons are exchanged between these pools at an exchange rate of

kab, for exchanges from pool A to B, and at a rate of kba in the reverse

direction [209]. Exchange is measured through selective irradiation, sat-

urating specific frequencies over a given ppm interval. Certain irradi-

ated frequencies correspond to the resonant frequencies of specific pro-

ton bonds in the solute molecules (e.g. N–H bonds, O–H bonds etc.), in

the same way that protons in metabolites resonate at different frequen-

cies in a MRS spectrum. Saturation in this spin 1/2 case is defined as the

forced equilibrium of spin states; full saturation is the equal population

of the "up" and "down" spin states.

Upon saturation, the solute protons exchange chemically with the bulk

water at a rate kab, transferring the R.F. saturation to the bulk water peak
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Figure 5.1: Chemical exchange saturation transfer process from [209].

(a) The solute protons exchange chemically with bulk water protons

upon selective saturation. (b) Selectively saturated solute protons act

to reduce the bulk water signal whilst being irradiated. Increased sat-

uration time increases the CEST effect. (c) The intensity at each offset

frequency can be plotted to form a Z–spectra. (d) The magnetisation

asymmetry plot shows the normalised difference between positive and

negative saturation offsets, either side of the water frequency at 0 ppm.

Symbolically ksw is equivalent to kba in the diagram.

which consequently reduces in intensity. CEST is a dynamic process in

which saturated solute protons are replaced with unsaturated protons

which continue to be replaced during the period of R.F. saturation, tsat.
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Provided the solute protons are saturated for a sufficient amount of time

for this unsaturated proton replacement process to occur many times, a

significant reduction in the water peak is observed.

Generally a CEST experiment will cycle through a range of frequencies

around the water resonant frequency (labelled as 0 ppm in CEST and

4.75 ppm in spectroscopy). There is little or no reduction in water peak

intensities if there is no chemical exchange at a given frequency. A mea-

sure of which frequencies produce the greatest water peak signal reduc-

tion can be given by measuring the saturated water peak at each sat-

uration frequency, Ssat. The signal at the saturation frequency is then

normalised by dividing by the water peak intensity without saturation,

S0, and plotting; this is known as the CEST spectrum or Z–spectrum (see

Fig. 5.1). A number of processes contribute to the CEST spectrum (dis-

cussed below), with CEST contrast generally defined using a magneti-

sation transfer ratio (MTR) asymmetry spectrum [211]. The MTR asym-

metry method assumes symmetrical non–CEST contributions to the Z–

spectrum around 0 ppm. This implies the normalised difference between

corresponding frequencies either side of 0 ppm will indicate CEST con-

trast. This gives the CEST effect at a frequency ∆ω away from 0 ppm,

MTRasym(∆ω) = MTR(∆ω)−MTR(−∆ω) . (5.2.1)

The MT ratio is defined as MTR = 1− Ssat/S0, such that:

MTRasym(∆ω) = (Ssat(−∆ω)− Ssat(∆ω))/S0 . (5.2.2)

This equation shows that to determine the CEST effect at ∆ω ppm, the

difference in signal intensity between right and left sides of the Z–spectrum

should be calculated and normalised with the intensity in the absence of

saturation.

5.3 Theory and CEST methods review

The physical processes involved in the CEST effect have their origin in

a variety of chemical interactions [212]: 1) Protons in water may di-

rectly exchange with the protons attached to molecules; 2) whole water
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molecules may exchange completely with the water molecules attached

to larger molecules; 3) through a combination of both water and pro-

ton exchange; 4) water molecules may change molecular environments

or compartments; 5) compartmental water exchange coupled with pro-

ton exchange. Most endogenous CEST effects use a combination of the

first three mechanisms, with exogenous CEST agents tending to utilise

the latter two. Further investigation or review of these mechanisms is

beyond the scope of this work, with the focus for the remainder of this

theory section being the mathematical formulation of the CEST effect.

5.3.1 Mathematical model

From a two pool model of exchange, the pure proton exchange effect

(PTR) can be simply and analytically formulated as [209]:

PTR = Xs.αsat.kba.T1a(1− e−tsat/T1a) , (5.3.1)

where T1a is the water pool’s T1 value and αsat is the saturation efficiency.

Xs is:

Xs =
[solute proton]
[water proton]

=
kab
kba

, (5.3.2)

where square brackets denote concentrations. Here we assume the so-

lute pool is small compared to the water pool and no back exchange

occurs, and that irradiation to the solute pool does not affect the water

pool (i.e. no spillover effects in the steady state). The saturation effi-

ciency, αsat, can be given as [213]:

αsat ≈
(γB1)

2

(γB1)2 + (kab)2 . (5.3.3)

For situations in which the saturated–state is reached, αsat = 1. The

saturated–state signal is obtained after a long B1 saturation time such

that tsat ≥ 5× T1, and the spin system is saturated [214]. This equation

shows that the pulse power must be great enough to produce high αsat

values and that the power must also compete with the bulk water to

solute exchange rate. From Eq. 5.3.1, if the exchanging spin system is

saturated, additional pulse power or saturation time will not increase

the observed pure CEST or PTR effect.
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Confounding CEST signal effects: direction saturation, nuclear

Overhauser effect and magnetisation transfer

The CEST contrast generated purely by proton exchange (PTR, discussed

above) is the primary contributor to the CEST spectrum, but other chem-

ical interactions also have an effect. Direction saturation (DS) or water

spillover is the reduction in the water peak when the water pool is di-

rectly saturated around 0 ppm . This effect produces the broad, symmet-

rical shape observed in Fig. 5.1c. DS effects are symmetrical around 0

ppm, which is why the MTR asymmetry method is useful to remove or

reduce this effect.

The nuclear Overhauser effect (NOE) is the transfer of spin magneti-

sation from the side chain of molecules to the water pool via cross–

relaxation, discovered in NMR around 60 years ago by Overhauser [215].

The NOE has been hypothesised to play a significant role in the signal

intensity contributions on the negative side of the CEST spectrum be-

tween 0 and -5 ppm [216], due to aliphatic and olefinic molecular con-

tributions [217]. This is a potential problem for the MTR asymmetry

method, where the MTR effect from subtraction at positive and negative

frequencies is reduced.

Magnetisation transfer (MT) effects also confound the pure proton ex-

change effect in CEST. MT has been used as a contrast mechanism itself

for a number of years to investigate signal contributions from macro-

molecules with very short T2 values [218]. The MT effect originates from

a very broad molecular MT pool in which protons are bound to large

macromolecules and have limited mobility. With MT, a single R.F. pulse

may be placed anywhere in a very large range of frequencies and still

saturate the MT pool. Importantly, CEST contrast is frequency specific

(∼ 1 ppm and less) but consists of a large overlap of resonances, where

different solute proton environments may correspond to the same satu-

ration frequency.

The observed experimental saturation is therefore difficult to separate

between the PTR effect and the other confounding factors. The equation

for the total saturation of water at a given frequency, ∆ω, is adapted from
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[212] if exogenous contrast agents are not present, and can be stated as,

Ssat(∆ω)

S0
= PTRendo(∆ω) + MT(∆ω) + DS(∆ω) (5.3.4)

where PTRendo(∆ω) is the pure proton exchange signal from endoge-

nous molecules. A common simplification is to assume MT and DS are

symmetric around water, and hence using the asymmetry measure is

reasonable to investigate the PTR effect, since MTRasym ∼ PTRendo.

Effect of chemical exchange rate on CEST signal

The speed with which the exchange takes place greatly affects the CEST

effect, and is dependent upon the particular exchanging moiety. In gen-

eral to observe chemical exchange, the exchange rate, k, must be less

than or equal to the difference in frequency between the two exchange

sites, ∆ω. The exchanging groups in a two pool model will normally

be bulk water protons at 0 ppm and the exchanging solute proton (for

example, amides). Slow exchange regimes are characterised by the ex-

change rate being much less than the frequency difference, i.e. k � ∆ω.

For intermediate exchange regimes, k ∼ ∆ω. Typically, amide protons

(k ∼ 100 to 102 s−1) are slowly exchanging with the water peak, amine

protons (k ∼ 102 to 103 s−1) have slow to medium exchanging rates and

hydroxyl protons (k ≥ 103 s−1) [219] have medium to fast exchanging

rates. Eq. 5.3.1 shows that an increased exchange rate will increase the

observable CEST contrast, hence a lower contrast can be expected with

slower exchange rates.

5.3.2 Applications of CEST

In a similar manner to the MRS spectrum in which specific groups or

molecular environments contribute to a specific resonance, proton ex-

changing groups in CEST have been assigned specific ppm resonances

in the CEST spectrum, see Table. 5.1. However, unlike in MRS, there is a

great deal of overlap between different exchanging groups and the CEST

effect at a particular frequency is often a contribution of several exchang-
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CEST resonance (ppm) Contributing CEST group

0.6 myo–inositol (OH) [220]

1 glycosaminoglycans (OH) [221]

1 glycogen (OH) [222].

1.9 creatine (OH) [223]

2 – 3 amine (NH2) [224]

3 glutamate [225]

3.2 glycosaminoglycans (NH) [221]

3.5 amide (APT / NH)

Table 5.1: CEST resonances and functional groups. OH, NH, NH2 sym-

bols in brackets refer to the hydroxyl, amide and amine contributing

CEST group respectively.

ing moieties. Additionally, metabolites may contain several endogenous

"CEST active" groups which contribute to the chemical exchange in so-

lution with water and will appear to contribute at several different fre-

quencies.

The resonance of interest in this work is the NH proton bond which con-

tributes to the CEST signal at + 3.5 ppm (APT resonance frequency), first

described by Zhou et al. [226]. APT contrast increases with field strength

[227], as with other resonances, and is commonly used in cancer studies.

Importantly, the separation between the APT and water resonant fre-

quency is increased as the field strength increases, making observation

of APT contributions more apparent. This metabolite therefore looks to

be a good molecular target using CEST imaging for a cancer cell CEST

experiment. A more detailed description of APT applications is given in

Chapter 6.
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Figure 5.2: FISP sequence used in a CEST acquisition for Bruker 7 T

experiments taken from [228]. The saturation module is separate to the

steady state acquisition section of the FISP sequence. A centric encoding

scheme is normally used in conjunction with the FISP sequence to de-

crease the acquisition time of the centre of k–space and to maximise the

available signal detectable after excitation.

5.3.3 CEST methods

CEST acquisition sequences

A wide range of different sequences have been utilised in CEST exper-

iments including; a FLASH sequence [229], gradient and spin echo se-

quences (GRASE) [230], and cine sequences [231]. One of the fastest

CEST acquisitions to date has been using a Bruker FISP sequence [229],

and this sequence is used in the presented in vitro experiments. Addi-

tionally, standard Varian GE and cine sequences are investigated in this

thesis; the latter of the two is part of the fast gradient echo imaging fam-

ily.

FISP sequences are also examples of fast GE imaging methods, which use

short repetition times to reduce scanning time. The TrueFISP method

used for Bruker CEST experiments achieves a steady–state magnetisa-

tion in which the residual transverse magnetisation is recycled after each

TR [232]. Application of an initial R.F. pulse of flip angle α/2 prepares the
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transverse magnetisation, followed quickly by a series of α pulses which

generates a series of FIDs and spin echos to establish steady–state. This

category of sequences are known as balanced steady–state in free pre-

cession (bSSFP) sequences, where the "balanced" prefix indicates the ap-

plication of additional gradients to balance or refocus the magnetisation

vector. Fig. 5.2 shows the general FISP pulse sequence used in previous

CEST FISP literature.

CEST saturation pulses

Figure 5.3: Basic CEST saturation schemes. Continuous wave (CW)

and pulsed wave CEST sequence diagrams are compared, with pulsed

wave CEST requiring definition of additional parameters to define the

saturation scheme. The B1 field for continuous wave is straightforward

to calculate, yet pulsed CEST will be affected by the length of the gap

between the pulses, τd, and the duration of individual pulses, τp.

Several schemes exist in CEST methods to induce chemical exchange

with the two main categories of saturation being continuous wave (CW)

and pulsed wave CEST schemes. Continuous wave refers to rectangular,

hard pulses which have a constant B1 value throughout their saturation
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period, tsat. Pulsed CEST is a series of pulse shapes such as Gaussian or

sinc pulses, which are repeated over a time period, to form a pulse train.

Pulsed CEST is often used on clinical systems due to the reduced specific

absorption rate (SAR [J/kg]) compared with continuous irradiation.

For block pulses the saturation frequency, w1 is given by [214]:

ω1 =
B1

γ
(5.3.5)

For pulsed CEST a series of soft pulses are used, with the flip angle, α,

given by,

α =
∫

B1γτp . (5.3.6)

The parameter called the duty cycle (DC) is commonly used to iden-

tify the fraction of time which consists of R.F. irradiation, where DC =

τP/(τp + τd). A comparison between the pulsed and continuous wave

set–ups are given in Fig. 5.3, with Gaussian pulse shapes used typically

for pulsed CEST. Schmitt and colleagues’ work [233] showed that other

pulse shapes, such as sinc pulses, produced unwanted direct saturation

effects when the CEST signal is Fourier transformed. In contrast to the

saturation pulse, the readout pulse shape in the acquisition sequence

has little effect on the saturation transfer, even with pulsed acquisition

schemes [234].

Since B1 is an important parameter in calculating the optimal acquisition

conditions (see Eq. 5.3.3), one must calculate this value for pulsed CEST.

The equations below details how one can calculate the mean square ir-

radiation field (Bavg_power) for pulsed CEST [235]:

Bavg_power =

√
1

(τp + τd)

∫ τp

0
B2

1dt (5.3.7)

=
πθ

180.γ.p1

√
p2

(τp + τd).τp
(5.3.8)

where p1 is the ratio of average amplitude to the maximum amplitude

of the irradiation pulse, p2 is the ratio of the average of the square of the

amplitude to the square of the maximum amplitude for the irradiation

pulse. Tee and colleagues [236] showed in particular for slow exchang-
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ing CEST pools that CW simulations are equivalent to pulsed CEST sim-

ulations where the average power definition is used.

Water shift saturation referencing (WASSR)

Figure 5.4: Effect of WASSR correction on WASSR data from [237]. (a)

The raw WASSR data acquired close to the water peak can be used to fit

the (b) corrected WASSR data, allowing accurate fitting of the minimum

of the Z–spectrum around 0 ppm. The difference in erroneous CEST

effect in the asymmetry curves is clear.

