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Abstract

Chemical Exchange Saturation Transfer (CEST) is a novel MRI technique that ampli�es

the detection of otherwise undetectable compounds. Under certain physico-chemical

and experimental conditions, CEST allows the detection of compounds containing

amide, amine and hydroxyl proton groups, that are in chemical exchange with free

water molecules. The main focus of this work is to gain an understanding of the un-

derlying principles of CEST, both in-vitro and in-vivo.

After introducing essential MRI principles in chapter 1, chapter 2 contains a re-

view of the CEST theory, optimisation techniques and applications of CEST, mainly in

characterising brain tumours.

Chapter 3 studies the impact of experimental parameters in generating and quan-

tifying the APT signal, in-silico. The parameters investigated were: the B1 irradiation

power, the APT pool size, the saturation length and �nally the SNR. For each of those

parameters, the relationship between the parameter and APT signal was derived and

its implications in optimising CEST experiments were discussed. For the model under

investigation, it was found that the optimal parameters were: B1 = 1µT, APT pool size

of 0.01 and saturation time of 3 seconds, at most. Furthermore, it is shown that the

presence of noise diminishes the ability to quantify the APT e�ect accurately and that

this loss varies linearly with SNR. In conclusion, the model studied here should be

imaged with an SNR of ~70 so that the percentage error and relative accuracy in the

measurements is ~10% and 0.8, respectively.

Chapter 4 contains a feasibility comparison of measuring extracellular pH with
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CEST, by using three clinically approved iodinated contrast agents, at 7T, in-vitro. The

contrast agents tested were: Iodixanol (brand name - Visipaque, GE Healthcare), Iop-

amidol (brand name - Niopam, Bracco UK Ltd) and Iopromide (brand name - Ultravist,

Bayer Healthcare). Phantoms of the agents, in phosphate bu�er and at di�erent pH

levels were prepared and subsequently scanned using a 2D gradient echo CEST se-

quence. The CEST e�ect was calculated by asymmetry analysis and pH maps were

derived on a pixel by pixel basis. In addition, calibration curves were determined by

�tting the in-vitro CEST signal of all three agents, against pH. Under the experimental

conditions used, Niopam and Ultravist showed two, while Visipaque showed one,

CEST exchange peaks. Consequently, Visipaque was found unsuitable in determining

pH, by ratiometric CEST analysis. On the contrary, Niopam and Ultravist showed great

potential in determining extracellular pH, as the ratiometric analysis produced linear

calibration curves, for both agents. Moreover, Ultravist showed superior linearity to

Niopam (R2 = 0.99, R2 = 0.88). Next steps could involve, measuring the CEST e�ects,

of both Niopam and Ultravist, in-vivo. First, on a pre-clinical model and second, in

humans. The latter will be at 3T, instead of 7T. Patients could be immediately scanned

after routine CT procedures, where either of these contrast agents is used. Before as-

sessing the pH, calibration curves, of both agents, will be derived at 3T, in-vitro, with

experiments similar to those reported at 7T.

Chapter 5 contains the comparison between a modi�ed single slice and volumetric

CEST gradient echo sequences, in generating CEST contrast, in a series of phantoms,

at 3T. The single slice sequence was successfully modi�ed by myself, whereas the volu-

metric sequence was prepared by a team from Institute of Psychiatry, Psychology and

Neuroscience in King’s College, London. Besides allowing for di�erent spatial excita-

tion, the two sequences also di�er in the pre-saturation pulse type. The latter is a Fermi

pulse, in the 2D sequence and a Gaussian pulse, in the 3D sequence. A common limita-

tion of both sequences is the maximum allowed pulse duration, which is in the order of

milli-seconds. However, CEST e�ects were successfully measured in phantoms of the

15



iodinated contrast agent, Ultravist, creatine and glutamate, under physiological condi-

tions (pH =7). Asymmetry analysis was used to quantify the CEST e�ect, in all cases.

Despite post-processing corrections for B0 inhomogeneities, some datasets were noisy.

This is perhaps due to small sample size and ine�cient shimming. The Gaussian pulse

of the 3D sequence was found to produce a 2-fold increased CEST e�ect in Ultravist

and a 7-fold CEST e�ect increase in creatine, as compared to the Fermi pulse of the 2D

sequence. Furthermore, increasing the duty-cycle of the 2D sequence did not result in

greater CEST e�ect magnitude. Analysis of the main �eld homogeneity, after linear

and high order shimming, showed that the latter results in frequency shifts within

±0.5 ppm, whereas the shifts, after linear shimming, extended beyond that range. As

the CEST e�ect is highly sensitive on frequency shifts, a high order shimming is more

bene�cial, especially when characterising CEST e�ects in-vivo. Future work could in-

clude studying the pH dependence of Ultravist and Niopam, in-vitro. Even if only one

CEST peak, instead of the two found at 7T, can be measured at 3T, calibration curves

can still be derived by implementing an RF power based ratiometric method. Sub-

sequent translation, of measuring pH, in patients that have received iodinated contrast

injection, will require further ethical approval. Besides measuring pH, typical CEST

acquisitions could be optimised in more complex phantoms, in-vitro. For example, the

CEST e�ects of three-pool model phantoms (agar gel + creatine or ammonium chlor-

ide) could be tested, using the 3D gradient echo CEST sequence. Existing analysis tools

could be updated to allow for Lorentzian �tting separation of co-existing CEST e�ects.

New tools, allowing �tting of Bloch equations to CEST data, should also be developed.

In addition, besides B0 inhomogeneity corrections, the impact of RF inhomogeneity

e�ects, on CEST signals, should be studied. The latter correction might be crucial in

detecting weaker CEST e�ects at 3T. It would also be interesting to measure the relax-

ation compensated CEST e�ect at 3T. That would be possible if our sequences allow

for a pre-saturation time in the order of seconds (tsat >> T1w). Ultimately, the e�c-

acy of the 3D CEST sequence could be tested in healthy volunteers and �nally in brain
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tumour patients, after acquisition of appropriate ethical approval.

Chapter 6 contains the details of a CEST study, of cerebral gliomas at 7T, where

the APT and NOE signals, between low and high grade brain tumours and normal

white matter, are compared. In addition, the correlation between, APT and NOE sig-

nals with apparent di�usion coe�cient (ADC), is also investigated. More speci�cally,

a 3D CEST MRI scan, targeting amide and aliphatic protons, was acquired, at 7T, in

seven untreated glioma patients, who had previously undergone routine clinical 3T

MRI. APT and NOE maps were produced by Lorentzian �tting of the CEST data. Sig-

ni�cantly higher tumour APT signal was found in both low grades and glioblastomas,

as compared to healthy white matter. In addition, the APT signal, was 3 to 4-fold elev-

ated in glioblastoma versus low grades. On the contrary, signi�cantly lower tumour

NOE was found in both low grades and glioblastomas, as compared normal tissue, with

the latter being ~7-fold decreased in GBMs. Further, investigation of the correlation of

the APT and NOE, tumour and control signals, with ADC, did not show any particu-

lar trend, with the exception of the NOE - ADC signals in controls, which showed a

weak, negative correlation. Further analysis of our data could include asymmetry ana-

lysis, as a comparison to Lorentzian �tting, in cerebral gliomas. Also, quanti�cation

of the conventional magnetisation transfer (MT), along with APT and NOE e�ects, in

oedema, necrotic and haemorrhagic regions, that often accompany gliomas.

Chapter 7 contains an overall discussion of the work on this thesis, how it relates

to the literature and presents some ideas on what should be done next.
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Chapter 1

MRI principles

Figure 1.1: Spinning tops and magnets
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CHAPTER 1. MRI PRINCIPLES 1.1. INTRODUCTION

1.1 Introduction

Magnetic resonance imaging (MRI) is a medical imaging modality capable of producing

tomographic images (slices) that are highly sensitive to the micromagnetic properties

of the tissues present on the location of interest. Similarly to computed tomography

(CT) the production of MRI images depends on the interaction between electromag-

netic radiation and matter. However, MRI is devoid of the risks using ionising radiation

as the modality is based on detecting electromagnetic signals within the non-ionising

radiofrequency part (~MHz) of the electromagnetic spectrum.

The contrast in MRI is highly dependent on not only the tissue composition, as is

the case with the X and γ-ray based imaging modalities, but also on the tissue relaxa-

tion properties. This renders the modality capable of reporting on additional physico-

chemical tissue properties, but also complicates its interpretation. Furthermore, even

though MRI is concerned with energies that are a billion electron-volt (eV) less than

the ones used in X or γ-ray based modalities, its spatial resolution is comparable to the

latter (~1 mm or less for higher magnetic �elds). The reason behind this remarkable

fact is the amount of protons, to which the MR signal depends on, that reside within

an imaging voxel. A simple calculation assuming a 2× 2× 5 mm = 0.02 ml and a �eld

of 1.5T gives 6.02 ×1015 protons or 6 million billion sources of signal!