For situations in which OH groups attached to molecules contribute to

the CEST spectrum, any CEST effect from these groups must compete

with direct saturation effects due to the proximity of the water peak at

0 ppm. In particular, the MTR asymmetry analysis is sensitive to mag-

netic field inhomogeneities and it is important to correct for this. Kim

et al. [237] demonstrated a fitting method which used low power sat-

uration pulses to establish an absolute measure of the B0 field close to

the water frequency (by fitting the WASSR data) and then use this to

"shift" the CEST acquired data, as shown in Fig. 5.4. The method mea-

sures the saturation at a large number of points surrounding the 0 ppm

frequency in order to accurately plot the saturation profile of the water
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peak. The minimum saturation intensity is then calculated using a max-

imum asymmetry method. The analysis is performed on a voxel–wise

basis, with the CEST spectrum from each voxel being modified to fit the

spectrum to 0 ppm, if the WASSR technique detects minimum intensities

which are not centred at 0 ppm.

5.3.4 Bloch–McConnell equations

Two pool model

Following the mathematical formalism initially described by Woessner

et al. [238], the Bloch equations established in Chapter 1 can be modified

to include chemical exchange of magnetisation between two "pools" of

magnetisation. These equations are known as the Bloch–McConnell (BC)

equations. The equations describing this process are as follows:

dMa
x

dt
= −(ωa −ω)Ma

y − k2aMa
x + CbMb

x (5.3.9)

dMb
x

dt
= −(ωb −ω)Mb

y − k2bMb
x + CaMa

x (5.3.10)

dMa
y

dt
= (ωa −ω)Ma

x − k2aMa
y + CbMb

y −ω1Ma
z (5.3.11)

dMb
y

dt
= (ωb −ω)Mb

x − k2bMb
y + CaMb

y −ω1Mb
z (5.3.12)

dMa
z

dt
=

Ma
0

T1a
− k1aMa

z + CbMb
z + ω1Ma

y (5.3.13)

dMb
z

dt
=

Mb
0

T1b
− k1bMb

z + CaMa
z + ω1Mb

y (5.3.14)

where we follow the definition of the exchange relations to be:

k1a =
1

T1a
+ Ca (5.3.15)

k2a =
1

T2a
+ Ca. (5.3.16)

T1a and T2a represent the longitudinal relaxation time and the transverse

relaxation time of pool A respectively, in a situation in which there is
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no exchange. The symbol ω is the R.F. irradiation frequency, ωa is the

resonant frequency of pool A, and B1 = ω1/2π (in Hz). The transition

rate , Ca, is given by,

Ca =

(
Mb

0
Ma

0

)
Cb =

(
Mb

0
Ma

0

)
1
τb

(5.3.17)

with Ma
0 and Mb

0 denoting the thermal equilibrium Z magnetisations and

τb being the lifetime of a proton in pool B. Identical definitions apply to

pool B. Other magnetisation quantities are previously defined.

Three pool model

Allowing the effects of a third magnetisation pool (Pool C) to be in-

cluded, provides a full set of equations for three pool modelling:

dMa
x

dt
= −(ωa −ω)Ma

y − k2aMa
x + CbMb

x + CcMc
x (5.3.18)

dMb
x

dt
= −(ωb −ω)Mb

y − k2bMb
x + CabMa

x (5.3.19)

dMc
x

dt
= −(ωc −ω)Mc

y − k2cMc
x + CacMa

x (5.3.20)

dMa
y

dt
= (ωa −ω)Ma

x − k2aMa
y + CbMb

y + CcMc
y −ω1Ma

z (5.3.21)

dMb
y

dt
= (ωb −ω)Mb

x − k2bMb
y + CabMa

y −ω1Mb
z (5.3.22)

dMc
y

dt
= (ωc −ω)Mc

x − k2cMc
y + CacMa

y −ω1Mc
z (5.3.23)

dMa
z

dt
=

Ma
0

T1a
− k1aMa

z + CbMb
z + CcMc

z + ω1Ma
y (5.3.24)

dMb
z

dt
=

Mb
0

T1b
− k1bMb

z + CabMa
z + ω1Mb

y (5.3.25)

dMc
z

dt
=

Mc
0

T1c
− k1cMc

z + CacMa
z + ω1Mc

y (5.3.26)

where Cab is the exchange rate of pool A protons to pool B, and Cac is

similarly proton exchange from pool A to C such that Ca = Cab + Cac.

There is no exchange assumed between pool B and pool C. Relating the

pool magnetisations and the transition rates, Cab/Cb = Mb
0/Ma

0.
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Solution of BC equations and simulated saturation schemes

Figure 5.5: Pulsed and continous saturation schemes produce similar

contrast for APT CEST from [239]. A mouse model of ischaemia is im-

aged using APT CEST, with continuous wave (CW) and pulsed satura-

tion producing CEST effects within error of each other.

The sets of simultaneous equations for the two and three pool models

can be pictured using a matrix format [240], such that,

dM
dt

= A ∗M (5.3.27)

where A is (7 x 7) matrix (two pool) or (9 x 9) matrix (three pool) con-

taining the exchange terms and the M/T1 terms from the simultaneous

equations and M is a (1 x 7) matrix or (1 x 9) matrix containing the in-

dividual Mx,y,z magnetisation vector terms. Assuming full saturation,

dM/dt = 0. Woessner et al. [238] used a direct solution of the above

matrix equation for the two and three pool models, with the "expm" (ex-

ponential matrix) function in Matlab:

M(t) = eAtM(0) (5.3.28)

where M(0) is the initial magnetisation at t = 0. This equation shows

that the time dependent magnetisation can be simulated by computing

the initial magnetisation and the exponential of matrix A. Murase et al.
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Simulation parameters for two pool APT CEST at 9.4 T

Hardware parameters
B0 9.4 T

coil Volume transmit and receive

Relaxation times

T1a 2.61 sa

T2a 0.27 s b

T1b 1 s [242]

T2b 15 ms [243]

Exchange rates kab 28 Hz APT [244]

Concentration values c 72 mM [245]

Table 5.2: Two pool simulation parameters. Parameters such as the re-

laxation values and exchange rate affect the CEST simulation contrast

and are simulated to model expected effects in vitro.
a denotes parameters based on previous T1 experimental work at 9.4 T

(data not shown).
b denotes parameters based on my own experimental work, the methods

of which are detailed as part of the CEST cell study in Chapter 6.

[240] used a different approach by calculating the eigenvectors of A in

order to solve the equation. For pulsed CEST simulations, the saturation

time can be taken as tsat = τp + τd [214]. For APT, Sun et al. [239] not

only confirmed that continuous wave simulation is equivalent in terms

of CEST contrast up to around 50 Hz, but that the two saturation regimes

produce near identical results in vivo (Fig. 5.5).

5.4 Optimising the CEST experiment: parame-

ter simulation

Simulations were performed using an in–house matlab code adapted

from code originally written by Dr Yanez Lopez [241], based on the two

and three pool model of chemical exchange [238].

133



CHAPTER 5: ALTERNATIVE TECHNIQUES FOR MOLECULAR IMAGING:
CHEMICAL EXCHANGE SATURATION TRANSFER (CEST)

Simulation parameters for three pool APT CEST at 9.4 T and 7 T

Hardware parameters
B0 9.4 T and 7 T

coil Volume transmit and receive

Relaxation times at 9.4 T

T1a 2.61 s

T2a 0.27 s

T1b 1 s [242]

T2b 13 ms [243]

T1c 1 s [242]

T2c 15 µs [243]

Relaxation times at 7 T

T1a 2.56 s

T2a 0.35 s

T1b 1 s [242]

T2b 20 ms [246]

T1c 1 s [242]

T2c 15 µs [243]

Exchange rates

kab 28 Hz [244]

kac 48 Hz [235]

kbc Assumed negligible

Concentration values c 72 mM

Table 5.3: Three pool simulation parameters for different field

strengths. A third additional pool models the broad MT pool which

exchanges with the water pool. The MT pool has a similar exchange rate

to the APT pool but with a much smaller T2 value. Similar relaxation

values are observed at both field strengths for the bulk water and the

solute pools. Exchange rates are unaffected by field strength.
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5.4.1 Simulation parameters for two and three pool model

The two pool model has been shown to be adequate for simulations of

in vitro APT contrast [242], and parameters involved in my own two

pool simulations are shown in Table. 5.2. Extending the simulation to

three pools involves the introduction of a third pool, normally associated

with the MT pool arising from semi–solid macromolecules with typically

large linewidths and small T2 values (see Table. 5.3). Simulation param-

eters such as the exchange rate were based on previous CEST literature

values. Parameters such as the T1 of the solute and MT are more difficult

to acquire than T1a, and do not significantly affect the simulated CEST

contrast. For in vivo situations, the MT pool is asymmetric with respect

to 0 ppm (thought to resonate at -2.34 ppm [246]). For agar and in vitro

experiments the pool is centered at 0 ppm.

5.4.2 Field strength and pool model simulations

The effect of scanner field strength was simulated, to inform the decision

between choosing to perform CEST experiments on the 7 T or 9.4 T sys-

tem, shown in Fig. 5.6. As B0 increases, T1 increases and T2 decreases,

the total magnetisation available for chemical exchange increases and

hence the CEST effect also increases. However, the separation of the so-

lute protons from water at 0 ppm increases proportional to the magnetic

field, such that the saturation effect at 3.5 ppm is more pronounced at

the higher field; this is clear from Fig. 5.6 where the 7 T Z–spectra and

asymmetry curve have a broader lineshape. Consequently, the CEST ef-

fect enhancement from choosing 9.4 T over 7 T is small, based on the

simulated changes in T1, T2 and B0. The exchange rates are not depen-

dent upon the external magnetic field and remain constant for both 7 T

and 9.4 T.

The number of pools used in the model simulation is important in or-

der to accurately replicate effects occurring in vivo or in vitro. Fig. 5.7

demonstrates the differences between one, two and three pool models.

To clearly illustrate the reduced S/S0 values from the MT pool, parame-

ters for the exchange rates are changed to kab = 50 Hz and kac = 48 Hz,
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Figure 5.6: Optimal field strength for APT CEST. Relaxation times T1

and T2 of the water pool increase and decrease with increased field

strength respectively. A broader lineshape for 7 T is observed due to

the decreased separation between solute exchange frequency and water

frequency. Parameters used are identical to Table 5.3, apart from the in-

creased concentration (100 mM) and exchange rate (k = 50 Hz [219]) to

highlight the CEST effect differences between fields.

and the solute pool is reduced to model in vivo likely values (T2b = 0.05

s). A one pool model is a poor fit for observed data in the literature and

my own experiments, since chemical exchange in not accounted for. The

two pool simulation models the exchange rate with no MT effect. The

three pool model extends the two pool, accounting for a broad MT pool

which reduces the available magnetisation, reducing the Z–spectrum as

a whole.
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Figure 5.7: Varying number of simulated exchange pools alters Z–

spectrum appearance. The three pool model uses a bulk water, MT and

solute pool; a two pool model consists of only solute and bulk water

pools and the single pool model neglects all chemical exchange, includ-

ing only bulk water.

5.4.3 Optimal amide proton transfer (APT) parameters

Using the three pool model, the CEST effect for an APT pool is simulated,

based on the variation and optimisation of several key model parame-

ters. Fig. 5.8 models the variation in CEST effect with changing B1 field.

The time assumes a saturation time of 14 s, whose respective effect on

the CEST contrast is modelled later. The tsat value is based on a fully

saturated exchanging pool which is around 5 × T1 of the water pool at

9.4 T. The pulse power shows a maximum peak around 1.5 µT, which

rises steeply from 0.5 µT and decreases around 1.8 µT. Between 1 – 2 µT

there is little reduction in CEST effect. It is worth noting the value of

the predicted CEST effect, which is relatively small (2 to 3 %), due to the

slow exchange rate of APT.

The CEST effect was investigated as a function of the saturation time.

An increased irradiation at a given frequency will increase the magneti-
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Figure 5.8: CEST effect dependence upon B1 power. The variation of

the CEST effect is plotted over a range of 0.5 – 5 µT, with the maximum

effect occurring around 1.5 µT. The CEST effect is insensitive to values

around the maximum, dropping off significantly for B1 less than 1 µT. A

gradual reduction in CEST effect is also seen after 2 µT.

sation transfer contrast and hence the CEST effect. This increase levels

off in a similar way to T1 relaxation, which increases back to the equi-

librium magnetisation value after excitation. Fig. 5.9 shows the gradual

CEST effect increase as the saturation time is increased. Short saturation

times do not sufficiently saturate the APT pool and result in a low CEST

effect. The CEST effect levels off with longer saturation times (> 5 s) at a

value which corresponds to a B1 value of 1.4 µT in Fig. 5.8.

The saturation effect on the CEST effect is visible when computing the

Z–spectra for the APT pool, as shown in Fig. 5.10. Three discrete sat-

uration times are shown, with the resulting Z–spectra and asymmetry

curves. The fully saturated time of 15 s produced the most prominent

asymmetry curve, as confirmed in Fig. 5.9. The lower saturation times

show a markedly reduced asymmetry effect, with a large difference in

the CEST effect between 3.5 and 2 s; the non–linearity of the effect of
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Figure 5.9: Increased pulse saturation duration increases the CEST ef-

fect. Based on the optimal B1 power obtained from Fig. 5.8, the CEST ef-

fect increases up to a maximum as the labelling efficiency tends to unity,

with increasing saturation time. There is a large difference in the CEST

effect arising from saturation times less than 5 s, with marginal % in-

creases above this saturation time.

saturation time on the CEST contrast is clear.

The concentration was also varied in a simulation to investigate the ef-

fect of large concentrations on the CEST effect. Shown in Fig. 5.11, a

number of concentrations are plotted with the resulting CEST effect for

each point. For concentrations on the order of 101 mM, a linear regime

is observed. As concentrations reach 50 mM and above, a non–linearity

is apparent as an increased concentration produces a lower CEST effect

than a linear fit would expect. A saturation time of 14 s is used, assuming

the solute pool is fully saturated.

The final simulation performed demonstrated the dependence of the

CEST effect upon initial parameters. A number of exchange values have

been hypothesised in the CEST literature and no particular preference or
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Figure 5.10: Effect of saturation pulse duration on APT Z–spectrum.

The Z–spectrum and asymmetry curve for the APT resonance at 3.5

ppm, is plotted for three separate saturation times. The labelling effi-

ciency is saturated at 15 s, resulting in the maximum CEST effect, and

with significantly lower CEST effects for lower saturation times.

priority has been demonstrated for a particular value. This is illustrated

in Fig. 5.12, where three literature exchange values are simulated with

the resulting CEST effect. This parameter has a large effect on the CEST

contrast, with an increased exchange rate allowing a higher CEST effect.
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Figure 5.11: CEST effect dependence upon concentration. As the sim-

ulated solute concentration (blue circles) is increased, the CEST effect

increases linearly up to around 50 mM. Increasing concentration beyond

this point produces a drop in the achievable CEST effect below the linear

relationship (dotted line) which applied at low concentrations.

5.5 CEST setup optimisation: in vitro experi-

ments

5.5.1 Material and methods

Phantom preparation

To validate the effects observed in the CEST simulations, a series of agar

phantoms were created using the metabolite creatine as a solute pool for

chemical exchange with water. Creatine is commonly used to simulate

APT exchange since the amide group on creatine has similar exchange

parameters to amide groups expected in vivo [249]. The metabolite myo–

inositol was used in additional samples, despite a higher exchange rate

than APT, for assessing resonances close to the water peaks and potential

issues relating to direct saturation overlap.
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Figure 5.12: Faster exchange rates increase CEST effect. A range of

APT exchange rates (from literature, 50 s−1 [226], 28 s−1 [247] and 10

s−1 [248]) are shown with the corresponding effect upon Z–spectra and

asymmetry curves for APT CEST at 9.4 T. A CEST effect at 3.5 ppm was

found to be 7.2 %, 4.6 % and 1.8 % for the k = 50 s−1, k = 28 s−1 and

k = 10 s−1 rates respectively.

For the Bruker 7 T, three stock solutions containing a volume of 100 mL

of phosphate–buffered saline were prepared and 1 g, 2 g and 3 g of agar

powder (A7459, AppliChem, Darnstadt, Germany) were added to cre-

ate 1 %, 2 % and 3 % agar gel solutions respectively. Each solution was

heated to boiling point, in order to fully dissolve the agar powder, and

was then placed into a water bath heated to 50 ◦C. Anhydrous creatine

(Sigma Aldrich, UK) with a molecular weight (Mr) of Mr = 131.133

g/mol was weighed out and then mixed into the stock solutions to give

a creatine concentration of 50 mM. This process was repeated for an ad-

ditional three samples: 1 % agar gel with two different concentrations

of creatine (10 mM and 100 mM) to study the effect of metabolite con-

centration on the CEST effect; 1 % agar without added creatine, to act

as a reference standard. 15 mL of each stock solution was poured into

plastic cylindrical containers which were then bound to produce a com-
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posite phantom. For the purposes of comparison, an additional identical

15 mL container of pure phosphate–buffered saline was attached to the

phantom.

An identical preparation procedure was adopted for phantoms to be

used on the Varian 9.4 T scanner and 22 mm coil set–up, with the only

difference being the tube used; in the Varian case a thinner (10 mm di-

ameter) tube with a 1.5 mL volume was used, rather than a Falcon tube

which was used for the Bruker 7 T experiments. Myo–inositol samples

were also prepared in an identical method for the Varian with replace-

ment of creatine with myo–inositol.

CEST analysis tool

Previous members of our research group established a CEST analysis

software tool (CAT) for Varian CEST data (initially written by Ryan Ben-

dell [250], developed by Dr Maria Yanez Lopez [241] and optimised by

Gaelle Ardito [251]). I contributed an original Bruker Matlab code which

allowed Bruker data to be processed using the CAT. A brief summary of

the sequence of functions performed by the analysis software for both

Varian and Bruker data is given below:

1. Image loading and thresholding of reference image – All WASSR,

reference and CEST array images are loaded in an analyze data

format, with noise thresholding applied to all images.

2. Interpolating and ROI masking – A spline fitting function is used

to interpolate the CEST array and WASSR image intensities over

the CEST and WASSR frequency ranges respectively, on a pixel-

wise basis. A user defined ROI can be used to select specific re-

gions, over which a single averaged Z–spectrum will be calculated.

3. CEST and WASSR processing and corrections – The fitted WASSR

data is used to create an absolute map representing B0. This map is

combined with the processed CEST data to correct for variations in

the water frequency which affect the Z–spectrum of the CEST data.
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4. Outputs: Z–spectra, MTR asymmetry spectra and CEST maps

– The analysis tool will output a CEST spectrum and asymmetry

curves based on the fitting of the acquired raw data. A map pro-

viding spatial information on the CEST effect at certain points in a

reference image, for a given frequency or interval range, may also

be computed.

5.5.2 CEST sequences: Bruker 7 T and Varian 9.4 T

Three sequences were investigated on different scanners to assess the

most useful CEST acquisition method for in vitro experiments.

Varian CEST sequences

Two sequences were used on the Varian; a gradient echo multi slice

(GEMS) sequence and a fast gradient echo (cine) sequence. An identi-

cal CEST protocol was used for both scans, the only difference being the

CEST array, reference and WASSR sequence, detailed below.

A 9.4 T Varian horizontal bore pre-clinical scanner with Vnmrj 4.0 soft-

ware (Palo Alto, California) was used for all MR experiments in this

study. Phantoms were prepared by attaching two tubes symmetrically

on top of each other using tape and placing inside a 22 mm small volume

coil (Rapid Biomedical), positioned in the centre of the magnet. Tuning

and matching was performed and automatic frequency and gain calibra-

tion settings were acquired.

A gradient echo multi slice (GEMS) imaging sequence, "scout_custom",

(tacq = 11 s, TE = 5 ms, TR = 30 ms, MTX = 128 × 128, no. slices = 3, FOV

= 30 × 30 mm2, slice thickness = 2 mm, slice spacing = 2 mm) was used

to quickly check the general position of the two tubes. A fast spin echo

multi slice (FSEMS) sequence, "fsems_scout", (tacq = 2 m 5, TR = 2.5 s,

TEeff = 12 ms, MTX = 128 × 128, FOV = 20 × 20 mm2, echo train length

(ETL) = 8, no. slices = 10, Nacq = 1, slice thickness = 1 mm) with a greater

number of slices was then acquired to allow for precise placing of the

CEST voxel later on.
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A global 3D GE shim was performed using the "ge3dshim_custom" Var-

ian scan (MTX = 128 × 64 × 64, FOV = 40 × 40 mm2, slice thickness =

40 mm, BW = 100 kHz, TR = 20 ms, TE = 2 ms). The shimming protocol

used first and second order shimming for 1, 2, 3 and 4 ms phase delays.

Next, a localised voxel shim was performed for the chosen CEST voxel,

using a point resolved spectroscopy (PRESS) scan voxel. The position of

the voxel was determined using the FSEMS "locator" images to choose a

voxel away from any air bubbles. The FOV and slice thickness is depen-

dent upon the specific position of the tubes which were normally 20 ×
12× 1 mm3. This volume was then used to perform a local 3–D GE shim

in an identical manner to the global shim.

GE Varian sequence

A saturation pulse train of four Gaussian pulses, each of 46 ms dura-

tion and 1 µT power, irradiated 41 separate frequencies in a range ± 4

ppm (or 31 frequencies in a range of ± 3 ppm) around the water peak

with a resolution of one pulse train per 0.2 ppm. The saturation module

was coupled with the "gems" sequence which had parameters: excitation

pulse angle = 20◦, TE = 4 ms, TR = 202.4 ms, MTX = 64 × 64, tacq = 11 m

1 s. For CEST array sequence parameters, tacq is the acquisition time for

the complete set of scans at various frequencies in the array, rather than

an individual measurement.

An identical sequence to the CEST array was acquired for the refer-

ence scan but without the frequency selective saturation (tacq = 13 s).

A WASSR scan sampling at 18 separate frequencies at 0.0625 ppm inter-

vals between 0.5 ppm and - 0.5 ppm, with a reduced saturation power of

0.1 µT. The sequence used the same parameters as the CEST array, aside

from saturation module. The tacq was 3 m 53 s.

Cine Varian sequence

A cine sequence used a continuous wave saturation using a block pulse

saturation with tsat = 6 s and B1 = 1 µT. The acquisition took 41 separate

images over a range of ± 4 ppm. The following parameters were used:

TR = 3.3 s, TE = 1.6 ms, excitation angle = 15◦, MTX = 64 × 64. The

reference scan used 18 points at 0.0625 ppm offsets over a range of ± 0.5

145



CHAPTER 5: ALTERNATIVE TECHNIQUES FOR MOLECULAR IMAGING:
CHEMICAL EXCHANGE SATURATION TRANSFER (CEST)

ppm.

FISP Bruker sequence

A FISP CEST protocol was used on the 7 T Bruker to assess the possibility

of CEST imaging using that set–up. This sequence was developed using

a basic modified FISP sequence with a saturation module, provided by

Prof. Mark Pagel [228]. Experiments using 15 mL falcon tube phantoms

were performed with a 72 mm transmit and receive volume coil.

A GE tripilot scan was used, acquiring images in the axial, sagittal and

coronal directions to assess sample positioning. This scan is based on a

FLASH sequence, with the parameters: TE = 6 ms, TR = 100 ms, tacq =

13 s. A high resolution RARE scan was then used to check for artefacts

or possible issues in the axial plane. The RARE scan used the following

parameters: RARE factor = 8, TE = 8 ms, TEeff = 33 ms, MTX = 256 ×
256, FOV = 60 × 60 mm2, slice thickness = 2 mm, no. slices = 9. An

automatic gradient echo field map method was used for shimming with

parameters; TE = 1.33 ms (minimum echo time), TR = 20 ms, FOV = 80

× 80 × 80 mm2, MTX = 64 × 64 × 64, comprising of two acquired echo

images.

A CEST acquisition sequence in FID mode was chosen for the CEST

acquisition. An α/2 excitation scheme was used, with a flip angle of

α = 60◦ chosen. Parameters used for all FISP scans were: TE = 1 ms, TR

= 2 ms, slice thickness = 2 mm , MTX = 128 × 128, FOV = 80 × 80 mm2,

BW = 60 kHz. Saturation pulses used hard, continuous waves at 1 µT,

with a tsat = 6 s and an array between ± 5 ppm with 41 sampling offsets.

WASSR scans sampled 41 points between ± 1 ppm.

5.5.3 Detecting metabolites using the CEST effect

Bruker 7 T experimental results

The FISP sequence was first investigated on the 7 T Bruker using the

composite phantom described in the Methods section of this chapter.
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Figure 5.13: In vitro phantom experiment at 7 T with volume coil

and FISP sequence. A reference FISP image shows a cross–section of

the seven tube phantom. 15 mL Falcon tubes were used with varying

metabolite and agar concentrations. The contents of the tubes were as

follows (clock–wise from top left): 2 % agar, 3 % agar, 10 mM Cr 1 %

agar, 50 mM Cr 1 % agar, 100 mM Cr 1 % agar, pure phosphate–buffered

saline, 1 % agar.

The CEST–FISP sequence provided to us did not automatically calibrate

the pulse power of the saturation pulses, but this could be calculated

by converting the reference pulse gain (in dB), calculated from the gain

calculation automatically performed during set up, to the desired field

strength by changing the flip angle needed. An image from the FISP

sequence set–up showing a GE image of the phantom arrangement is

given in Fig. 5.13.

A CEST acquisition with the FISP sequence struggled with the large field

of view and complete saturation of all the sample frequencies at 0 ppm
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Figure 5.14: Creatine Z–spectrum from FISP 7 T sequence. The res-

onance around 1.9 ppm is clear, yet there are artefact issues with the

spectrum. The WASSR correction has not suitably positioned the spec-

tra around 0 ppm and there is no chemical exchange visible from other

regions of the spectra.

was difficult to achieve, due to the large change in B0 across the sample.

A CEST spectrum was acquired but placed regions of interest could not

obtain suitable Z–spectra for several samples. A spectra for the 100 mM

Cr phantom in 1 % agar could be obtained and the results are shown in
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Fig. 5.14. The spectrum shows a Cr peak at 2 ppm with an dip of around

20 %. However, the water peak is not correctly centred around 0 ppm

and there is no transfer from other areas of the spectra apart from near

0 ppm and 2 ppm. This would suggest that inhomogeneity of the field

has meant that saturation at certain offset frequencies and subsequent

chemical exchange has not been possible.

Varian 9.4 T experimental results

Figure 5.15: Concentration effect on CEST effect for myo-inositol

phantoms in vitro with GE sequence. Two tubes containing 50 mM and

100 mM of myo–inositol (ROI 2 and ROI 1 respectively) show that an

increased metabolite concentration produces an increased CEST effect,

with a broad peak visible around 0.9 ppm.

Two myo–inositol phantoms of 50 mM and 100 mM were imaged us-

ing the GE CEST sequence to demonstrate the ability to detect changes

in metabolite concentrations for exchangeable groups near 0 ppm. The

Z–spectra and MTR asymmetry curves are shown in Fig. 5.15. The

Z–spectrum shows that a larger myo–inositol concentration produced
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a more defined saturation effect in the spectrum, which is confirmed

in the asymmetry curves. The non–linearity between the CEST effect

and solute concentration also confirms the simulated non–linear effects

demonstrated in the previous simulation section.

Figure 5.16: Myo-inositol imaging shows similar CEST effect for cine

acquisition sequence. The peak CEST effect for both concentrations oc-

curs at a very similar saturation offset and the CEST effect % is very close

to the values obtained in Fig. 5.15.

A cine sequence was also used to scan the same myo–inositol phantoms

used in the GE scan to compare the reproducibility of the CEST effect

(Fig. 5.16). Again, the higher concentration of solute produces a more

obvious "dip" in the Z–spectrum and also the asymmetry curve. Impor-

tantly the effect sizes of around 30 % and 19 % are very similar to the

values found in Fig. 5.15, suggesting the CEST measurement is robust

even with different acquisition sequences.

A difference between Fig. 5.16 and Fig. 5.15, is the height of the CEST

effect very close to the 0 ppm frequency. The GE scan has a more pro-

nounced CEST effect which is convoluted with the solute resonance around
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1 ppm, whereas the cine spectrum is dominated solely by the solute

peak. A possible explanation for this is that the GEMS sequence and

the cine sequence have different pre–saturation schemes, which result in

different saturation profiles.