The basic principle of MRI is closely related to that of Nuclear Magnetic Reson-

ance (NMR). In fact, NMR was discovered �rst, paving the way for the development of

one today’s most useful medical imaging techniques. A brief timeline of the discover-

ies leading to the development of MRI is presented below:

• 1937: Isidor Rabi described how nuclei could have their magnetic orientation

disturbed by the use of an oscillating magnetic �eld.

• 1945: Felix Bloch and Edward Purcell independently described the energy ab-

sorption and signal generation by water/para�n nuclei inside a magnetic �eld.
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• 1971: Raymond Damandian demonstrated that cancer cells have longer T1 and

T2 relaxation times than healthy cells and produced the �rst NMR based image.

• 1973: Paul Lauterbur produced one dimensional projections of the NMR signal

by rotating magnetic �eld gradients.

• 1973: Peter Mans�eld demonstrated the localisation of the NMR signal by a

linear magnetic �eld gradient on a slice by slice basis.

The latter discovery forms the foundation of the spatial encoding techniques used in

modern MRI scanners for signal localisation through the use of 3 orthogonal linearly

varying magnetic �eld gradients.

1.2 Nucleus inside a magnetic �eld

1.2.1 Origins of magnetism

Magnetism is the result of moving electric charges (usually electrons) and is a fun-

damental property of matter just like mass and electric charge. There are 2 types of

magnetism namely atomic and nuclear magnetism. Atomic magnetism is the result of

the orbital movement of the surrounding electrons which as moving charged particles

create both an electric and a magnetic �eld that orient perpendicularity to each other.

The strength of the magnetic �eld is proportional to the amplitude of the moving

charge and its velocity. The direction of the magnetic �eld can be found using the

right hand rule (Figure 1.2).
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Figure 1.2: The magnetic �eld lines of a positive charge moving ’through’ the page. A
moving electron will produce similar but counter-clockwise �eld lines.

The magnetic �elds of the orbital electrons orient randomly through the space around

the atom and in non-magnetic materials cancel out (this is the case for an even number

of electrons). However, when the number of electrons is odd then a magnetic �eld can

be sustained rendering the material magnetic.

Nuclear magnetism is the result of the spin angular momentum of a nucleus as

a whole. Both the positively charged protons and the uncharged neutrons (due to

the internal quarks) precess under the e�ects of an external magnetic or gravitational

�eld. The result of precession is movement of charged particles and therefore creation

of magnetic �elds. Again, an odd number of uncoupled spins is required for a magnetic

�eld to be sustained.

Figure 1.3: The magnetic �eld lines of a nucleus are equivalent that of a magnetic
dipole. In other words, a nucleus behaves like a tiny magnet.
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MRI is based on nuclear magnetism and the most commonly used nucleus in MRI

experiments is hydrogen 1H. Since hydrogen consists of only one proton in its nucleus

the MRI signal is commonly referred to as signal arising from protons. Nevertheless,

when higher atomic number elements such as 23Na or 31P are used for MRI experiments

then the equivalency between the terms nucleus and proton breaks down. The nuclei

of the latter chemical elements contain multiple protons and neutrons and thus in

these cases nucleus 6= proton.

Figure 1.4: Classic, single electron orbit, view of the hydrogen atom (left). Quantum
microscope image of the atom’s wave function (right). Image taken from Stodolna et
al [181].

1.2.2 Magnetic properties of hydrogen

1.2.2.1 Spin

In classical physics, an object of mass m, rotating in an orbit of radius ~r, having a

tangential speed ~u is described by a vector quantity called angular momentum ~L:

~L = ~r× ~p = ~r×m~u (1.2.1)

The vector ~L is perpendicular to the plane of rotation as indicated in Figure 1.5.
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Figure 1.5: Angular momentum of a rotating object.

Spin (represented with S for electrons or I for nuclei) is the corresponding quantity of

the classical angular momentum for atomic and sub-atomic particles. It is an inherent

property of matter that represents an intrinsic angular momentum. Charged (pro-

tons, electrons), uncharged particles like neutrons (due to the internal quarks) and

also nuclei, all posses spin. Furthermore, just as angular momentum interacts with

gravitational �elds, spin interacts with electromagnetic �elds. However, unlike an-

gular momentum, spin can only take a discrete set of values, or in other words, the

magnitude of spin quantised. For example the number N of eigenstates for a nucleus

with spin =~I is:

N = 2I+ 1 (1.2.2)

In the special case of hydrogen (1H) that has I = 1/2 there are:

2(1
2) + 1 = 2

possible spin states.

In quantum mechanic formulation these states are written as:∣∣∣∣+1
2

〉
or

∣∣∣∣−1
2

〉
and referred to as ’spin up’ or ’parallel’ and ’spin down’ or ’anti-parallel’ respectively.
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Figure 1.6: A simple analogy between a spinning top and a spinning nucleus.

Being quantised, spin, can only take discrete integer of half integer values (0, 1
2 , 1, 3

2 ,

2, 5
2 , ...). Nucleons and electrons have spin = 1

2 whereas the spin of nuclei across the

periodic table ranges from I = 0 to I = 8. Not all nuclei can be used in MRI experiments.

As described in the following table, the nuclei relevant to MRI are the ones having

an odd/even or even/odd number of protons and neutrons. Hydrogen not only obeys

the previous rule but also is very abundant in the human body, as 2
3 of the latter is

composed of water.

# protons & neutrons Examples Used in MRI

Even/even 4He, 12C No
Odd/odd 2H, 6Li 10B No

Odd/even or even/odd 1H, 13C, 19F, 23Na, 31P Yes

Table 1.1: Composition of nuclei that can or can’t be used in MRI experiments.

1.2.2.2 Magnetic moment

The magnetic moment ~µ, of a nucleus, is a vector quantity that measures the tendency

of the nucleus to interact with an external magnetic �eld. Assuming a charge q, rotat-

ing in an orbit of radius ~r with speed ~u (Figure 1.7) then the magnetic moment ~µ of

the charge is:

~µ = iA (1.2.3)
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where

i: the circulating current at the boundary of the area A

Figure 1.7: The magnetic moment ~µ of a rotating charge q.

The period of rotation t of the charge q is:

t =
circumference

speed
=

2πr
u

(1.2.4)

and the equivalent current i can be shown to be:

i =
q

t
=
qu

2πr (1.2.5)

From equations 1.2.1, 1.2.3 and 1.2.5 the magnetic moment ~µ of the charge q can be

shown to be:

~µ =
( q

2m

)
~L (1.2.6)

where

m: the mass of the charge q

Consequently, the magnetic moment ~µ is proportional to the angular momentum ~L.

The constant of proportionality is called gyromagnetic ratio, γ:
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γ =
( q

2m

)
Using γ, equation 1.2.6 can be written as:

~µ = γ~L = γ~I (1.2.7)

where

~I: the total spin of the nucleus

The equivalent relationship that relates the magnetic moment ~µ to the quantised an-

gular momentum or spin reads:

~µ = γè~I (1.2.8)

where

è: the reduced Planck’s constant, h2π = 6.62×10−34

2π J sec

We conclude this section by providing the γ values of nuclei used in MRI experiments

and also the γ value of the electron . A negative gyromagnetic ratio indicates that the

magnetic moment ~µ and~I are aligned in an anti-parallel orientation.

Nucleus/particle gyromagnetic ratio, γ, in MHz/T
1H 42.5

electron -28024
13C 10.705
19F 40.052

23Na 11.26
31P 17.235

Table 1.2: γ values of commonly used nuclei. Notice that the electron γ value is 3
orders of magnitude larger than the γ of the other nuclei [7].
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1.2.2.3 Magnetic susceptibility

Magnetic susceptibility, χ, describes the extend to which a material becomes magnet-

ised when placed inside a magnetic �eld. As stated before, hydrogen behaves like a

tiny magnet and therefore a large number of hydrogen atoms within a material de�ne

an internal magnetic �eld. When the latter is formed in the same direction as the ex-

ternal magnetic �eld then the material has positive χ. This type of material attracts

the external magnetic �eld lines. On the other hand, when the internal magnetic �eld

is formed in the opposite direction from the external magnetic �eld, then χ is negative.

In this case the external magnetic �eld lines are dispersed around material lowering

the local �eld (Figure 1.8).

Type Susceptibility Behaviour Examples

Diamagnetic χ<0
Slightly
repelled by
magnets

Hydrogen, copper

Paramagnetic χ>0

Weak
interaction
with
magnets

Oxygen, manganese

Ferromagnetic χ>1 Easily
magnetised Iron, Gadolinium

Table 1.3: Examples of diamagnetic, paramagnetic and ferromagnetic materials [149].

Since χ a�ects the local magnetic �eld it is an important parameter in MRI experi-

ments as variabilities in tissue susceptibility is a common source of artefacts in MRI.