Figure 5.17: CEST image showing detection of Cr metabolite in vitro at

1.9 ppm. The two tube Varian set–up using the GEMS sequence shows

the ability of the sequence to distinguish solutes exchanging in the slow

exchange regime, with negligible CEST effect for the 1 % agar tube (bot-

tom tube) and around a 10 % CEST effect for the 100 mM Cr phantom

(top tube). The frequency sampling width is reduced to ± 3 ppm with

the dashed box indicating the CEST at the 1.9 ppm frequency.

To investigate the GEMS CEST sequence’s ability to detect amide chem-

ical exchange from a Cr phantom, two tubes containing 100 mM Cr (1

% agar) and pure 1 % agar were scanned. Fig. 5.17 shows the Cr reso-

nance clearly around 2 ppm, with the single frequency (1.9 ppm) image

map shown to the right, demonstrating that the CEST effect is homoge-

nous over all over the top tube (Cr sample). The higher CEST effect

than those observed in the simulations is partly due to the higher con-

centration (100 mM instead of 72 mM) and the different T2 value; as

the simulations were provided for the ultimate use in cell experiments

in Chapter 6, and the agar T2 for this creatine sample was not used to
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optimise simulations. Nevertheless, the image demonstrates that CEST

can provide a technique which gives spatial information regarding the

molecular make–up of a sample. The Z–spectrum shows a slight "dou-

ble dip" in the Cr saturation region, which also appears in the FISP 7

T spectra for the same Cr sample and this is likely due to the Cr sam-

ple, rather than multiple resonances. The agar used also contained other

compounds such as yeast, used for general bacterial culturing, and this

may have combined with the Cr to alter its Z–spectrum profile.

Figure 5.18: Image quality of GEMS and cine for two tube Varian set–

up. Two agar phantoms are used for identical scanning using the cine

and GEMS reference image as part of individual CEST acquisition pro-

tocols. The image quality for the GEMS sequence is better than that of

the cine sequence, which has a lower SNR and slight blurring in the read

direction.

Finally, the image quality was considered for the cine and GEMS se-

quence to help assess the most useful CEST acquisition sequence. Fig.

5.18 shows a reference image of both sequences, with apparent supe-

rior image quality in the GEMS sequence. Quantitatively, the GEMS

sequence has a far higher signal–to–noise ratio (SNR = 291) compared

to the cine sequence (SNR = 25), where the signal region is chosen as

the area inside the lower tube for each scan and the standard deviation

outside the tubes is averaged over ROIs.
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5.6 Discussion

Through the simulations and in vitro experiments detailed in this chap-

ter, I have been able to inform the set–up for the in vitro cell CEST imag-

ing experiments in Chapter 6 and draw conclusions regarding optimal

parameters for maximum CEST effect of APT.

The simulations showed that a small CEST effect increase can be ex-

pected at higher fields and importantly, the separation between solute

and water peak increases with field strength; for APT this is particularly

beneficial and hence the optimal field strength appears to be at 9.4 T. Ad-

ditionally, the FISP sequence investigated at 7 T did not produce robust

results to demonstrate that the sequence could be effectively used. A

CEST effect was observed for one of the samples in the composite phan-

tom but the Z–spectrum did not show expected saturation over the full

frequency range. Shah et al. describe a potential problem with the CEST

FISP sequence as the decreased SNR [228], and it is likely that this and

the poor WASSR referencing contributed to the poor results. To date,

only four publications in the CEST literature have used the CEST FISP

sequence ([42, 228, 252, 253]), and further research should be done in

order to validate the robustness of this sequence for our set–up.

The simulations also showed that the optimal irradiation strength, B1,

is around 1.4 µT. This value will be taken forward to Chapter 6 for cell

experiments, but this is broadly in line with previous APT simulations

which state the irradiation power to be around 1 – 3 µT [209].

The sequences used on the Varian scanner both provided results which

were in agreement. The cine sequence appeared to have slight blurring

in the read direction which could be due to incomplete re–focusing of

the crusher gradients used in the acquisition, leading to a decreased im-

age quality. For this reason, the preferred sequence was the GEMS se-

quence which, despite the longer acquisition time, appeared to provide

robust CEST results. The volume coil set–up with two tubes on the Var-

ian worked well and gave a good level of B0 homogeneity using a suit-

able shimming routine (typical voxels could be shimmed to less than ∼
20 Hz).
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CHAPTER 5: ALTERNATIVE TECHNIQUES FOR MOLECULAR IMAGING:
CHEMICAL EXCHANGE SATURATION TRANSFER (CEST)

For future in vitro cell CEST experiments, it is likely there will be con-

tributing effects at + 3.5 ppm (APT frequency). The APT signal is con-

tributed to by the NH bonds "from multiple unknown amino acids" Van

Zijl and colleagues stated [209], with Zhou et al. [226] having previously

confirmed the identity of amide protons at 8.3 1H ppm or 3.5 CEST ppm

using a water exchange filter (WEX) method. Simulation of additional

effects including NOEs are difficult to simulate and this is a limitation

of the work in this chapter. However, determination of optimal param-

eters are independent of contributing group effects and the simulations

described are still important to determine parameters which maximise

the CEST effect.
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CHAPTER 6

CEST imaging in a cancer cell

model and machine learning

application

6.1 Outline

This final experimental chapter builds upon the CEST work developed

in Chapter 5, using the Varian 9.4 T scanner to investigate chemical ex-

change signals in a 3–D medulloblastoma cell model. Supervised ma-

chine learning based techniques are explained to illustrate the data clas-

sification process.

A 3–D cell model experiment is then designed and implemented to ob-

tain in vitro CEST data from cancer cells and a control sample, over a

frequency of ± 5 ppm. A support vector machine (SVM) is investigated,

basing features on areas of molecular activity in the CEST spectra, to op-

timise the classification. This analysis was evaluated using a leave–one–

out method and comparing discrimination ability with simple quantita-

tive measures in a receiver operating characteristic (ROC) curve. To the

best of my knowledge, this is the first application of a SVM approach to

CEST data. This chapter provides a means of analysing molecular com-

ponents in cells for future studies, with the possibility to assess CEST

effect changes spatially and correlate with histology or high resolution

spectroscopy.
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6.2 Introduction

CEST has been successful in recent years in comparing pathological and

healthy tissue in vivo, and equating differences in Z–spectra with tissue

type.

APT CEST

APT CEST has been the most commonly used CEST method for can-

cer studies. APT has shown signal heterogeneity in high grade gliomas

(n = 12), with increased APT effects in necrotic and tumour core re-

gions, compared to ordinary white matter [254]. Significantly increased

APT signals have been found in prostate tumours compared to benign

tissue for confirmed prostate cancer patients [255]. Togao and colleagues

[256] further demonstrated that an increased APT effect was found in

two separate malignant lung cancer cell lines in a mouse lung cancer

model, with a higher APT effect for the more actively proliferating cell

line.

An important application of APT CEST has been correlating tumour

grade with CEST effect. Significantly increased APT was found in high

grade gliomas (stage III or IV), compared to lower grade (stage II) tu-

mour, in a study of 36 histologically confirmed diffuse glioma patients

[257]. This confirmed earlier work by Zhou et al. [226] which showed

spatial correlation between histology and APT images in a rat 9L tumour

model and alluded to the possibility of tumour grading using APT CEST.

Although this simple APT comparison method has also been success-

ful in diverse applications such as stroke [242] (which actually displays

a decreased APT effect due to a decreased exchange rate and pH [209])

and multiple sclerosis [258], the molecular source of both amine (AMEX)

and amide (APT) contrast is not well understood. Whilst Xu et al. [259]

inferred the amine group contributed at 2.75 ppm in human tumours,

Togao et al. suggested that the increased CEST effect at 2 ppm in a

murine lung cancer model was in fact from the amine groups from the

side chains of amino acids [256]. In a CEST rat stroke model study, the

amine effect was observed to occur between 2 and 3 ppm and was par-

ticularly pronounced at 2.5 ppm in the in vivo rat cortex [260].
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Molecular decomposition of CEST spectra

Emphasis has typically been placed on differences at a single proton fre-

quency of interest, such as + 3.5 ppm (APT CEST) [227], rather than in-

vestigating the chemical and molecular effects on a complete CEST spec-

trum. Early efforts to quantify molecular effects on Z–spectra focussed

on fitting simulated models to acquired CEST Z–spectra. Several studies

had assumed a single APT solute pool and used multi–pool models to fit

simple in vitro Z–spectra [238]. Later work included a Bayesian approach

based on a priori knowledge of parameters for more accurate fitting [243]

and four pool models for PARACEST agents [261].

There is a current trend towards understanding the contributions of sev-

eral frequencies in a Z–spectrum, and a move to quantify the individual

contributions of different solute pools to the spectrum as a whole, ac-

knowledging the convoluted molecular contributions. Zaiss et al. [262]

demonstrated accurate modelling of a two pool solute/bulk water ex-

change system using Lorentzian fitting of peaks. Work by Desmond et al.

[263] further sought to decompose the amide, amine and aliphatic peaks

in CEST spectra of murine xenografts at 7 T, using Lorentzian line fit-

ting to identify resonances at + 3.5 ppm, 2 ppm and - 3 ppm respectively.

It is apparent that these molecular groups produce CEST contributions

at certain points in the Z–spectrum, which leads to the consideration of

algorithms to assess these spectral "patterns".

Pattern recognition approaches for MRI/S studies

Pattern recognition using machine learning has been used extensively

in MRI and MRS, and particularly in cancer applications, as a method

of interpreting complex data and identifying meaningful patterns in or-

der to classify new objects or data [264]. In situations where the class

("normal" or "pathological" tissue are examples of classes) is known, ap-

proaches focus on classifying new data based on algorithms which have

been trained on sample test data. A large multi–centre study in 2006

by Tate et al. [265] examined several features from MRS tumour data to

perform pattern recognition analysis and provided an 89 % successful

tumour type classification rate for a test case of 91 patients.

157



CHAPTER 6: CEST IMAGING IN A CANCER CELL MODEL AND
MACHINE LEARNING APPLICATION

Several MR pattern recognition studies have used a support vector ma-

chine (SVM) to classify data, where using multiple features can give

greater discriminative ability than single measures. Granziera et al. [266]

used a SVM analysis with "soft" margins with 7 features, which included

magnetisation transfer ratio (MTR) value, to study differences between

healthy controls and mild cognitive impairment (MCI) patients. The

SVM results showed good test accuracy of 79 % between healthy controls

and a subgroup of amnestic MCI patients. Similarly, Iordanescu and col-

leagues used a SVM to correlate prostate cancer aggressiveness with ex

vivo MRS [267]; classification of two distinct Gleason score groups was

possible with a radial basis function (RBF) classifier. Features were based

on fatty acid moiety values from acquired spectra, using a leave–one–

out (LOO) method and ROC curves to evaluate their classifiers. Pattern

recognition methods are well suited to these examples in which patterns

exist in complex data but which are difficult to observe with a single

measure or feature.

CEST cell studies

Pattern recognition appears to be a viable option to analyse CEST data,

which is inherently complex and has the potential to provide additional

information beyond the commonly used single frequency analysis. How-

ever, relatively little work has been published regarding CEST imaging

specifically in vitro of tissue or cells, compared to the large body of pub-

lished in vivo work.

Cell CEST experiments are straightforward to prepare, with several groups

using glass capillaries combined in an MR holder as a phantom. Song et

al. [268] used this set–up to monitor glycosylated protein expression

in tumour cells, using glycogen CEST imaging. The MTR asymmetry

values at 1.8 ppm were significantly different between cell lines which

overexpressed the proteins and those which did not. Additionally, this

work demonstrated the large CEST effect close to 0 ppm which appears

to be more commonly observed with cell samples than in vivo. This could

be due to the presence of many hydroxyl groups from the proteins and

metabolites found in cell media. A later cell CEST study also found

strong CEST effects at 1.8 ppm, with large effects around 0.9 ppm, for
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arginine–rich superpositively charged green fluorescent protein (GFP)

cells [269].

CEST experiments with cells have also been shown to be sensitive to par-

ticular cell types. An abstract by Chan et al. [270] in 2013 measured the

CEST effect at 11.7 T from breast cancer cell lines with different aggres-

siveness. The study correlated the higher CEST effect in the most ag-

gressive cell line with higher metabolite concentrations using MR spec-

troscopy. The authors concluded that the combination of metabolites

such as myo–inositol, creatine, glutamine and glutamate contributed to

the overall CEST signal from the cells.

Aims

In this chapter, the aim is to investigate whether a CEST technique is able

to provide biologically relevant information to discriminate between a

cancer cell line and control sample, and if a machine learning based

approach can be applied to better identify important regions of the re-

sulting Z–CEST spectra. To the best of our knowledge, no study has

yet utilized machine learning techniques with CEST data. Based on the

CEST literature APT is chosen as a target, which has been shown to be

increased in cancer and tumour progression, using the optimised CEST

APT parameters from simulations in Chapter 5. Several previously dis-

cussed papers have also shown that hydroxyl groups contribute to the

CEST effect near 0 ppm, and we expect to see effects in this region which

may also help discriminate between samples. These aims are investi-

gated using a designed cell CEST experiment with control and cancer

cell samples, to directly compare CEST effects from the cells. Machine

learning could potentially allow analysis of the full spectrum rather than

individual frequencies of interest.

6.3 Pattern recognition theory

This section aims to act as an introduction to the theory of a SVM model

learning approach, demonstrating key steps in the process.

The type of pattern recognition to be performed is a supervised learn-
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ing method. Supervised methods rely on the assumption that two clear

groups exist in the data and a chosen algorithm must provide an opt-

mised line of separation between the two groups. Unsupervised meth-

ods have also been used extensively in MRI, in which no prior assump-

tions are made and in which algorithms look more at patterns and clus-

tering of data to estimate the number of groups and their distribution

in parameter space. The supervised method was considered initially the

most appropriate for our research problem in which we wish to compare

MR signatures from two distinct samples, using an algorithm to appro-

priately classify data.

6.3.1 Feature generation and selection

When using machine learning in a classification task such as ours, we are

given a specific pattern, which is made up of l features values, to give a

unique feature vector, x, such that x = [x(1), x(2), ..., x(l)]T, which exists

in an l–dimensional real space, Rl.