Depending on their susceptibility, materials are classi�ed as diamagnetic, paramag-

netic or ferromagnetic as summarised in the previous table (1.3).
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Figure 1.8: How the magnetic susceptibility of a material a�ects the intensity of the
local magnetic �eld. The blue arrows indicate the orientation of the internal magnetic
�eld.

1.2.3 Energy states and Zeeman splitting

As described previously (equation 1.2.2), the number of eigenstates of a nucleus with

spin~I is:

N = 2I+ 1.

For 1H:

I =
1
2

and thus N = 2.

In quantum mechanic formulation these states are written as:

∣∣∣∣+1
2

〉
or

∣∣∣∣−1
2

〉
and referred to as ’spin up’ or ’parallel’ and ’spin down’ or ’anti-parallel’ respectively.

The physical separation of the 2 spin states is only observable when the nucleus

is inside an external magnetic �eld. In other words, in the absence of an external

magnetic �eld the two states are said to be degenerate.

However, the situation is completely di�erent in the presence of an external mag-

netic �eld. In this case, the interaction between the magnetic moment ~µ and the mag-
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netic �eld causes a splitting of the system’s energy states and was �rst observed by

Zeeman as splitting of optical spectral lines by a magnetic �eld. The energy di�erence

between the two states (Figure 1.9) is given by:

∆E = γèB0 (1.2.9)

where

γ: the proton gyromagnetic ratio, 42.5 MHz
T

è: the reduced Planck’s constant, h2π = 6.62×10−34

2π J sec

B0: the magnitude of the external magnetic �eld

Starting from equation 1.2.8 and replacing the nuclear spin~I with the proton spin ~S,

equation 1.2.9 is derived as follows:

~µ = γè~S (1.2.10)

Considering that ~S = ± 1
2 , the magnetic potential energy of the proton inside a �eld

B0 is:

E = −µB0 = −γè

(
1
2

)
B0 (1.2.11)

for the spin-up state and

E = −µB0 = −γè

(
−

1
2

)
B0 (1.2.12)

for the spin-down state.

Subtracting equation 1.2.11 from equation 1.2.12 yields:

γè

(
1
2

)
B0 −

(
−γè

(
1
2

)
B0

)
= γèB0 (1.2.13)

which corresponds to equation 1.2.9 regarding the energy di�erence between the two

proton spin states.
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Finally, it is also evident from equation 1.2.12 that the spin down state has higher

energy than the spin up state, as indicated in �gure 1.9.

Figure 1.9: Classic, simpli�ed, view of the spin-up and spin-down proton states (left).
The 2 states have the same energy when B0 = 0. Zeeman splitting occurs when B0 6= 0.
The anti-parallel or spin-down state has higher energy than the spin-up state (right).

Figure 1.9 presents a simpli�ed description of the two proton spin states that is some-

what inaccurate. What is known from the quantum mechanic description of the spin

is that the latter does not exist on either the up or down state. More precisely, the spin

exists in a linear combination (superposition) of the up and down states. In the most

general case, this state of superposition can be expressed through a complex spin state

vector |A〉:

|A〉 = α
∣∣∣∣+1

2

〉
+ β

∣∣∣∣−1
2

〉
(1.2.14)

whereα andβ are the components of the complex vector |A〉 along the basis directions

de�ned as spin-up and spin-down.

Furthermore, |α|2 and |β|2 give the probabilities of observing the spin on either

the up or down state. This is because the process of measuring the spin state causes

the ’collapse’ of the wave-function, resulting in a single spin state.

1.2.4 Net magnetisation

Net magnetisation or simply magnetisation, ~M, is a vector that expresses the density

of the individual nuclear magnetic moments within a volume element:

~M =
1
V

∑
i

~µi (1.2.15)
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where

~µi: the elementary magnetic moment

V: the unit volume element

The fundamental relationships in MRI are simpli�ed through the use of the ~M vector.

This is because the vast (in the range of million billions) number of spins present in

the sample undergoing MRI can be represented by a simple vector that obeys the laws

of classical physics. A further consequence of the latter is the establishment of a fully

classical formulation of MRI principles without any quantum mechanical assumptions.

In the absence of an external magnetic �eld the orientation of the nuclear mag-

netic moments is totally random. As a consequence, there is no net magnetisation

that can describe the ensemble of spins. Nevertheless, when the spins reside within

an external magnetic �eld then the preferential orientation of the magnetic moments

or spins is the one that is parallel to the external magnetic �eld. In other words, most

(but not all) spins will align with the external magnetic �eld.

Figure 1.10: In the absence of a magnetic �eld the random orientation of the spins
averages out the net magnetisation (left). Within a strong magnetic �eld however, a
small excess of spins orients parallel to B0. The ensemble of such spins is described
through the magnetisation vector ~M, that is also collinear to B0 (right). The spins are
not static, but move in a circular path as explained in the next paragraph.

In the previous paragraph it was shown that the parallel (spin-up), to the external

B0, orientation of the spins corresponds to the low energy spin state. The natural

preference of occupying the lowest possible energy state is seen throughout all natural
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phenomena and is not an exclusive feature of spin physics. If this the case, then what

prevents the perfect alignment of all spins with the external �eld?

The answer here is that the spins also posses kinetic energy due to the local tem-

perature. This so called thermal motion is a competing process to the magnetic align-

ment that works to equalise the 2 spin states. Assuming that the population of the

spin-up state is N+and the population of the spin-down state is N-, then the arrange-

ment of the spins can be described by the Boltzmann distribution:

N+

N−
= e−

∆E
kT (1.2.16)

where

∆Ε: the energy di�erence between the states

k: the Boltzmann constant, 1.38×10−23 J
oK

T: the temperature measured in oK.

The equilibrium magnetisation M0, which is the available magnetisation at the start of

an MRI experiment is given by [51]:

M0 =
N (γè)2

B0

4kT (1.2.17)

where

N: the total number of spins

γ: the proton gyromagnetic ratio, 42,5 MHz
T

è: the reduced Planck’s constant, h2π = 6.62×10−34

2π J sec

k: the Boltzmann constant, 1.38×10−23 J
oK

T: the temperature measured in oK.

B0: the magnitude of the external magnetic �eld

From equation 1.2.17 it is evident that a large number of available spins and a stronger

B0 will increase the MRI signal.
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1.2.5 Precession and resonance

The spins that were presented in Figure 1.10 are not perfectly aligned parallel or anti-

parallel with B0 and are certainly not static. In fact, they move in a circular path

(Figure 1.11) under the e�ects of a twisting force from the magnetic �eld. This type of

movement is called precession.

Figure 1.11: Precession of a spinning nucleus..

The force causing the precession acts perpendicularly to both the magnetic �eld and

the magnetic moment and is called torque, ~τ:

~τ = ~µ× ~B (1.2.18)

where

~µ : the magnetic moment of the nucleus

~B : the external magnetic �eld

The rate of precession, dϕ and the rate of change of the angular momentumd~L, caused

by the torque, are illustrated in the following graph.
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Figure 1.12: Precession of a magnetic moment ~µ around B0.

From Figure 1.12 the torque can be expressed as:

~τ =
dL

dt
=
Lsinθdϕ

dt
(1.2.19)

Equating equations 1.2.18 and 1.2.19 gives:

~µ× ~B =
Lsinθdφ

dt

|µBsinθ| =
Lsinθdφ

dt

µB =
Ldϕ

dt
(1.2.20)

From the de�nition of the angular frequency,ω:

ω =
dϕ

dt

and equation 1.2.7:
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γ =
µ

L

equation 1.2.20 yields:

ω0 = γB0 (1.2.21)

where

γ: the proton gyromagnetic ratio, 42.5 MHz
T

B0: the magnitude of the external magnetic �eld measured in Tesla

Equation 1.2.21 is called the Larmor equation andω0 gives the precessional frequency

of protons measured in MHz.

Even though at equilibrium the individual spins precess around B0 with ω0, the

net magnetisation vector ~M, does not (see also section 1.3.1). In this case, ~M is simply

aligned with B0. Nevertheless, when ~M is tipped from its equilibrium condition then it

will precess around B0. This is achieved with the application of an additional magnetic

�eld, B1, rotating near the Larmor frequency ω0. The latter condition is necessary

for resonance to occur. During resonance there is e�cient energy transfer from the

rotating magnetic �eld B1 to the precessing spins (and equivalently to ~M) resulting in

a downward spiral motion of ~M, as illustrated in the following graph.

Figure 1.13: The application of a rotating B1 at ω0 causes ~M to drop at the xy plane.
Motion as viewed from the lab (left) and rotating (right) frame.

The description of resonance is simpli�ed by the use of the so called rotating frame.
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This frame rotates around the z axis with ω0 just as ~M does. This results in a simple

drop of ~M to the xy plane as indicated in Figure 1.13.

The angle, θ, by which ~M is tipped by the application of B1 is called the �ip angle.

In Figure 1.13 θ = 90o or π2 .

In the most simple case of a rectangular hard pulse the �ip angle is given by:

θ = γB1t (1.2.22)

where

γ: the proton gyromagnetic ratio, 42.5 MHz
T

B1: the amplitude of the B1 �eld

t: the duration of the B1 pulse

1.2.6 Chemical shift

The chemical shift, δ (or σ), is a dimensionless constant that provides information

about the chemical environment of a nucleus. Not all nuclei inside the same B0 precess

at the same frequency ω. This is because the local, to these nuclei, magnetic �eld

depends on the interaction between the external B0 and opposing, Bi �elds created by

the electrons orbiting the nuclei. This so called electron shielding results in a local

�eld di�erent than B0. The relationship between these �elds can be expressed as:

Blocal = B0 − Bi = B0 (1 − δ) (1.2.23)

Chemical shift is measured in parts per million (ppm) and re�ects the frequency sep-

aration of a nucleus from a standard reference:

δ =
(fsample − freference)

freference × 10−6 (1.2.24)

Typically, TMS {tetramethyl-silane - (CH3)4Si} is used as the reference and its single
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resonance peak is assigned at 0 ppm in the proton spectrum. All other resonant fre-

quencies are assigned in comparison to the TMS peak.

Figure 1.14: Brain proton spectrum measured at 7T. The resonant peaks of major brain
metabolites are also shown [74].

Proton spectroscopy aims in detecting very low concentrations of organic chemical

compounds. Typically, the peaks of these compounds are many orders of magnitude

lower than the peaks of abundant compounds such as water and lipids. Water sup-

pression techniques like CHESS and VAPOR or other inversion suppression pulses are

commonly used in proton spectroscopy experiments in order to minimise the contam-

ination of the spectrum from the water and fat signal.

1.2.7 J-coupling

J-coupling refers to the possible energy con�guration states between coupled (inter-

acting) nuclei. This coupling can occur either via the chemical bonds between the

nuclei or simply ’through’ space. In either case, due to quantum interactions the nuc-

lear magnetic energy levels are split leading to double (e.g Lactate), triple or multiple

resonant peaks.

The following is a simple classical explanation of the J-coupling.
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Figure 1.15: Through bond coupling of 2 nuclei. The 4 possible con�gurations lead to
a double resonant peak. Note that the electron spins in the bond must follow Pauli’s
exclusion principle.

Consider a two spin system, coupled through a chemical bond, as indicated in Figure

1.15. Furthermore, nucleus B has an equal probability of being in a parallel or anti-

parallel spin state. Then nucleus A will be split into two equal peaks. The peak of

nucleus A, that is coupled to nucleus B, parallel to B0 will have a higher frequency

than the peak of nucleus A coupled to nucleus B anti-parallel to B0. The most possible

con�gurations of the spins are those where they are anti-parallel, since these states

correspond to lower energy. Assuming that the probability of transitioning between

parallel and anti-parallel con�gurations is equal, the energy corresponding to these

con�gurations is slightly di�erent. The latter results in the splitting of the resonant

peak of nucleus A into two peaks of equal intensity.

Using Lactate as example, the CH3 nucleus at 1.31 ppm is coupled to the CH nuc-

leus at 4.10 ppm. This results in the CH3 nucleus being split into two equal peaks,

having a 6.9 Hz chemical shift [34].

1.3 Bloch equations

The following sections are based on the lectures given by Josef Granwehr and Paul

Glover in autumn 2010 [51].

The Bloch equations is a set of �rst order di�erential equations that describe the

evolution of the magnetisation vector ~M. These equations can be derived by consulting

Newton’s second law of motion:

57



CHAPTER 1. MRI PRINCIPLES 1.3. BLOCH EQUATIONS

d~p

dt
= ~F

where

~p : the linear momentum

~F : the force acting on the system

A similar equation is valid for rotational motion:

d~L

dt
= ~τ

where

~L : the angular momentum

~τ : the torque acting on the system

From the last equation and the previously introduced equations 1.2.7 and 1.2.18 one

obtains:

d~µ

dt
= γ~µ× ~B

Using equation 1.2.15 the previous result is written as:

d ~M

dt
= γ ~M× ~B (1.3.1)

where

~M : the net magnetisation

Equation 1.3.1 represents a system of three coupled linear di�erential equations:
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dMx

dt
=γ (MyBz −MzBy)

dMy

dt
=γ (MzBx −MxBz) (1.3.2)

dMz

dt
=γ (MxBy −MyBx)

These equations are valid for an arbitrary �eld ~B that is homogeneous over the whole

volume of interest.

1.3.1 Solutions for static ~B excluding relaxation

Assumptions:

a) ~B ‖ ~z, Bx = By= 0, Bz = B0

b) My(0) = 0

Equations 1.3.2 are simpli�ed to:

dMx

dt
=γMyB0

dMy

dt
=− γMxB0 (1.3.3)

dMz

dt
=0

Therefore

Mz(t) = Mz(0) = constant

Moreover, by taking the �rst derivative of the �rst equation in 1.3.3 and substituting

the expression for dMy

dt
we �nd:

d2Mx

dt2 = −(γB0)
2
Mx

which is a harmonic di�erential equation with solution (for My(0) = 0)
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Mx =Mx(0)cos(ω0t)

My =Mx(0)sin(ω0t)

Mz =Mz(0)

where

ω0 : the Larmor frequency

In this case, the magnetisation vector ~M, precesses around the magnetic �eld direction

as indicated in Figure 1.11. Depending on the sign of ω0, the precession is clockwise

forω0> 0 and anti-clockwise forω0< 0.

1.3.2 Solutions for static ~B including relaxation

After tipping the magnetisation ~M from its equilibrium state, the vector precesses

around the magnetic �eld direction and its three components Mx, My, and Mz evolve as

described in the previous section. Nevertheless, the precession cannot be maintained

inde�nitely. Energy is lost due to various interactions and processes and ~M gradually

returns to the equilibrium state where it is ‖ to ~B. These processes are collectively

called relaxation.

There are two types of relaxation. Longitudinal relaxation, which describes the

growth of the Mz component towards the ~z axis and transverse relaxation which de-

scribes the decay of the transverse magnetisation components Mx and My. Both pro-

cesses progress exponentially.

1.3.2.1 Longitudinal relaxation

Molecular translations, rotations, vibrations and changes in local resonant frequencies

due to electron shielding a�ect the interactions between magnetic moments. This in

turn a�ects the interactions of the magnetisation vector ~M, with its immediate envir-
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onment. During the longitudinal relaxation, energy is transferred from the spins to the

surrounding lattice in the form of heat. This loss of energy results in the exponential

return of the longitudinal relaxation Mz to its equilibrium state M0.

The process is described by the following di�erential equation:

dMz

dt
= −

Mz −M0

T1
(1.3.4)

The solution of 1.3.4 is:

Mz(t) =M0 + (Mz(0) −M0) e
− t
T1 (1.3.5)

where

T1 : the characteristic time constant termed longitudinal relaxation time

1.3.2.2 Transverse relaxation

Transverse relaxation is also an exponential process and is characterised by the time

constant T2. It describes the exponential decay of the transverse magnetisation com-

ponents Mx and My. The latter is expressed as:

Mx(t) =Mx(0)cos(ω0t)e
− t
T2 (1.3.6)

My(t) =Mx(0)sin(ω0t)e
− t
T2 (1.3.7)

in the case where Bx = By= 0 and My(0) = 0.

Transverse relaxation is the result of the spin phase dispersion in the transverse

plane. This loss of phase coherence determines the acquisition window during which

a measurable MR signal can be detected. Both T1 and T2 relaxation occur at the same

time, with the latter being faster than the former. Finally, additional spin phase disper-

sion in the transverse plane due to magnetic �eld inhomogeneities results in an even
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faster than T2 relaxation. This process is termed T∗2 relaxation and is given by:
1
T∗2

=
1
T2

+
1
T
′
2

where

T2 : relaxation due to spin-spin interactions

T ′2 : relaxation due to magnetic �eld inhomogeneities

In summary, by combining the equations presented in the sections 1.3.1 and 1.3.2 the

Bloch equations including relaxations terms are written as:

dMx

dt
=γ(MyBz −MzBy) −

Mx

T2
dMy

dt
=γ(MzBx −MxBz) −

My

T2
(1.3.8)

dMz

dt
=γ(MxBy −MyBz) −

Mz −M0

T1

Figure 1.16: Longitudinal and transverse relaxation after a 90o RF pulse. T1 = 1.3 sec,
T2 = 0.8 sec for white matter at 3T [220]. The plots were generated in Matlab using
custom written code.
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1.3.3 Rotating frame of reference

The rotating frame of reference is a coordinate system that simpli�es the description

of the evolving ~M, especially under the e�ects of radio-frequency pulses. Essentially,

it is a Cartesian coordinate system that rotates around ~z (assuming that B0 ‖ ~z), at the

Larmor frequencyω0, as illustrated in the following graph (Figure 1.17).