A feature is the quantitative parameter, for which a given subject or ROI

has a value. Features may take the form of a mean intensity or exact re-

laxation value, or may be a slightly more complicated statistical measure

based on a histogram–type distribution; that is to say, a distribution in

which the data from a single patient or ROI can be collated and divided

into discrete "bins". A number of such distribution based features exist,

based on the sample’s statistical moment:

µi =
E[(x− µ)i]

σi . (6.3.1)

Here µi is the central moment for a distribution where x is the value of

interest (greyscale intensity in an image, for example) for i = 1, 2, ..., n.

A number of familiar statistical measures are obtained using the central

moment distribution, with i = 1 being the mean and i = 2 is the vari-

ance. The skewness, i = 3, is a measure of the asymmetric nature of the

histogram around the mean and the kurtosis, i = 4, is a measure of peak

height, relative to a normal distribution.
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CEST feature generation

Figure 6.1: Representative CEST MTR asymmetery data for machine

learning from in vivo data acquired by [241, 271]. The circles represent

the raw data, with spline fitting used to extrapolate the CEST effect at

ppm values which were not experimentally sampled.

Several cancer MRI studies use texture features in which not only the

values of a pixel/voxel are used but their relation and pattern relative to

neighbouring voxels is used. This was not used in this study partly due

to the lack of heterogeneity in the in vitro samples and the fact the CEST is

largely susceptible to B0 inhomogeneities, with current evidence indicat-

ing that CEST effect is heavily dependent upon the magnetic field. Pre-

vious CEST studies identify the CEST metabolite frequency of interest

and normally provide a statistical test at that frequency (or frequency in-

terval) to determine significant differences. Whilst this is a valid method

to compare significance of experimental measurements, it is my hypoth-

esis that the complexity of the CEST spectra could yield additional infor-

mation using machine learning; thus, group classification, rather than a

group comparison with hypothesis tests, is the nature of this problem.
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In this chapter, analysis is performed by defining features using the MTR

asymmetry curves from in vitro CEST acquisitions. In Fig. 6.1, an exam-

ple of an in vivo MTR asymmetry curve is shown. This is the typical for-

mat of the raw data used in all SVM analysis, where asymmetry curves

for two distinct classes are provided with discrete datapoints. The CEST

effects at the discrete experimental points are interpolated to give a con-

tinous fit over the ppm range. This can then be used to provide features

relating to the CEST effect at given frequencies or intervals, as well as

using the statistical measures defined above.

Individual feature ranking

Having established a list of possible features, the individual discrimina-

tory power (how good they are at distinguishing whether an asymmetry

curve belongs to a given group) is used. It is important to choose the

smallest number of features whilst also keeping a good level of discrim-

inatory power, failure to choose appropriate features may lead to poor

classification later on.

Fisher discriminant ratio (FDR)

The FDR test can be used to assess the discriminatory power of features,

particularly in machine learning of MRI data [272]. It is independent of

the underlying data distributions and can rank features based on how

well they discriminate between two groups:

FDR =
(m1 −m2)

2

σ2
1 + σ2

2
. (6.3.2)

Here the FDR is calculated for each feature, based on all class data values

for the specific feature, with m and σ representing the respective mean

and standard deviation of the two classes.

Combined feature ranking

Having identified features most likely to be of discriminatory value, it is

common to evaluate effective combinations of feature vectors. Specific

combination measures used previously in machine learning literature in-
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clude divergence measures, Bhattacharyya distance measures and scat-

ter matrix measures [273]. The first two of these are related to Bayesian

statistics and assume a known probability density function, thus scatter

matrices are chosen as the experimetal combination measure. Different

forms of the scatter matrices method exist and subsequent analysis is

limited to the measure known as J1 (using the definition given in [274]),

where,

J1 =
trace{Sm}
trace{Sw}

. (6.3.3)

Here Sw is the within–class scatter matrix, defined as,

Sw =
c

∑
i=1

PiSi (6.3.4)

where Si is the covariance matrix of class i = 1, 2, ..., c and Pi is the a priori

probability of the respective class i. The a priori probabilities for the two

classes in our data sample is the total number of feature vectors divided

by the combined total number of feature vectors in each class, thus, the

probabilities are both 1/2. Sb is the between–class scatter matrix, given

by,

Sb =
c

∑
i=1

Pi(mi −m0)(mi −m0)
T (6.3.5)

with the global mean vector, m0 = ∑c
i=1 Pimi, mi being the class mean

values and T indicates a vector transpose. Sm is obtained from the re-

lation, Sm = Sw + Sb. It is apparent that larger values of J1 will be in-

dicative of smaller within–class variance (small clustering of points) and

larger between–class differences (greater distance between the distribu-

tions of the two classes), hence optimised J1 values for feature vectors

are preferable.

6.3.2 Classifiers: type, design and evaluation

The aim of the classifier is, as previously stated in the introduction, to

correctly classify all input training vectors into the correct groups.
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Figure 6.2: SVM illustration: ideal case. The location of the data points

for the two groups (blue and red) are defined by the value of the features

X1 and X2 for each point. The optimal classifier will allow a line to be

drawn between the groups, with the maximum margin value achieved.

Support Vector Machine (SVM)

The utility of the SVM classifier is to create a hyperplane, g(x) for correct

training vector classification, where the general form of this hyperplane

classifier is given below [274]:

g(x) = wTx + w0 = 0 (6.3.6)

where w is the non–zero normal vector to the plane, x is a general vector

in feature space and w0 is a constant. The goal of the SVM is to max-

imise the margin between data sets, where the margin is defined as the

distance between the set of hyperplanes which are characterised by

wTx + w0 = ± d , (6.3.7)

where d is the distance between the hyperplane and supporting vector.

The illustration in Fig. 6.2 shows the margin between two groups in the
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ideal case.

In more realistic examples there may be overlap between the two groups

and we must introduce a soft–margin parameter, such that the misclas-

sification error can formulated as a minimisation task:

Minimize J(w, w0, ξ) =
1
2
||w||2 + C

N

∑
i=1

ξi . (6.3.8)

Here, ξi is the margin error which is a nonzero quantity, and C is a vari-

able parameter used to change the influence of the support vectors in-

volved in the optimisation. Optimisation of this equation is equivalent

to a cost function optimisation, subject to the following criteria:

wTxi + w0 ≥ 1− ξi if xi ∈ ω1 (6.3.9)

and

wTxi + w0 ≤ −1 + ξi if xi ∈ ω2 (6.3.10)

for ξi ≥ 0, and where 2/||w|| is the margin width.

The solution of this is a biased average of the sum of the training points:

w =
N

∑
i=1

λiyixi . (6.3.11)

The weighting of each training point is defined by the λi coefficient,

which is a Lagrange multiplier in the cost function optimization. For

points outside the margin, λ = 0, with all other points contributing to

the classifier direction (λ 6= 0); these points are known as support vec-

tors.

SVM: non–linear classifiers

In many cases, the distribution of the data from two classes is not easily

separable with a single straight line (linear classifier), see Fig. 6.3. The

approach taken in pattern recognition applications is to define a map-

ping from the original feature space Rl, defined in section 6.3.1 (2–D in

our example case), and map to a new higher–dimensional space, H. This

allows the use of functions which can distinguish between classes more
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Figure 6.3: The limited utility of linear classifiers for certain classifi-

cation problems. When two groups are not linearly separable, a linear

classifier is poorly suited to the task of group classification. The linear fit

shown here will misclassify a large number of points, using generated

data for example purposes.

easily using the additional dimensionality. This abstract concept is better

understood visually, as in Fig 6.4.

The mapping from the l to the H space requires a mapping function

which can be defined for certain functions as the inner product between

the images ((φ(x1), φ(x2)) of two points x1, x2:

< ((φ(x1), φ(x2)) >= k(x1, x2) (6.3.12)

where <,> is the inner product operator in H and k(, ) is the kernel

function. For SVM problems, we can replace inner products arising from

linear mapping to higher dimensional space with the kernel functions.

These are typically polynomial or Gaussian type simple functions, as

illustrated below:

Radial basis function (RBF)

k(x, y) = exp
(
− ||x− y||2

σ2

)
(6.3.13)
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Figure 6.4: Higher dimensional hyperplanes to separate non–linear

classification problems. Linear classifiers may not be appropriate in cer-

tain problems (left), in which case a higher dimensional hyperplane can

act as a non-linear classifier to separate groups (right).

Here σ is a parameter which defines the exponential decay of the func-

tion.

Polynomial function

k(x, y) = (xTy + β)n (6.3.14)

n and β are parameters defined by the user.

Classifier evaluation: Sensitivity and specificity

To evaluate how good a classifier one has chosen, sensitivity and speci-

ficity measures are used [272].

Sensitivity in the context of machine learning is commonly defined as:

Sensitivity =
True positive

True positive + False negative
. (6.3.15)
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The specificity measure of a classifier is similarly defined as:

Specificity =
True negative

False positive + True negative
. (6.3.16)

In the two–group scenario the following definitions apply: a true posi-

tive (TP) is when a disease sample is correctly identified by the classifier

as belonging to the disease group (later in this chapter, this will be a

cancer cell sample); a true negative (TN) is when a control sample is cor-

rectly identified as belonging to the control group; a false negative (FN)

is a disease sample identified as belonging to the control group; and a

false positive (FP) is a control sample identified as belonging to a dis-

ease sample group. Additionally one can define the test error (Accuracy

= 1 - Test error) as:

Test error =
FN + FP

TP + TN + FN + FP
. (6.3.17)

Classifier evaluation: leave–one–out method

Several methods exist which can probe the robustness of classifiers, quan-

tifying their results in terms of sensitivity and specificity measures. These

have been demonstrated in the MR literature and have included boot-

strap methods [275], holdout methods [276], leave–one–out cross valida-

tion (LOOCV) methods [277] and leave–one–out (LOO) methods [278].

For our relatively small sample, a LOO method was chosen as a sim-

ple method of classifier evaluation. Other methods require large n for

accurate results (holdout method) or do not significantly improve on

the LOO method if large classification errors are not involved (bootstrap

method [279]).

The LOO method begins by removing one of the data points from the

total sample of the two combined groups and calculating the classifier

based on the n− 1 points. This is repeated with a different data point re-

moved, until all points in the sample have been individually removed

and a classifier computed without that point. At each iteration, the

removed data point is treated as a test data point and it is recorded

whether the point is correctly classified. The total number of false neg-

atives and positives for all iterations are summed and can then be used

for sensitivity, specificity and test error calculations.
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6.4 Medulloblastoma cell imaging

The main aim of the following experiments were to compare the CEST

effects between a cell sample and control sample; in particular, two sep-

arate time points in the incubation process (six days and ten days) were

analysed. Machine learning is used to aid the process, assigning a num-

ber of features to the CEST spectra to extract data which would be oth-

erwise difficult to compare quantitatively.

6.4.1 Tumour cell model

Figure 6.5: Bright–field (x 10) microscope images showing cancer cell

aggregates at different incubation time points. Medulloblastoma cells

were incubated and removed for bright-field imaging after six and ten

days, by Ms Aishah Nasir using a Nikon Eclipse microscope system. In

both images the cells can be seen to form aggregates, which are larger in

size after ten days incubation compared to six.

The cancer cell models were set up in collaboration with Professor Beth

Coyle’s research group, with Ms Aishah Nasir responsible for cell prepa-

ration and culture, as well as microscope imaging. The cells are grown

from the D283 Med cell line, originating from a human epithelial medul-

loblastoma cell sample [218]. The cells have a doubling time of 52 hours,

with three cell populations of adherent, semi–adherent and suspension

cells present under normal in vitro conditions. A summary of the stan-

dard operating procedure (SOP) for the 3–D tumour growth assay (TGA)
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followed by Ms Nasir is given as follows:

• Basement membrane extract (BME) is diluted to 6 mg/mL with

TGA media (phenol red free RPMI 1640 (Sigma Aldrich, UK) + 1%

L–glutamine). The extensive list of contents of the TGA are given

on the Sigma Aldrich website. The D283 cells were initially grown

in T75 sterile cell culture flasks in serum media DMEM (low glu-

cose, Gibco) with 10 % foetal bovine serum (FBS, Hyclone). These

were then trypsinised, centrifuged at 800 rpm for five minutes, sus-

pended in the TGA media and counted using Nikon NIS Elements

software. 3.5 × 105 D283 cells were mixed in a solution of 0.5 mL

TGA media and 0.5 mL BME and pipetted into a sterile 2 mL imag-

ing tube, temperature controlled at 37 ◦C using a hot plate. An

identical solution without the cells was prepared in the same way

to act as a control. Imaging tubes were placed into a humidified

cell culture incubator at 37 ◦C in a 5 % CO2 atmosphere for 1 hour

to allow BME gelling. Tubes were incubated for an additional hour

in a PBS induced humid environment. 0.5 mL of TGA media was

then added to each tube (final BME conc. = 2 mg/mL). A total of

two sample and two control tubes were produced using this stan-

dard operating procedure (SOP).

The motivation for choosing the six and ten day timepoints was deter-

mined from bright field imaging, which showed a higher degree of cell

clustering after ten days of incubation compared to six days (Fig. 6.5).

6.4.2 Methods: experimental and post–processing param-

eters

The protocol was optimised around the scans necessary to perform a

CEST analysis (namely, a reference scan, a series of CEST scans at various

frequencies and a WASSR scan to correct for B0 inhomogeneities).

The scan protocol attempted to minimise the effect between the different

environments of the cell culture (37 ◦C, 5 % CO2) and the scanner room
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(∼ 21 ◦C, standard atmospheric composition). Typical cell counting pro-

cedures remove cell samples from incubation for around 30 minutes and

I was advised to keep scanning to less than 50 minutes to ensure cell

degradation was kept to a minimum.

Testing was performed prior to actual cell experiments to optimise tim-

ing from receiving sample tubes to finishing the last scan in the protocol.

Standard experimental protocol

An identical set–up to Chapter 5 CEST experiments (involving "locator"

images and global and local shimming protocols) were adopted with

identical parameters to the previously detailed experiments. Differences

from previous parameters are highlighted below.