The magnetisation vector in the rotating frame, ~Mr, can be obtained as:

~Mr = T ~M

Figure 1.17: Rotating (blue) and laboratory (black) frame.

with T the transformation matrix:

T =


cos(ωrft) sin(ωrft) 0

−sin(ωrft) cos(ωrft) 0

0 0 1


where

ωrf: the frequency of the applied radio-frequency pulse
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Using the last result the relations of the magnetisation components in the two frames

can be shown to be:

Mr
x =Mxcos(ωrft) +Mysin(ωrft) Mx =M

r
xcos(ωrft) −M

r
ysin(ωrft)

Mr
y =−Mxsin(ωrft) +Mycos(ωrft) My =Mr

xsin(ωrft) +M
r
ycos(ωrft)

Mr
z =Mz Mz =M

r
z

At this point the concept of the radio-frequency (RF) pulse, which is an integral part

of all MRI experiments, will be described.

Consider two Helmholtz coil pairs arranged in a quadrature con�guration as

shown in Figure 1.18. When the sinusoidal current running through the coils has a

90o phase di�erence between the two pairs then the vector sum of the two magnetic

�elds results in a rotating vector.

Figure 1.18: Quadrature RF transmit coil.

This result occurs because the magnetic �elds of the coils are 90o out of phase and per-

pendicular to each other. In other words, when one magnetic �eld is at its maximum,

the other one is zero. This is further illustrated in the following graph.
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Figure 1.19: The RF pulse is a rotating magnetic vector, on a plane perpendicular to
B0.

Mathematically, the rotating magnetic vector of the RF pulse is given by:

~B1(t) = B1 (cos (ωrft)~ex + sin (ωrft)~ey)

The di�erent pulse shapes used in MRI experiments are achieved by pulsing the RF

�eld modulation envelope, ~B1(t), for very short times (200 µs to 5 ms) [7]. Within this

short time-frame T1 and T2 relaxation can be neglected and therefore a cumulative

e�ect (e.g excitation) of the RF on the magnetisation can be attained.

1.3.3.1 Bloch equations in the rotating frame

In the rotating frame, the e�ective precession frequency is given by:

Ω = ω0 −ωrf

and Bloch equations can be shown to be:

dMr
x

dt
=−Mr

y (ω0 −ωrf) −
Mr
x

T2
dMr

y

dt
=Mr

x (ω0 −ωrf) +MzγB1 −
Mr
y

T2
(1.3.9)

dMr
z

dt
=−Mr

yγB1 −
(Mz −M0)

T1
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1.3.3.2 On resonant radio-frequency irradiation in the rotating frame

In this case, B1 rotates around ~z (assuming that B0 ‖ ~z) with ωrf = ω0. Since the

frame rotates withω0, just like the magnetisation does, the latter appears to be static.

This means that ~M does no longer “feel” the e�ect of the main magnetic �eld B0. In

addition, even though B1 is also static in this frame it a�ects the magnetisation.

Considering the on resonant conditionωrf = ω0 equations 1.3.9 give:

dMr
x

dt
=0

dMr
y

dt
=γB1Mz

dMr
z

dt
=− γB1M

r
y

and the solutions can be shown to be:

Mr
y(t) = −M0sin(θ)

Mr
z(t) =M0cos(θ)

where

θ: the �ip angle of the RF pulse, equal to γB1t

Figure 1.20: Flipping of the magnetisation by an on resonant RF pulse.

66



CHAPTER 1. MRI PRINCIPLES 1.3. BLOCH EQUATIONS

1.3.3.3 O� resonant radio-frequency irradiation in the rotating frame

The assumption ω0 = ωrf is experimentally usually not ful�lled. In this case, ω0

6= ωrf and the e�ects of the B0 �eld do not completely disappear. In fact, there is a

residual longitudinal �eld given by:

B ′ = B0 −
ωrf

γ

In this case, the existing �elds, ~B1 and ~B ′ , are vectorially added together to produce an

e�ective �eld ~Beff. The magnitude of the ~Beff is given by:

| Beff |=
√
B2

1 + B
′2

and the magnetisation precesses in cone around ~Beff, as shown in the following graph

(Figure 1.21).

Figure 1.21: The e�ective �eld around which the magnetisation precesses when the
RF pulse is applied o�-resonance.

67



CHAPTER 1. MRI PRINCIPLES 1.4. THE MR SIGNAL

1.4 The MR signal

According to Faraday’s Law of induction:

~∇× ~E = −
∂~B

∂t

changing magnetic �ux through a surface results in a circulating electric �eld, ~E, at

the boundary of the surface. The latter is the driving force of a measurable electric

current. In MRI, the transverse magnetisation, Mxy, is the changing magnetic �eld

that creates a voltage in the receiver coils. Measuring the latter leads to the MR signal.

The signal is recorded during certain relaxation times and typically when the

spins in the traverse plane are in phase. In other words, the signal is recorded during

an echo. The di�erent ways of generating an echo are summarised in the following

paragraphs.

1.4.1 Echo formation

1.4.1.1 Spin echo

A spin echo is formed at time TE (echo time) after the application of a 90o and a 180o

RF pulse, separated by a time interval of TE2 . The e�ect of the pulses on the spins is

illustrated below.
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Figure 1.22: Rephrasing of the spins during the application of a 900- 1800 pair of pulses.

After an initial 900 excitation, the 1800 pulse �ips the spins about the~x axis. This results

in an echo when the spins meet again at the positive ~y axis. The 1800 pulse corrects

for phase dispersion due to main magnetic �eld inhomogeneities and therefore spin-

echo sequences are T2 weighted and have higher signals than gradient echo sequences.

Despite generating higher signals, the former have increased repetition times (TR) and

thus take longer than the latter.

Figure 1.23: RF pulses for a spin echo.
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1.4.1.2 Gradient echo

A gradient echo is formed without using an 1800 RF pulse. In this case, a certain spin

phase dispersion is introduced and immediately reversed by the frequency encoding

gradient. The dephasing and rephasing gradient areas have the same magnitude but

opposite polarities, as illustrated in the graph below. This gradient reversal, forces the

spins to eventually rephase and thus to form an echo. Due to the absence of the 1800

pulse, the gradient echo sequences are T∗2 weighted and have shorter repetition times.

Since these sequences are sensitive to magnetic �eld inhomogeneities they are often

used for acquisition of susceptibility weighted images.

Figure 1.24: Gradient echo sequence. The echo is formed by reversing the polarity
of the frequency encoding gradient. The slice selection and phase encoding gradients
have been omitted for clarity.

1.4.1.3 Hahn echo and stimulated echo

A Hahn echo is observed during the application of two 900 RF pulses. If the pulses are

separated by a time interval t, then the echo is formed at time 2t (Figure 1.25).
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Figure 1.25: Formation of a Hahn echo.

The �rst 900 pulse tips the spins into the transverse plane initiating the transverse

phase dispersion. Spins that are aligned with the ~x axis when the second RF pulse

is applied will remain una�ected (a and d). However, slower spins like b and c will

be �ipped another 900 by the second RF pulse, into the yz plane. At this point, both

b and c, can be described by their components on the ~y and ~z axis. Even though

the z components will not rephase, since they are parallel to B0 (and B0‖ ~z ), the y

components will rephase, but later than the a and b, forming a smaller echo.

The signal generated by a Hahn echo is half as large as the one obtained by a 900-

1800 pair. More speci�cally, it is reduced by a factor of: sin(θ1)sin2(θ2
2 ), where θ1 and

θ2 are the �ip angles of the RF pulses.

Application of a third 900 RF pulse will tip the z components of spins b and c back

into the transverse plane. There, after precessing and rephasing, these components

will form another form of echo called stimulated echo.

In practice, the situation is more complicated, as any combinations of RF pulses

will lead to numerous primary, secondary, and stimulated echoes. For example, applic-
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ation of three RF pulses leads to �ve echoes: three primary, one secondary and one

stimulated echo. This simple example illustrates the problem of echo contamination

during an MRI experiment. Not all of the echoes generated are useful, especially when

they overlap with desired signals.

1.5 Spatial localisation

A prerequisite of creating clinically relevant MRI images is the ability to precisely loc-

alise the source of the signal. This is achieved by the use of three additional magnetic

�elds, called gradients. These gradients induce linear variations in the magnitude of

the main magnetic �eld proportional to the distance from the centre of the magnet

(isocentre). It is important to note that the gradient magnetic �elds are oriented in

such a way as to always have their magnetic vector parallel to ~B0. This is achieved by

using a Helmholtz coil for the z gradient and saddle coils for the x and y gradients.

Figure 1.26: Slice selection gradient orientation.

The two most important gradient properties are the peak amplitude and the slew rate.