CEST array sequence

A saturation pulse train of four Gaussian pulses, each of 46 ms duration

and 1.4 µT power, irradiated 51 separate frequencies in a range ± 5 ppm

around the water peak with a resolution of one pulse train per 0.2 ppm.

The saturation module was coupled with the "gems" sequence which

had parameters: excitation pulse angle = 20◦, TE = 4 ms, TR = 202.4 ms,

MTX = 64 x 64, tacq = 11 m 1 s.

Reference image

An identical sequence to the GEMS CEST array was acquired but with-

out the frequency selective saturation (tacq = 13 s).

WASSR

A WASSR scan sampling at 18 separate frequencies at 0.0625 ppm inter-

vals between 0.5 ppm and - 0.5 ppm, with a reduced saturation power of

0.1 µT. The sequence used the same parameters as the CEST array, aside

from saturation module. The tacq was 3 m 53 s.

T2 spectroscopic scan

The T2 value of the cell sample was measured at the end of each exper-

iment (the T2 of the control sample was assumed to remain constant for

the six and ten day experiments). The two tubes were removed and the
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single cell sample tube was re–positioned in the scanner, with the "loca-

tor" images and set–up protocol being repeated. A spectroscopic T2 scan

was then implemented (tacq = 1 – 2 minutes, TR = 10 s, 4000 real points,

90◦ calibrated hard pulses, with a six TE array evenly spaced around

the T2 value). The optimised total time for this experimental set–up was

around 45 minutes.

SVM analysis for ten day samples

Figure 6.6: Representative positioning of SVM ROIs in a CEST voxel.

13 ROIs are evenly distributed throughout both cell and control samples,

each enclosing a 1 mm3 volume.
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A supervised machine learning method was implemented using a SVM

algorithm [273] and the raw data provided by the CEST scans described

above.

To obtain a number of datasets for SVM analysis, a total of 26 ROIs

for both the sample and control were outlined (13 ROIs each), with the

asymmetry spectrum calculated for each ROI, with individual volumes

of 1 mm3. The ROIs were placed in an approximately even distribution

over the tube volumes in the CEST voxel, see Fig. 6.6. This also al-

lows for investigation of possible significant spatial B0 differences which

could potentially affect CEST results. The resolution in the read and

phase encoding directions were different (0.2 mm/pixel and 0.3 mm/pixel

respectively), thus, a 1 mm3 ROI cube has dimensions of (0.77 × 1.29 ×
1) mm3; this equates to a ROI comprised of around 17 individual pixels.

Each ROI’s asymmetry spectrum was extracted and combined to form a

complete data set for which to establish classifier features on. Features

were decided based on areas of the spectrum highlighted as being of

biological interest from the CEST literature, shown in Table. 6.1.

FDR and J1 tests were applied to rate feature’s discriminatory value and

to aid choice of principle features (two principle features were chosen).

Once chosen, a range of classifiers were used (RBF, linear and polyno-

mial) in conjunction with a SVM algorithm outlined by Theodoridis et

al. [273]. A tolerance of 0.001 on all solutions was used for SVM anal-

yses. A LOO method was used to evaluate sensitivity and specificity of

classifier solutions, with non–converging analyses being excluded from

evaluations.

Finally, ROC curves were computed for two single feature classifiers by

plotting histograms of control and cell sample groups and segmenting

the range of values into 20 separate bins or threshold values. As the

threshold value was varied from the minimum to maximum value, the

sensitivity and specificity were calculated at each point, such that a plot

of sensitivity vs. 1 - specificity was possible. To plot a ROC curve for the

linear SVM classifier, a parametric approach was adopted by varying a

constant term in the dividing hyperplane equation, such that a series of

parallel hyperplanes bisected the feature space into twenty bins, along a
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Feature Target

Integral 0 – 1 ppm Integral for hydroxyl resonance (OH)

SF 0.3 ppm SF for hydroxyl resonance (OH)

SF 0.6 ppm SF for hydroxyl resonance (OH)

Integral 0.5 – 1.5 ppm Integral for hydroxyl resonance (OH)

SF 1.9 ppm SF for amine resonance (NH2) [280]

Integral 1 – 2 ppm Integral for amine resonance (NH2)

SF 2.75 ppm SF for amine resonance (NH2). [281]

Integral 2 – 3 ppm Integral for amine resonance (NH2)

SF 3.5 ppm SF for amide resonance (NH) [280]

Integral 3 – 4 ppm Intergal for amide resonance (NH)

Mean Statistical measure for MTR asymmetry curve

Variance Statistical measure for MTR asymmetry curve

Skewness Statistical measure for MTR asymmetry curve

Kurtosis Statistical measure for MTR asymmetry curve

Table 6.1: List of features used in SVM and CEST feature resonance

targets. Integral features refer to the CEST effect integral between two

stated frequencies, and a single frequency (SF) feature relates the CEST

effect at that particular value. The CEST effect from a given metabolite

may have a broad resonance such that an integral measure may be more

effective at identifying significant group differences. Statistical measures

based on the statistical moments of the data distribution are also used as

features.

vector at a tangent to the original linear classifier hyperplane; the con-

stant term’s maximum and minimum values allowed thresholding of all

of the feature space in an analogous way to the threshold in the single

feature histograms. The area under the curve (AUC) was calculated us-

ing an in–house Matlab program to compute the histogram of data and

measure the area under the curve using a "trapz" function.
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6.4.3 CEST results

Six day incubation cells

Figure 6.7: Positioning of control and six day cell sample. (LHS) A GE

reference image shows the location of two ROIs placed in the cell sample

(top tube) and the control (bottom tube). A central darkening is present

in the control, likely due to a partial volume effect from an air bubble

near the sample ROI. (RHS) A B0 map shows the effect of the air bubble,

with large variations in B0 in areas of both the control and cell sample.

The scale for the B0 map is in units of ppm difference from 0 ppm.

A cell sample and control sample were scanned at the six day timepoint

using the CEST two tube protocol outlined earlier in this chapter. A

CEST voxel (20 × 12 × 1) mm3 was chosen to avoid air bubbles, which

were not visible in initial "locator" scans. However, during the CEST ac-

quisition it is likely that a bubble may have moved to produce a partial

volume effect, visible on images in Fig. 6.7. Due to the timed nature of

the experiment, this sample could not be repeated to remove the bub-

ble. The effect of the air bubble is obvious in the B0 map on the right

hand side (RHS) of the figure, showing large differences in B0 values

over the sample; the central bubble is below the thresholded intensity

value and is not included in the CEST analysis. A large global FWHM

water linewidth for the CEST voxel was measured at 144 Hz.
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Figure 6.8: CEST spectra for cells after six days incubation. A Z–

spectrum is shown (Left) over a range ± 5 ppm for both the control

sample without cells and the cell sample removed from incubation for

scanning after six days. The corresponding asymmetry spectrums are

also shown (Right), with the shape of the control sample being very close

to the shape of the cell sample.

However, by judicious placement of a 1 mm3 ROI in both cell and control

samples such that the ROIs are in regions of similar B0 (variations in

ROI less than 0.2 ppm), a CEST spectrum could still be extracted and

compared, with Fig 6.8 showing the Z–spectrum and MTR asymmetry

plots for the sample and control tubes. The Z–spectrum for both tubes

follow a near identical shape and there are no obvious differences (< 1%

CEST effect) in the asymmetry curves either.

Ten day incubation cells

After ten days of incubation the second set of samples were removed and

the identical CEST scan protocol was applied. There were no obvious

susceptibility artefacts present in the CEST voxel (see Fig. 6.9) and a
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Figure 6.9: Positioning of control and ten day incubated cell sample.

(Left) Both tubes are relatively free from artefacts and there is minimal

partial volume effects from nearby air bubbles. (Right) The B0 map

shows little variation over both tubes, with the ROIs placed in similar

field strength areas. Again, the B0 map has units of ppm difference from

0 ppm.

linewidth of 19.8 Hz was found globally for a CEST voxel volume of (20

× 12 × 1) mm3. Two ROIs were again placed in similar B0 regions and

the Z–spectrum and asymmetry curve were calculated, as shown in Fig.

6.10.

Z–spectra of the ten day incubated cells show differences in shape and

position compared to the control sample. Spectral saturation appears to

affect both sides of the Z–spectrum (for both control and cell sample),

with more pronounced changes for the cell sample. The MTR asym-

metry curves show that a large CEST effect occurs near 0 ppm for each

sample, with the greatest effect of around 18 % occurring for the control

sample. The cell sample showed a noticeable difference at around 2.5

and 3.5 ppm. Compared to the six day sample, the two sample’s asym-

metry curves are more distinguishable and do not overlap as much as in

Fig. 6.8.

Deviation across the control and cell samples were investigated, by com-

puting the MTR asymmetry curves for the ten day samples based on the
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Figure 6.10: CEST spectra for cells after ten days incubation. The Z–

spectra of the control and cell sample shown clear differences in shape,

(Left), with the control water peak extending to a lower signal intensity

than the cell sample. The MTR asymmetry curves produced from the

Z–spectra (Right) highlight the visible differences between tubes. Areas

showing particular differences between the sample and control tubes are

the large peak close to 0 ppm and further downfield between 2 and 4

ppm.

mean CEST effect across the 13 ROIs in each sample group used for later

SVM analysis. This method allowed the standard deviation at each fre-

quency sampling point to be computed providing a measure of the CEST

effect % error. Fig. 6.11 shows the two curves with error bars at each

point. Significant parts of the spectrum appear to be around 2 to 3 ppm,

at which the error bars do not overlap, as well as less than 1 ppm. The

cell sample CEST values are higher consistently between 3 and 5 ppm,

but are still within error of the control sample.

The effect of the WASSR correction on the CEST effect was investigated

by comparing the output of the CEST analysis tool with and without the
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Figure 6.11: Mean CEST spectra of ROIs used for SVM analysis af-

ter ten days incubation. The mean CEST effect % value at each offset

frequency is computed based on the mean CEST effect of the 13 ROIs

distributed around each of the control and cell samples (see Fig. 6.6).

The standard deviation of the ROI values is used to provide error bars,

with areas in which there is no group overlap being around 2.5 ppm, and

less than 1 ppm.

WASSR correction, using two ROIs covering all of the cell and control

sample, shown in Fig. 6.12. Small differences in CEST effect are ob-

served > 0.5 ppm between asymmetry curves with and without WASSR

correction. Close to 0 ppm, the control sample has a larger CEST effect

without the WASSR correction, whilst the cell sample spectrum does not

visibly change. The fact that the CEST effect changes significantly close

to 0 ppm highlights the importance of the WASSR correction method

and is likely due to direct saturation effects which shift the peak away

from 0 ppm.
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Figure 6.12: Effect of B0 WASSR correction method on CEST Z–spectra.

(a) A ROI enclosing all sample volume was chosen for the cell and con-

trol samples. (b) The resulting MTR asymmetry curves for the samples

without WASSR correction applied show an increased CEST effect from

the control sample near 0 ppm which is greater than 20 %. (c) The MTR

asymmetry curves with the WASSR correction applied show a relative

decrease in the CEST effect near 0 ppm for the control sample, due to the

corrected fitting of the water peak to 0 ppm frequency. The CEST effect

for the cell sample remains similar with and without WASSR correction.

T2 times for samples

The transverse magnetisation relaxation time, T2, was measured after

the CEST protocol for the control and cell samples. T2 values for the ten

day sample were found to be within error of the control values (see Table

6.2). Six day T2 values were not within error of the control tube, but were

close (within 20%) to the control T2 time.
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Sample T2 value [ms]

Control cell media 0.27± 0.01

Cells after six days incubation 0.22± 0.02

Cells after ten days incubation 0.25± 0.07

Table 6.2: Spectroscopic T2 values for cell experiments. T2 values were

recorded using MRS, to determine any differences between cell samples

and the control sample. The ten day sample was within error of the

control sample, with the six day sample differing by 0.05 ms.

6.4.4 SVM applied to CEST data: ten day incubation sam-

ples

The MTR asymmetry spectra for each of the 26 ROIs distributed over

the CEST voxel (13 for the cell sample and 13 for the control sample)

were used in a SVM analysis; features were extracted from the spectra as

stated in section 6.4.2.

Feature selection and ranking

The FDR test was used to rank individual features based on their ability

to discriminate between spectra belonging to the cell sample or control

sample. As is clear in Fig. 6.10, a large CEST effect difference between

cell and control groups is found near 0 ppm and the FDR values for

features in this region reinforce this observation; FDR values are listed in

Table 6.3. The highest ranking value is the integral between 0 and 1 ppm

(FDR = 7.5), with the distribution measures of variance and skewness

having very poor discrimination ability (FDR = 0). Areas of interest for

APT score relatively highly (FDR of integral between 3 and 4 ppm = 1.2)

as does the amine resonance region (FDR of integral between 2 and 3

ppm = 1.1). Integral features appear particularly reliable, with the FDR

integral value around frequencies of interest having a higher value than

FDR single frequency values themselves, in all but one case (the FDR

value of 1.9 ppm is higher than the integral value between 1 and 2 ppm,
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FDR value Feature

7.4905 Integral 0 – 1 ppm

5.2965 0.3 ppm

4.0466 0.6 ppm

3.7434 Mean

1.2441 Integral 3 – 4 ppm

1.2164 Integral 0.5 – 1.5 ppm

1.0625 Integral 2 – 3 ppm

0.95 2.75 ppm

0.8553 3.5 ppm

0.6763 Kurtosis

0.0526 1.9 ppm

0.0273 Integral 1 – 2 ppm

0 Variance

0 Skewness

Table 6.3: Discriminatory power of ten day cell CEST features. The

FDR test is used to rank discriminatory features from the CEST asym-

metry curves for the "control" and "sample" group types. Features relat-

ing to the large peak near 0 ppm rank highly, but the amine (2.75 ppm)

and amide (3.5) weighted features also rank highly in terms of ability to

distinguish between groups.

but both have very low scores anyway). The utility of integral measures

compared to the single frequency in CEST has been previously noted by

[228], being particularly useful in PARACEST studies [282].

Individual features were combined to assess the discriminatory power

according to the scatter matrix score, J1, which ranks the best combina-

tion of features as well as individual features, according to differences

in the mixture scatter and within–class scatter matrices (see section 6.3.1

for the matrices and J1 mathematical definition). Table 6.4 shows that

the highest J1 scores are found for single features; the highest score was

found for the integral between 0 and 1 ppm, validating the same result
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Feature Feature no. Feature combo. J1 value

3.5 ppm 1

Integral 3 – 4 ppm 2 { 9 } 57.6280

2.75 ppm 3 { 2 } 15.5320

Integral 2 – 3 ppm 4 { 1 , 2 } 15.6229

1.9 ppm 5 { 9 , 11} 1.0620

Integral 1 – 2 ppm 6 { 2 , 7 } 1.0110

0.6 ppm 7 { 4, 14 } 1.0009

0.3 ppm 8 { 12, 13 } 1

Integral 0 – 1 ppm 9 {all features} 1.0050

Integral 0.5 – 1.5 ppm 10

mean 11

variance 12

skewness 13

kurtosis 14

Table 6.4: Scatter matrix score, J1, to assess combined CEST feature

ranking. The left side of the table shows a numbered list of all features

used, with the right side showing selected combinations and the corre-

sponding J1 value.

found with the FDR test. For two features, values which scored 0 in the

FDR test score the minimum value of J1 = 1 in this test. Higher FDR

ranked features also score highly when combined compared to lower

FDR ranked features, for example, feature 9 and 11 score J1 = 1.0620

whereas feature 2 and 7 score 1.0110 (see Table 6.4). Increasing the num-

ber of features used for group discrimination was found to not necessar-

ily provide a large J1 score, with a low score of J1 = 1.005 calculated for

a feature space comprising of all features combined, compared to a two

feature score of 1.011 for the integral between 3 and 4 ppm and 0.6 ppm

single frequency.

However, care should be taken when interpreting the exact J1 values,

particularly for features which are related such as the integral of 3 and

183



CHAPTER 6: CEST IMAGING IN A CANCER CELL MODEL AND
MACHINE LEARNING APPLICATION

Figure 6.13: Differences in feature space plots with high ranking fea-

ture combinations: (a) The integral between 3 and 4 ppm and the single

frequency at 3.5 ppm features have a high combined J1 score with the

mean distribution of values for each feature being largely different be-

tween the two classes; for example, the control and cell sample values

are centred around 0.3 and 0.8 respectively for the 3.5 ppm single fre-

quency feature (a two or three fold difference), hence an larger J1 score.

(b) The integral between 0 and 1 ppm and the mean CEST effect fea-

tures have a relatively lower J1 score, but visually appear to be easier to

separate.

4 ppm and 3.5 ppm single frequency (features 1 and 2, scoring a high

J1 value of 15.6229.). If a high CEST effect is found for one feature, it

is likely that the other feature will also exhibit a high CEST effect, since

the single frequency values contribute to the integral values based in the

same frequency region. This dependence causes the group distributions

to become more spread out in feature space, leading to a higher J1 value.

This is well illustrated in Fig 6.13, where the two features’ data points

are plotted, alongside the combined features of the mean CEST effect

and the integral between 0 and 1 ppm.

Fig 6.13 also demonstrates the specific feature value has a large effect

on the J1 score and this should be considered when selecting a classi-

fier method for the feature space. For example, the mean of the two

groups in Fig. 6.13(a) are further apart in terms of relative % and thus
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Figure 6.14: SVM raw feature space using two features. From Table.

6.4 and 6.3, the integral between 3 and 4 ppm and the single frequency

at 0.6 ppm were chosen as principal features with which to perform SVM

classifier analysis.

score a higher J1 value compared to the distribution in (b), yet this does

not guarantee all of the distribution to be easily separable. In fact, it is

clear that (b) can be separated by a straight line dividing the sample and

control group, whereas in (a), the groups overlap and it is reasonable to

assume that a classifier would have a lower discriminatory ability.

I chose two features to form the basis of my SVM analysis, bearing in

mind the scores from the FDR and J1 tests. The features "integral be-

tween 3 and 4 ppm" and "0.6 ppm" were chosen since they scored highly

particularly in the FDR test, and are related to the 3.5 ppm APT region

whose investigation was a goal of this study. These features form the

axis of a feature space which is shown in Fig. 6.14.

Although other features scored higher in the FDR test, one should be

wary of the physical reason for the large CEST effect near 0 ppm and

consider how much can be inferred from the resulting high FDR values
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for certain affected features. As will be discussed later in this chapter’s

discussion and Chapter 7, gradient echo and CEST methods in general

suffer from B0 inhomogeneities, with CEST spectra being particularly

susceptible close to 0 ppm. It is difficult to deconvolute the effect of

real metabolites and B0 contributions in the asymmetry curve close to 0

ppm, and therefore I choose to consider features which have been used

explicitly in previous CEST studies and ignore features reliant on con-

tributions less than 0.5 ppm; this precludes the use of "Integral of 0 and

1 ppm" and "0.3 ppm". Additionally the mean CEST effect feature is

heavily biased by the large CEST effect near 0 ppm and will also not be

considered. Excluding these features, the chosen features are the first

and second highest ranking FDR features as well as scoring a high "two

feature" ranking using J1.

Classifier selection and evaluation

A range of kernels and associated parameters were investigated as po-

tential classifiers for the groups in my feature space, in particular, a ra-

dial basis function (RBF), a linear kernel and a polynomial kernel. Ini-

tial evaluation of classifiers assumed all 26 ROIs were training data with

which to "train" the classifiers. Feature space plots showing six differ-

ent classifiers based on the complete sample data sets are shown in Fig.

6.15, with the boundaries between groups and corresponding support

vectors clearly shown. The convention when specifying kernel parame-

ters for RBF is RBF(σ) where sigma is a parameter specifying the decay

rate of the kernel towards zero. For polynomial kernels, poly(n, β), n

and β are user defined parameters for the kernel function of the form

(xTy + β)n. Parameters were optimised to reduce the number of mis-

classified points, with the plotted graphs representing several optimal

parameter selections.

The classifier error based on the full training data set was recorded for

each classifier as well as the number of support vectors required, as

shown in Table 6.5. All classifiers had a predictably low training error

since the classifiers were trained using the same data. A maximum num-

ber of 5 support vectors were needed for the RBF, linear and polynomial
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Figure 6.15: SVM feature plots with various kernels. Linear, radial

basis function and polynomial kernels are used to provide classifiers

which delineate group feature space in varying ways depending on in-

put parameters. The number of support vectors (encircled points) also

increases depending on complexity of the margin regions. Red data

points indicate the ten day cell sample, blue data points indicate the con-

trol medium sample and dotted lines indicate the margins.

classifiers with appropriate parameters; for small σ in RBF kernels, a

larger number of support vectors were needed due less stringent margin
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SVM parameters C Training error No. support vectors

RBF(0.2) 5 3.85 % 16

RBF(0.2) 500 0 % 13

RBF(0.5) 500 0 % 6

RBF(1.5) 500 3.85 % 5

Poly(3,1) 10 ×104 0 % 4

Linear 100 3.85 % 5

Table 6.5: Classifier summary for full training data sets. All 26 ROIs

were used when computing the training error, which calculates the total

percentage of misclassifications over both groups. All classifiers showed

a low training error for all classifiers. The number of support vectors is

the minimum number of points needed to construct the margins, with a

lower C value requiring a larger number of support vectors particularly

for the RBF kernels.

restrictions necessitated by the σ value.

SVM parameters Sensitivity Specificity

RBF(0.2, C = 5) 100 % 92.3 %

RBF(0.2, C = 500) 69.2 % 76.9 %

RBF(0.5, C = 500) 75 % ∗ 83.3 % ∗

RBF(1.5, C = 500) 92.3 % 92.3 % %

Poly(3,1, C = 104) 84.6 % 84.6 %

Linear(C = 100) 100 % 92.3 %

Table 6.6: Classifier evaluation using LOO method. Specificity and sen-

sitivity values are computed using the LOO method over all 26 sample

points. The linear and RBF(1.5) score highly in terms of ability to dis-

criminate between the two groups. ∗ indicates that one of the 13 samples

used in LOO process did not converge and was not included in subse-

quent calculations.
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For a more rigorous classifier evaluation, a leave–one–out method (de-

scribed in the theory section of this chapter) was used to evaluate the

classifiers’ discriminatory ability, using 25 ROIs as a training set and the

"left out" ROI as a test data point, iterating over all 26 ROIs. Misclassifi-

cations were quantified in Table 6.6 using the specificity and sensitivity

parameters. The best performing RBF kernels used both low σ and C or

high σ and C values, with the best RBF classifier being RBF(0.2, C = 5)

which showed 100 % sensitivity and 92.3 % specificity. The linear classi-

fier with C = 100 showed identical specificity and sensitivity as the best

performing RBF kernel, whilst the optimal polynomial classifiers scored

84.6 % sensitivity and specificity.

A comparision between the SVM linear classifier and the individual fea-

tures as classifiers was examined using a receiver operating character-

istic (ROC) curve (see Fig. 6.16). A linear classifier was chosen as the

SVM classifier to compare with, since it had the joint highest specificity

and sensitivity values. The area under the curve (AUC) values for the

ROC plot were: AUC0.6 = 0.99, AUC∫ 3−4 = 0.87, AUCSVM = 0.99. Both

linear SVM and 0.6 ppm SF classifiers showed excellent degrees of sensi-

tivity, with misclassification occurring once and twice respectively over

all LOO iterations.

6.5 Discussion

The aim of this study was to investigate the molecular composition of the

3–D cell model with APT CEST, analysing the CEST signal contributions

of the cell and control samples with a machine learning approach, to

evaluate possible differences between a cell and control sample. Two

separate time points in the cell incubation process were imaged with

CEST, at six and ten days.

6.5.1 CEST experiment results

The main goal of the CEST acquisitions was to provide MTR asymetry

curves to apply the SVM method on, with the aim of classifying data into
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Figure 6.16: Receiver operating characteristic (ROC) curve to evalaute

the benefit of combined feature SVM analysis. Sensitivity and speci-

ficity values for a range of 20 threshold values for the single feature clas-

sifiers, 0.6 ppm value and integral value between 3 and 4 ppm, are com-

pared to the linear classifier computed from the SVM method using an

ROC curve. The linear SVM classifier and the 0.6 ppm classifier are com-

parable in terms of discriminatory power, with the integral classifier be-

ing less appropriate to distinguish between groups. AUC values: linear

SVM = 0.99, 0.6 ppm SF = 0.99, integral between 3 and 4 ppm = 0.87.

two classes based on features from the whole spectra. Single feature or

single frequency group comparisons were not the focus of this work and

consequently statistical group difference analyses are not presented. Al-

though our CEST results would imply that there is a difference between

the six and ten day time points (spectra in Fig. 6.8 and Fig. 6.10 being

clearly different), one should be careful with this conclusion for a num-

ber of reasons. Firstly, although the Z–spectra appears the correct shape

and size compared to previous CEST results, the level of detail (apparent

on both sides of Z–spectra in Fig. 6.10 for both control and cell sample) is
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not present, compared to the ten day sample. The lineshapes were mea-

sured to be greatly different (∼ 20 Hz compared to ∼ 150 Hz) and this

is shown by a heterogeneous B0 map. These differences due to the par-

tial volume air bubble effect would act to reduce the CEST effect; by not

allowing optimal frequency excitation this would explain the reduced

effect particularly less than 1 ppm for control and cell sample.

However, the asymmetry curves do still show near identical CEST effects

at 1.5 ppm which is far enough away from 0 ppm to be less influenced

by direct saturation from the water peak. A more accurate conclusion

could be drawn from repeating the six day sample and obtaining an-

other CEST spectrum without air bubble issues to confirm this. The T2

measurements were also important to rule out any large changes which

could affect the CEST effect. There are small variations between the T2

times measured for both the six and ten day cell samples, but impor-

tantly the ten day cell sample’s T2 value was within error of the control

T2 value. It is unlikely that the T2 changes played a large role in the

generation of the CEST effects observed.

Another pertinent issue is the confidence in assigning a molecular CEST

effect to contributions less than 1 ppm. Direct water saturation of the wa-

ter peak causes a rapidly changing CEST spectra near 0 ppm and small

shifts in the Z–spectra can cause large erroneous MTR asymmetry effects

which are not due to the molecular exchanges in the sample [237]. Fig.

6.12 showed the importance of controlling for these effects by using a

WASSR correction. A large reduction in the CEST effect was shown for

the control sample when the correction was applied. The cell sample’s

CEST effect less than 1 ppm was not significantly changed by the WASSR

correction and there is good evidence in the literature (see Table 5.1) to

support a molecular cause for the CEST effect less than 1 ppm. The Van

Zijl group showed glycogen contributes at the 0.5 – 1.5 ppm range [222],

and more recently lactate contributions at 0.4 ppm in the CEST spectra

have been shown to be positively correlated with resonances observed

in multiple quantum filtered MRS [283].

Ideally, a large number of separate CEST experiments would have been

run with a CEST spectrum being obtained from each sample, thus pro-
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viding sufficient n for both statistical CEST and machine learning anal-

ysis. However, as previously discussed, the cell sample sizes were lim-

ited due to the novel incubation procedure and this approach was not

possible. Dividing the sample into significantly smaller quantities to in-

crease the number of possible scans is also limited by the need for a large

voxel to provide enough SNR for acquisition, as well as for tuning and

matching; this is an issue on the Varian 9.4 T in which the sample size

must contain enough 1H to provide sufficient signal, otherwise calibra-

tion cannot take place. However, the set–up appeared appropriate for

both the CEST imaging and subsequent analysis. B0 profiles were rela-

tively homogeneous in the absence of air bubbles and this allowed the

confident assignment of the CEST effect to molecular exchange rather

than field differences. A recent study performed pattern recognition us-

ing MRI data and correlated these measures with tumour biopsies taken

from the same site and using multiple ROIs, which reinforces the exper-

imental method [284].

6.5.2 SVM analysis results

A supervised SVM method was applied to the CEST data from a ten day

incubated cell sample and a control sample, providing a linear group

classifier with a high degree of sensitivity and specificity. A range of

kernels were investigated as classifiers for the two groups, with a linear

classifier (C = 100) providing the best class sensitivity and specificity in

a LOO evaluation (sensitivity = 100 %, specificity = 92.3 %). The data

showed good separation between data points from the control and cell

samples, demonstrated by the high sensitivity and specificity. Indeed,

the ROC curve showed an identical AUC for both the linear SVM and

the best feature (0.6 ppm single frequency), and a greater AUC than the

integral between 3 and 4 ppm feature. With a larger sample size it is

very likely that the performance of the SVM for classification will in-

crease, whilst the single feature classifier would decrease as the number

of overlapping data points increases.