The former de�nes how steep the gradient can be and is measured in milli-Tesla per

meter (mT
m

). Generally, higher amplitudes mean smaller FOVs and thinner slices. The

slew rate is measured in mT
msec

(milli-Tesla per msec) and determines how fast the gradi-

ent can be turned on. Obviously, this a�ects the imaging speed, with higher slew rates

resulting in shorter echo and repetition times.
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1.5.1 Slice selection (Gz)

Slice selection is accomplished by the simultaneous application of an RF pulse and a

gradient (Gz) which causes a linear variation of the spin resonant frequencies across

the~z axis. Subsequently, the RF pulse excites groups of spins on either side of its centre

frequency depending on its bandwidth.

Figure 1.27: Selecting slices having di�erent thickness.

As illustrated in Figure 1.27, the slice thickness can be determined by either the RF

bandwidth or the slope of the gradient. More speci�cally:

∆z =
BWt

Gz
(1.5.1)

where

∆z: the slice thickness

BWt: the bandwidth of the transmitted RF pulse

Gz: the gradient strength

In the previous example the centre frequency of the RF pulse matches the Larmor

frequency ω0. However, this is not always necessary. In general, the location of a

slice can simply be determined by changing the centre frequency of the RF pulse to a

value 6=ω0.
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1.5.2 Frequency encoding (Gx)

The second magnetic �eld used for within slice spatial localisation is termed frequency

encoding gradient (Gx) and is applied along the ~x axis. Nevertheless, its magnetic

vector is still parallel to ~B0. Just like Gz, the frequency encoding gradient changes

the spin precessional frequencies in the ~x direction. This is better illustrated with an

example.

Consider the selection of a slice containing only nine pixels and that each pixel

contains only one spin, as illustrated below.

Figure 1.28: A simple nine pixel slice.

The precession of the spins in Figure 1.28 can be described by:

sin(ωt+ φ)

where

ω: the precessional frequency

φ: the phase of the precession

If now Gx is turned on, then the spins right (+~x axis) of the central column (isocentre)

will precess faster and the spins left of the central column will precess slower. This is

indicated withω+ andω− respectively, in Figure 1.29.
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Figure 1.29: E�ect of Gx gradient on spin precession.

At this point there are three precessional frequencies: ω, ω+ and ω−. This modi-

�cation allows, at most, to di�erentiate the spins column-wise, but obviously, this

classi�cation is not optimal. However, by applying another gradient, along the ~y axis

this time, the spins can be identi�ed individually (see next paragraph).

1.5.3 Phase encoding (Gy)

The frequency changes introduced by the Gx gradient persist, after the gradient is

turned o�. By applying now a third gradient along the ~y axis, the phase of the spins

can also be changed, as illustrated below.

Figure 1.30: Using the Gy gradient, allows for individual identi�cation of all the spins.

Again, the spins above the middle row (isocentre) gain phase (ϕ+) and the spin be-
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low lag behind (ϕ−). Now, all the spins have unique precessional characteristics that

depend on their location. This is a very important diagnostic aspect as being able to

identify the exact correspondence between frequency and location is absolutely cru-

cial in producing images that contain the right information (signal) from the correct

and corresponding areas.

1.6 Shimming

Magnetic �eld inhomogeneities destroy the linear variation of the Larmor frequency

and spatial location, leading to misplaced MRI signal and thus image distortions. The

inhomogeneities are caused by manufacturing imperfections (coil winding variations,

mechanical and electrical tolerances, surrounding structures) and inevitably, by the

sample placed inside the magnet. Even if it was possible to create a perfectly homo-

geneous magnet, placing a sample of varying susceptibility within its �eld, would lead

to distortions. For example, when scanning the human brain, di�erences in suscept-

ibility occur between brain tissue and air in the nasal and auditory cavities. These

susceptibility variations result in image distortions in the frontal cortex and temporal

lobes. Mathematically, the distorting �eld that is caused by a volume element dV near

tissue-air boundaries can be calculated by [216]:

B(r̄) = (χtissue(r̄) − χair) ∗ (
B0

4π ·
3z2 − r2

r5 dV) (1.6.1)

where

χ: the magnetic susceptibility of tissue/air

B0: the main magnetic �eld

Equation 1.6.1 shows that the magnitude of the distorting �eld increases linearly

with B0. This means that the problem of �eld inhomogeneity is more severe at higher

magnetic �elds. In addition, the more complex the geometric arrangement of tissue-air

elements is, the more complex the disturbance of B0 becomes.
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Shimming is the process of minimising magnetic �eld inhomogeneities prior an

MRI scan. Just like the total gravitational �eld (from a number of masses) and the total

electric �eld (from a number of charges) is derived from the principle of superposition,

the total magnetic �eld (from a number of coils) also obeys the same principle. Con-

sequently, the total magnetic �eld present during an MRI experiment can be manip-

ulated by the use of additional magnetic �elds (apart from the main magnet). Ideally,

the additional shimming �elds, exactly resemble the existing magnetic �eld variations

in both shape and amplitude, but have an opposite polarity.

Figure 1.31: The superposition of the inherent and shim �elds improves magnetic �eld
homogeneity. Image taken from [38].

1.6.1 Passive shimming

Passive shimming is performed during the installation of an MRI scanner by placing

pieces of metal (iron or steel) at the inner bore of the main magnet. For a typical cyl-

indrical superconducting magnet, the shim elements are placed symmetrically around

the z − axis of the magnet along its circumference. During the shimming process,

the �eld homogeneity is repeatedly measured and the shimming elements are adjus-

ted/tweaked accordingly to improve homogeneity.

Passive shimming mostly addresses inhomogeneities caused by hardware and en-

vironmental components and can provide an excellent �eld homogeneity, but that is
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only when the bore is empty. It is time consuming and lacks �exibility as it is imprac-

tical for patient-by-patient implementation. A further disadvantage is the depend-

ence of the passive shim induced �elds on temperature (higher temperature→higher

thermal energy→less available magnetisation) [179]. Thus, increased temperature

during scanner operation might compromise the magnetic distribution caused by the

passive shims, which in turn is detrimental for the acquired image quality.

1.6.2 Active shimming

Active shimming is performed with coils similar to gradient coils. The magnetic �eld

produced by the former, is proportional to the current running through them and thus,

by adjusting the current, the desired shimming �eld is produced.

The distribution of the magnetic �eld is given by the Laplace equation:

∇2(Bx,By,Bz) = 0 (1.6.2)

However, maximising the �eld homogeneity in the z − direction requires only

the solution of:

∇2Bz = 0 (1.6.3)

We note here that in most shimming techniques the non-uniform �eld is approx-

imated and decomposed in an orthogonal basis set of spherical harmonic (SH) func-

tions. These functions are de�ned on the surface of the sphere and can be used to solve

di�erential equations such as equation 1.6.3. In spherical coordinates the solutions of

1.6.3 are [216]:

Bz(r, θ,φ) =
N∑
n=0

n∑
m=−n

An,mr
nSmn (θ,φ) (1.6.4)
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where

N: the maximum spatial order of the harmonic decomposition

n: the shim order

m: the degree of one of the (2n +1) linearly independent functions associated with

order n

Smn (θ,φ): complex spherical harmonic functions derived as the product of the

Legendre polynomial Pmn (cosθ) and eimφ.

How good the shimming can be, depends on how accurate the model of the mag-

netic �eld to be optimised is. For example, equations 1.6.4 can be expanded in the form

of a Taylor series like so [224]:

B0 + 3 linear terms + 5 2nd order terms + 7 3rd order terms + … (1.6.5)

Equation 1.6.5 describes a magnetic �eld that results from the superposition of

the main magnetic �eld (B0) and additional �elds in the x,y, z directions (�rst order

shim), xy, zx,yz, z2, x2 − y2 (second order shim) and zxy, z(x2 − y2), x3 − y2x,y3 +

x2y directions (third order shim: a comprehensive list of directions can be found in

reference [78]). In other words, the �rst and higher order terms in equation 1.6.5

represent the shimming magnetic �elds that have the same amplitude, but opposite

direction (inverted sign) from the �eld distortions, in order to eliminate them. Three

graphical examples of shimming �elds are presented below:
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Figure 1.32: First and second order shim examples. Images taken from [224].

Active shimming o�ers a robust, user independent and quick method for correct-

ing magnetic �eld distortions. Being orthogonal, the spherical harmonic functions can

be adjusted independently simply by driving an appropriate current through the shim

coils. In theory, more spherical harmonic function modelling allows for a more ac-

curate �eld correction but in practice, due to space and cost restrictions (even though

linear shimming can be achieved by the gradient coils, high order shimming requires

additional dedicated equipment), most human MRI scanners can accommodate shim-

ming up to the third order. The latter is problematic when a highly localised �eld

distribution is present (such as in the human prefrontal cortex). In this case, the com-

plexity of the magnetic �eld distribution cannot be adequately compensated by low

order active shimming [96].