The linear classifier, depicted in Fig. 6.14, suggests that characteristic Z–
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spectra from a medulloblastoma cell sample will tend to have a reduced

CEST effect at 0.6 ppm and an increased integral CEST effect between 3

and 4 ppm, compared with a control sample. Several APT CEST studies

have observed increased CEST effects in this region for cancer and the

classifier results reinforce this observation [226]. The reduction at 0.6

ppm could be explained by the uptake and processing of the proteins

and metabolites contributing at that part of the CEST spectrum, which

decrease in concentration as the cells grow. Metabolites suggested to

contribute at 0.6 ppm in the CEST spectra have included myoinositol

[220], known to be present in the cell media control and shown to be

essential for malignant cellular growth in tissue culture [285].

6.5.3 Limitations and future work

The presented CEST cell method has demonstrated a protocol for inves-

tigating molecular changes in cancer cells lines. Although group dif-

ferences have been shown to be distinguishable using a machine learn-

ing approach, understanding exactly which molecules contribute to the

CEST spectra would be beneficial. Due to both the limited number of

cell samples and the time pressures on the scanning protocol, investi-

gation in this direction was limited. The impact of this work could be

readily extended by including either MS and MRS modalities to quantify

molecules in cell samples, and correlating with CEST signals. In partic-

ular, this approach would conclusively determine a difference between

six and ten day timepoints and highlight the sensitivity of CEST to these

molecular changes.

With CEST, the unambiguous assignment of CEST moieties to particu-

lar resonant frequencies is difficult; whilst a change at a given ppm fre-

quency is clear, what causes the change may be less so. Important in

vitro work by Lee and colleagues [286] has demonstrated the CEST spec-

trum overlap between amide and hydroxyl protons, which convolutes

the observed CEST effect. This is also likely to affect in vivo CEST stud-

ies, where metabolites such as myoinositol, creatine and glucose coexist.

One can optimise parameters for a particular metabolite based on the
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exchange rate and predicted resonant frequency, but the observed CEST

effect may consist of additional metabolite contributions.

Additional problems for APT CEST are contributions from the NOE. The

latest CEST literature is still unclear on the origin of the CEST effect at

+ 3.5 ppm, with the most recent work by Zaiss et al. [287] supporting

the theory that NOE effects occur on either side of the water resonance

and affect the APT signal [280]. This limits the reliability of assignment

of APT contrast to real amide proton transfer effects, due to concomitant

NOE contributions. In our work, the influence of the NOE is unclear and

further experiments to quantify this effect, with alternative CEST metrics

[287], would be beneficial.

A key feature of CEST which differentiates the modality from MRS is

that spatial information is obtainable, and signals can be localised to a

specific region in a sample. This benefit was not readily utilised in our

experiment, in that the samples used were assumed to be fairly homoge-

neous. A simple extension to the cell experiment would be to prepare a

sample which contained a gradient of cell density, and to perform CEST

scans on a number of slices of increasing cell density. The CEST effect

could then be correlated with cell number and molecular contributions

to the CEST effect could be observed more closely. It would also be ben-

eficial to measure the pH in our experiments, by reducing the CEST scan

time to allow for a pH measurement. It has been shown that the pH can

affect the CEST effect for APT CEST [244], and it would be interesting to

compare quantitative pH values to the CEST data.
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Discussion

7.1 Summary

The application of new MRI techniques to provide molecular imaging

information has been the focus of this work, which utilised both exoge-

nous and endogenous contrast mechanisms to this end.

7.2 Exogenous contrast results

Few fluorine studies consider the factors affecting sensitivity in detail,

with the work in Chapter 3 representing a rigorous analysis of 19F MR

experimental sensitivity. Indeed, comparison between the detection lim-

its stated for different studies is inherently difficult where the experi-

mental sensitivity of set–ups are different. It is hoped that study of the

analytic components in the sensitivity equations will encourage sensor

optimisation based on the goal of enhancing sensitivity. Studies typi-

cally plot the SNR of various fluorine sensor concentrations to determine

minimum detectable limits [126], yet the method in Chapter 3 could re-

duce the number of experiments needed for sensitivity estimates. Using

cheap and easily obtainable reference compounds, detection limits were

estimated and extrapolation to new compounds is straightforward.

The development of the novel 19F MMP sensor is one of a small number

of enzymatic probes in the literature which is based on a PRE mecha-
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nism. The mechanism was able to detect molecular changes after the

addition of MMPs, with a 60–fold increase in T1 times and a two to

three–fold decrease in the fluorine lineshape. The detection limit of this

probe on a pre–clinical scanner was estimated, using a home–made sur-

face coil. Extrapolation for detection limits of the MMP probe was pos-

sible through the theoretical framework described in Chapter 3. The re-

sults agreed with the fluorine literature which puts the detection limit

& 1 mM. For our sensor, this limit prevents application to a pre–clinical

mouse model, due to the high concentration needed to achieve this limit

for a small volume. The fluorine sensor would greatly benefit from an

increased number of fluorine atoms per molecule to decrease the mini-

mum concentration required.

7.3 Endogenous contrast results

Few studies in the CEST literature have focussed on purely cell based

experiments. In this work, the CEST effect between a control and cancer

cell sample was found to have several differences at different sections of

the CEST spectrum. By considering several different features in the MTR

asymmetry curve, a machine learning approach benefited in its ability

to discriminate between the two classes; the discriminative performance

of the SVM was better than solely using a single APT measure. The

results of the machine learning analysis highlight the potential benefit of

considering several contributing CEST frequencies to classify CEST data

into groups.

7.4 Future work

The work presented in this thesis has opened a number of potential areas

of future research, building on the demonstrated results.

Hyperpolarisation

One possible solution to the problem of sensitivity for fluorine could

potentially be found in the field of hyperpolarisation. In theory, flu-
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orine nuclei can be hyperpolarised ([288, 289]), however the long T1

of fluorine, coupled with the signal loss from hyperpolarisation tech-

niques mean 19F hyperpolarised in vivo studies are a long way off. A

Figure 7.1: Hyperpolarized demonstration of enzymatic probe prin-

ciple from Zamberlan et al. [290]. (A) A solution of gadolinium and

xenon produces a small signal in the gas phase of the xenon spectrum.

(B) When cryptophane is introduced into this solution, the exchanging

xenon contributes a broader and flatter signal than in the previous situa-

tion. If the proximity of the gadolinium could be increased, for example

by a cleavable linker, then a switching between the two situations would

be observed.

more promising extension of our sensor is to use the PRE effect and sub-

strate cleavage principle as applied to current hyperpolarised probes,

197



CHAPTER 7: DISCUSSION

for whom the sensitivity benefit and application in vitro is well estab-

lished. Such a method has been proposed, in a proof–of–concept work

by Zamberlan and colleagues which used cryptophane cages, hyperpo-

larised xenon and chelated gadolinium to provide a measureable NMR

read–out based on the local xenon environment [290]. Exchanging xenon

interacts with the cryptophane cage, tethered to the gadolinium, and

produces a flattened signal in the gas phase of the xenon spectra; this

signal is smaller than a gas phase signal from a solution of gadolinium

and xenon, shown in Fig. 7.1. The authors speculate that if an enzymatic

substrate could link the cage and gadolinium, upon cleavage a change

in the gas phase would occur allowing enzymatic detection.

Fluorine relaxation under paramagnetic influence

To maximise the potential of the MMP fluorine probe, additions such as

PEG linkers to increase solubility and more fluorine atoms to increase

sensitivity are likely to be required, each of which may change the Gd–
19F distance and rotational dynamics. In this work, access to high field

T2 measurements, additional field strengths for relaxometry studies and

large quantities of the probes was limited, reducing the need for precise

theoretical analysis. However, future theoretical simulations of the PRE

effect on the fluorine atoms could prove useful for optimising the probe.

This could allow predictions of the reduction in T1 from the gadolinium

depending on the Gd–19F distance, and could be coupled with the theo-

retical sensitivity model from Chapter 3.

The relaxation enhancement for nuclear spins attached in a ligand bound

to a paramagnetic metal ion depends predominantly upon dipole–dipole

(DD) interactions between the nuclear and electron spins, and Curie re-

laxation [291]; compared to gadolinium chelate and water interactions

which are dominated by dipole–dipole and scalar coupling interactions.

The precise calculations for the MMP probe are complicated, and are

not adequately described by the Solomon–Bloembergen–Redfield the-

ory. The situation for a probe, with the fluorine source around 5 Å from

the gadolinium chelate has been described by Chalmers et al. [197], giv-

ing a quantitative formulae with which to calculate T1 and T2 (assuming
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other parameters are known):
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Here τR+e is the correlation time for the contribution of the electron and

nuclear dipole (τR+e = τ−1
R + T−1

1e ), γF is the gyromagnetic ratio for the

fluorine atom, ωF is the resonant frequency of fluorine, ωe is the electron

resonant frequency and µeff is the effective magnetic moment, defined

as µeff = g2
e µ2

BS, where µB is Bohr’s magneton (µB = 9.27 × 10−24 J T−1).

To use these equations, one can determine r through measuring the re-

laxation times at a series of different field strengths and solving for r

[198]. Determining r would give more information on the coiling of our

probe, and help inform decisions to reduce or increase the protein linker

flexibility.

CEST spectral investigations: theoretical models and MRS

The CEST machine learning study would benefit from the introduction

of MRS to validate and investigate specific causes on contrast in the

in vitro spectrum. Several theoretical approaches have attempted to study

the APT contrast, since it is unclear what contributes exactly to APT sig-

nals in vivo, and studies have shown that NOE changes are equally as

important to quantify 3.5 ppm changes [259]. Groups have developed

amine/amide concentration independent detection (AACID) [281] and

APT* [292] methods which look at an extension of the simple MTR asym-

metry analysis. For quantifying the NOE, which is known to affect the

APT signal,

NOE∗ =
(

S(−5.0ppm)− (−2.0ppm)

2
− S(−3.5ppm)

)
/S0 . (7.4.3)
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The APT signal is given separately,

APT∗ =
(

S(3.0 ppm + S(4.2 ppm)

2
− S(3.6 ppm)

)
/S0 . (7.4.4)

and the two can be used to quantify the effects around 3.5 ppm. Using

this method requires a greater sampling of the APT regions of interest

to ensure appropriate fitting but could help identify group differences.

Validation of the new CEST metric would benefit through use of MRS.

Recent publications have correlated MRS and CEST in vivo to highlight

correlation between pH measurement methods [293]. Using MRS in a

cell approach would increase the molecular imaging capability of the

CEST technique, identifying exact molecular presence in MRS and as-

signing molecules to sections of the Z–spectrum.

7.5 Concluding remarks

Two molecular MR imaging methods have been demonstrated to pro-

vide useful biochemical information in their application in vitro: a flu-

orine MMP sensor was shown to detect MMP activity; a CEST method

used machine learning to classify in vitro data in a cancer cell line and

control sample. These techniques are not mutually exclusive, with fluo-

rine CEST having been demonstrated previously [294]. A simple theo-

retical method to determine a fluorine experiment’s sensitivity was also

presented which could allow future optimisation of 19F MR experiments.

200



Glossary

1,2,3–D One,two or three dimensional

5–FC 5–fluorocytosine

5–FU 5–fluorouracil

6FAA 3,5–Bis(trifluoromethyl)benzylamine

Acq. Acquisition

ADAM Disintegrin and metalloproteinase

ADAMT Disintegrin and metalloproteinase with thrombospondin

motif

APT Amide proton transfer

A.U. Arbitrary units

AUC Area under the curve

BC Bloch–McConnell

bSSFP Balanced steady–state free precession

CA Contrast agent

CAT CEST analysis software tool

CD Cytosine deaminase

CEST Chemical exchange saturation transfer

CKD Chronic kidney disease

CSA Chemical shift anisotropy

CW Continuous wave

DCE Dynamic contrast enhanced

DFT Density functional theory

DOTA tetra–azacyclo–dodecane–tetra–acetic acid

DS Direct saturation

DTPA Diethylene–tetra–amine–penta–acetic acid

ECM Extracellular matrix
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EM Electromagnetic

ETL Echo train length

FDR Fisher Discriminant Ratio

FID Free induction decay

FISP Fast imaging with steady–state precession

FLASH Fast low angle shot

FN False negative

FOV Field of view

FP False positive

FREDOM Fluorocarbon relaxometry using echo planar imaging for

dynamic oxygen mapping

FRET Föerster resonance exchange transfer

FSEMS Fast spin echo multi slice

FT Fourier transform

FWHM Full width half maximum

GE Gradient echo

GEMS Gradient echo multi slice

GRASE Gradient and spin echo

GSH Glutathione

GST Glutathione transferases

HFB Hexafluorobenzene

IS Inner sphere

LOO Leave–one–out

MMP Matrix metalloproteinase

MMPI Matrix metalloproteinase inhibitor

MR Magnetic resonance

MRA Magnetic resonance angiography

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

MT Magnetisation transfer

MTR Magnetisation transfer ratio

MT–MMP Membrane bound matrix metalloproteinase

NIR Near–infrared

NMR Nuclear Magnetic Resonance

NOE Nuclear overhauser effect
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NSF Nephrogenic systemic fibrosis

OS Outer sphere

PARACEST Paramagnetic chemical exchange saturation transfer

PBS Phosphate buffered solution

PERFECTA Tetra(perfluorotertbutyl)pentaerythritol

PET Positron emission tomography

PFC Perfluorocarbon

PFCE Perfluorocrown ether

PFD Perfluorodecalin

PFN Perfluorononane

PFOB Perfluorooctylbromide

PRE Paramagnetic relaxation enhancement

PTR Pure proton exchange effect

QM Quantum mechanics

RARE Rapid imaging with refocussed pulses

RBF Radial basis function

ROC Receiver operating characteristic

ROI Region of interest

R.F. Radio frequency

SE Spin echo

SF Single frequency

SNR Signal–to–noise ratio

SPIO Superparamagnetic iron oxide

SVM Support vector machine

TFA Trifluoroacetic acid

TIMP Tissue inhibitor of metalloproteinase

TN True negative

TMS Tetramethylsilane

TOF Time–of–flight

TP True positive

WASSR Water shift saturation referencing
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