1.6.3 Dynamic shimming

The need for obtaining maximum �eld homogeneity across the whole human brain

can be addressed by dynamic shimming, among other strategies (intra-oral passive

shimming [225, 18], external passive shimming [92], electrical non-spherical harmonic

shimming [93]). Dynamic shimming is based on the principle that any complex �eld

distribution can be approximated by a number of lower order functions over smaller

regions of interest. As such, as opposed to global static shimming, dynamic shim-
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ming optimises the magnetic �eld homogeneity on a slice by slice basis. This means

that the currents driven through the shim coils need to be updated before each new

slice/volume is acquired, with the update time being as short as possible so as to have

minimum impact on the total scanning time. In dynamic shimming an improved ho-

mogeneity, over the entire region/volume of interest, is achieved through the indi-

vidual improvements of the �elds in all sub-regions.

Dynamic shimming is not perfect as it is still compromised by the shallowness

of the low order spherical harmonic �elds that are inadequate to compensate for the

higher-order inhomogeneities that are typical in-vivo. Despite that, an increased B0

homogeneity would still be bene�cial for applications such as fat suppression ([141])

and frequency speci�c detection like MRS [102] and CEST [264].

Even though �eld homogeneity is improved by the use of higher order spherical

harmonic functions, in both static and dynamic shimming strategies, dynamic shim-

ming o�ers better �eld homogeneity as compared to static shimming [163]). Figure

1.33 shows the �eld homogeneity gains in human in-vivo data at 7T of a 2nd order

dynamic shim versus a 2nd order global shim. Dynamic shimming was found to be su-

perior in all three measures of homogeneity, namely �eld standard deviation, central

80% pixel value range and fraction of non-zero �eld value pixels greater than 50 Hz for

both axial and coronal orientations. 2nd order dynamic shimming performed the best

even when compared to 3rd order global shimming and a combined 3rdorder global +

1storder dynamic shim. Unsurprisingly, 1st order global shim was found to have the

greatest residual inhomogeneity, while 2nd order global shim was superior to 1st order

dynamic shim (results not shown, [163]).
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Figure 1.33: Human in-vivo 2nd order Global Shimming versus 2nd order Dynamic
Shimming �eld homogeneity measures: �eld standard deviation, central 80% pixel
value range and fraction of non-zero �eld value pixels greater than 50 Hz. The data
was acquired at 7T, with the shim ROI box being propagated to all slices. Image taken
from [163].

Dynamic shimming comes with its own challenges. First of all, it requires ded-

icated electronics/shim coils, similarly to high order active shimming. Second, the

implemented pulse sequence must be programmed to allow for updating the coil cur-

rent right after a k-space acquisition and before the next RF excitation. Finally, the

rapid switching of the shim/gradient coils results in short and long lived eddy cur-

rents, which in turn create unwanted magnetic �elds that a�ect the mainB0 in a spatial

and temporal manner. Active shielding can be used to minimise eddy currents (from

linear shimming), but a successful implementation of high order dynamic shimming

requires pre-emphasis (”overshoot”) and B0 compensation ([22]). The latter involves

driving currents of appropriate amplitude and decay characteristics in the gradient

and shim coils in an attempt to o�set the eddy currents. In other words, the shim coil

induced transient �elds are being counteracted by the extra shim �eld o�sets of pre-

emphasized current waveforms. In the case of multiple channel shim coils, the cross

coupling terms between all channels must be taken into account during the design of

the pre-emphasized waveforms. Eddy current �eld perturbations and channel coup-
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ling can be modelled as described in reference [93] and their spatial characteristics

can be measured with 1D projections along the z-axis in a spin echo experiment, as

described in reference [202].

1.6.4 Multi-coil shimming

Multi-coil (MC) shimming methods utilise a number of shim coils that are independ-

ently driven by DC currents. As opposed to the methods described in the previous

sections, multi-coil shim arrays generate non-orthogonal shim �elds with the trade

o� being the ease of construction (loop shaped geometries placed in close proximity

to the anatomy of interest). The simple coil design o�ers the following advantages:

1) low inductance of the coil loops (and subsequent low EMF) allows for the use of

low voltage ampli�ers, 2) adequate separation from bore structures (and subsequent

reduced eddy current generation) and 3) generation of MRI-relevant magnetic �elds

by a linear combination of a generic set of localized coils. The latter allows for simul-

taneous spatial encoding and shimming that could account for signal losses and spatial

distortions frequently encountered in EPI [207].

Figure 1.34 compares a 1st-3rd order global spherical harmonic shimming with a

48 channel MC shim array (termed DYNAMITE [95]) in the human brain at 7T. The

colour-maps show the standard deviation of the main �eld o�sets (∆B0) in Hz.

Figure 1.34: Comparison between global spherical harmonic shimming and multi-coil
shimming across six slices in the human brain at 7T. Image taken from [95].
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Even though global spherical harmonic shimming does improve homogeneity

(σ = 32.3Hz) by removing smoothly-varying B0 components, its e�cacy is inferior,

for steep B0 changes (frontal lobes), to multi-coil shimming (σ = 13.3Hz) [95].

A practical problem when using multi-coil shim arrays is to how best integrate

them with the transmit-receive RF coil arrays. Both arrays bene�t from not only using

as many elements as possible (increased parallel imaging performance and cancella-

tion higher order B0 inhomogeneities), but also from close placement to the anatomy

of interest (high B1 sensitivity and SNR and high∆B0 shim �eld e�ciency). Neverthe-

less, the space within the bore is limited and a 48 shim coil array (100 turns per coil)

leaves about 10cm in the middle, enough to �t 8 transmit-receive RF coils [94]. To

overcome space restrictions combined shim-RF coils have been developed [59, 180].

The practical utility of multi-coil arrays can be further enhanced by reducing the

number of ampli�ers used. Instead of driving each separate element by a dedicated

ampli�er, elements can be connected in ’clusters’ and be driven by a single ampli�er,

without compromising the variety of the �eld shapes generated. In this case, a switch-

ing circuit must be designed to perform the following two functions: 1) connecting

every coil element to all terminals of every other coil element and 2) connecting every

terminal of each coil element with every terminal of every ampli�er. The purpose of

the switching circuit is simply to switch between di�erent con�gurations of the coil

elements depending on the desired �eld shapes. Even though process of switching is

time consuming, the number of required switches can be limited to only those essential

for the application at hand [110, 111].

84



Chapter 2

CEST: mechanism, optimisation and

clinical applications

2.1 Mechanism

2.1.1 CEST mechanism and underlying processes

2.1.1.1 Direct contributions to the MR signal

Magnetic Resonance Imaging has evolved from exploiting contrast due to di�erences

in intrinsic tissue properties (proton density, spin-lattice relaxation - T1 time, spin-spin

relaxation - T2 time) to utilising contrast mechanisms based on tissue susceptibility

di�erences, molecular di�usion, perfusion and �ow, nuclear chemical shifts and �nally

endogenous or exogenous contrast agents.

The largest and most important source of signal in MRI comes from the protons

found ’free’ water molecules That is, highly unstructured water molecule populations

that can easily perform translations and rotations. It is exactly due to this motional

independence that ’free’ water is characterised by long T1 and T2 relaxation times (a

few seconds at low magnetic �elds). Cerebrospinal �uid is a very good example of

a structure almost exclusively composed of such kind of protons. Additionally, high
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concentrations of this water species can be found in cytosol and cellular interstitium.

The second important direct contribution to MR signal comes from protons in

tissues containing fat/lipids (e.g. skeletal muscle, adipose tissue, bone marrow). These

protons are more restricted than water protons and therefore have shorter (but meas-

urable) T1 (hundreds of msec) and T2 (a few msec) relaxation times.

Biological tissues however are vastly complex structures, characterised by in-

ternal micro-structures containing water (internally or in hydration layers) and a pleth-

ora of macromolecules (proteins, phospholipids, polysaccharides, fat) that are distrib-

uted non-uniformly and within additional compartments. Macromolecular protons are

highly restricted (’bound’ on macromolecules) and are therefore characterised by very

short T2 relaxation times (µsec). Moreover, their concentrations are in the milli-molar

range. The practical implication of the very low relaxation times and concentrations is

that macromolecular protons cannot be detected directly by an MRI experiment. Table

2.1 presents a summary of which protons can or cannot directly be detected by MRI.

Proton origin Description Directly detectable

’Free’ water
Rapidly translating

and rotating protons.
Relaxation times ∼sec

Yes

Fat/lipids

More restricted than
free water protons.
Relaxation times

∼msec

Yes

Macromolecules
(proteins)

Highly restricted
(’bound’). Relaxation

times ∼µsec
No

Macromolecular
hydration layer

Restricted. Relaxation
times ∼µsec/msec

No

Table 2.1: The source of the MRI signal.
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2.1.1.2 Indirect contributions to the MR signal

As was mentioned in the previous section, the macromolecular protons (in proteins/peptides)

cannot directly be detected by MRI (Table 2.1). This is because of their very short

T2 relaxation times and milli-molar concentrations. However, proteins and peptides

play an important role in various physiological processes like metabolism, DNA ma-

nipulation, and signal transmission, cell division and catabolism among others. Ad-

ditionally, they are tumour speci�c molecules. Consequently, being able to measure

them would be bene�cial for a number of reasons, including, possible, earlier detection

of disease, more accurate determination of the spatial distribution of the lesions and

overall better characterisation of the pathology. Furthermore, the ability to generate

contrast based on endogenous compounds would reduce the use the potentially toxic

exogenous paramagnetic contrast agents like 3Gd. The latter, has been used in clinical

practice for more than 20 years and has been proven a very useful diagnostic tool in

characterising active tumour parts. However, it is not an e�cient contrast enhancing

mechanism in low tumour grades as the uptake of the agent in these tumours is low.

In order to overcome the limitation of MRI to directly measure endogenous pro-

teins, an alternative contrast mechanism, based on the exchange of magnetisation

between proteins and ’free’ water (that dominates the MR signal) has been developed.

This contrast mechanism is termed Magnetisation Transfer (MT) and together with its

variation, Chemical Exchange Saturation Transfer (CEST) allows the indirect measure-

ment and quanti�cation of endogenous proteins with MRI.

Even though the technique has successfully been used in numerous human in

vivo studies during the last few years, the physical phenomenon of magnetisation

exchange was initially studied more than half a century ago. Those early NMR spec-

troscopy studies were investigating the di�erent resonant frequency shifts of protons

in ethyl-alcohol and their dependence on temperature [5]. Soon after, similar experi-

ments investigated the proton resonant frequencies in a variety of aqueous solutions
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(acetic acid, sulphuric acid, potassium nitrate, potassium sulphate, sodium chloride

[57]), followed by mathematical e�orts to describe these processes, by modifying the

Bloch equations to include the chemical shift dependence of magnetisation [135, 227].

In 1963, the �rst study to quantitatively measure the proton lifetimes between ex-

changing systems (a mixture of Salicylaldehyde and 2Hydroxyacetophenone) was per-

formed [42]. In the years that followed, spectroscopy was applied to other nuclei

as well, apart from protons. Phosphorus (31P), carbon (13C) and �uorine (19F) along

with 1H-MRS, provided important information regarding biochemical processes sig-

ni�cantly improving the diagnostic e�ectiveness of magnetic resonance imaging. The

realisation that the process of the chemical exchange could provide an increase in the

sensitivity enhancement of the acquired signals came after a landmark in-vivo study, in

1989 [229]. While similar studies followed [54], the idea of using exogenous paramag-

netic contrast agents, that utilise the chemical exchange, started developing. In 2000,

an important study [222] showed the feasibility of using a large number of compounds

(sugars, amino-, Imino-, and Barbituric acids) as CEST based MRI contrast agents. In

addition, studies on cationic-anionic polymers like poly-l-lysine (PLL) and polyuridilic

acid (poly(rU)) showed very high sensitivity enhancement factors allowing the detec-

tion of concentrations in the molar range [50, 175]. Thankfully, such high sensitivity

enhancement factors can be achieved by using endogenous proteins and peptides, as

demonstrated in 2003 [264, 263]. This novel endogenous contrast agent, termed amide

proton transfer (APT), has been used, since then, to provide physiological information

for assessing brain tumours [263, 210, 88, 266, 165, 223, 172, 271] and other pathologies

like multiple sclerosis [145].

2.1.1.3 Magnetisation transfer pathways

Magnetisation transfer (MT) and Chemical Exchange Saturation Transfer (CEST) is

the result of cross relaxation e�ects between protons in interacting molecular envir-

onments. However, the internal complexity of the biological tissues does not allow for
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a single universal quantitative description of the relaxation processes. Instead, there

are 6 accepted relaxation pathways leading to a variety of simultaneous processes

a�ecting the measured MR signal. Table2.2 presents a summary of these relaxation

mechanisms.

Mechanism Description

Dipole-Dipole
interaction

This is the dominant mechanism for 1H relaxation. It is a
’through space’ interaction where the �uctuations of the

magnetic �eld of one nucleus (dipole) change the
relaxation properties of another

Chemical Shift Electron clouds magnetically shield a nucleus changing
its resonant frequency and relaxation rates

Translation/Flow/
Di�usion

Molecular translation due to electro-chemical or
gravitational gradients, blood �ow or random thermal

displacements (Brownian motion)
Chemical Exchange Physical exchange of protons between molecules

J-coupling

Similar to dipole-dipole interaction but only for spins
belonging to the same molecule (and chemical bond). The
orientation of one spin determines the orientation of the
other and overall the energy of the system. J-coupling is

also responsible for peak splitting e.g lactate

Electric-quadrupole
coupling

Nuclei with spins I>1 do not have spherical charge
distribution like 1H has. These nuclei relax by strong

interactions of their quadrupolar moment with nearby
electric �elds (electron clouds)

Table 2.2: The 6 basic relaxation mechanisms a�ecting the T1 and T2 times of the
measured MR signal

Magnetisation transfer and chemical exchange are based on well de�ned physical

and chemical processes. Furthermore, since biological tissues can have very di�er-

ent macromolecular compositions, the MR signal based on magnetisation transfer and

chemical exchange can greatly vary. The bigger the variations the larger the contrast

between the tissues. The nature of the two contrast mechanisms can be summarised

as:

• Magnetisation transfer is based on dipole-dipole interactions between proton

spins

• CEST refers to the physical exchange of protons between molecules
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Therefore, spin proximity and relative motion are two important factors that determ-

ine the e�ectiveness of magnetisation transfer (drops with 1
r6 where r is the distance

between the spins and as the relative motion of the nuclei increases. MT and chemical

exchange occur simultaneously shortening both T1 and T2 (at a much greater extent)

times.

2.1.1.4 Contrast generation in MT and CEST

Let us consider the simple case of two proton species. Protons that belong to ’free’ wa-

ter (pool A) and protons ’bound’ to macromolecules (pool B). Pool A and pool B have

di�erent spectral characteristics. More speci�cally, protons of pool A are less restricted

than protons in pool B and therefore have longer T2 relaxation times (∼100ms as op-

posed to T2 60.1msec). This means that the free protons are characterised by a narrow

spectral FWHM, whereas the bound ones by a wide spectral FWHM ( FWHM = 1
T2

)

as can be seen in the following �gure 2.1.

Figure 2.1: The spectral lines of pool A (free protons) and pool B (bound protons)

Under normal conditions magnetisation is exchanged between the 2 pools until

an equilibrium state is achieved. An MRI measurement at this point will produce the

same result as in the case of a single isolated free proton pool, i.e bound protons are

undetectable.
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However, in the case of MT and CEST experiments a special condition is estab-

lished. That is, the bound protons are selectively saturated with speci�c RF pulses be-

fore an MRI measurement is performed. This initial saturation followed by the typical

exchange of the (saturated now) magnetisation results in the reduction of the avail-

able longitudinal magnetisation and therefore a reduction in the measured signal. Why

would a drop in the measured MR signal be bene�cial? That is because it is accompan-

ied by an increase contrast between the tissue containing the macromolecular bound

protons and a tissue that does not. Figure 2.2 presents a more intuitive explanation of

the contrast enchantment in MT and CEST experiments.

Figure 2.2: Contrast enhancement in MT and CEST experiments. Under normal con-
ditions (left) the magnetisation exchange does not a�ect the contrast. After selective
saturation (�ip) of the macromolecular magnetisation (middle) and subsequent trans-
fer of the inverted spins to free water (right) the measured signal drops. This signal
di�erence between the macromolecular containing tissue and an another one that does
not contain the macromolecule increases the contrast between the tissues. Image taken
from [21]

2.1.1.5 The basic saturation transfer experiment

As described in the previous �gure (2.2), CEST is a contrast enhancement technique

allowing the indirect detection of metabolites having exchangeable protons. Unlike

contrast mechanisms such as T1, T2 and di�usion weighted imaging, CEST probes

molecular targets in a frequency-speci�c manner. As a result, a number of molecu-
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lar species including amides (-NH), hydroxyl (-OH) and amines (-NH2), can be poten-

tial candidates for CEST imaging and even be detected simultaneously [204] [125].

Contrary to magnetic resonance spectroscopy (MRS), CEST, as a non-spectroscopic

method, is characterised by higher spatial resolution and sensitivity. The latter is due

to an ampli�cation in contrast after the occurrence of a large number of saturation

exchange instances between a milli-molar sized proton pool and a much larger (in the

molar range) proton pool (free water). Finally, unlike the radioactive isotopes used in

the extremely sensitive positron emission tomography (PET), the molecular contrast

agents relevant to CEST are devoid of ionising radiation.

At its most simplest, a saturation transfer experiment involves the application of

a pre-saturation RF pulse, followed by a typical acquisition scheme as implemented in

all magnetic resonance imaging experiments (Figure 2.3).

Figure 2.3: Basic saturation transfer experiment. The protons of interest are saturated
with a continuous hard pulse before a typical acquisition scheme, including excitation,
slice selection and encoding, is implemented.

The important thing to note here is that the pre-saturation pulse is applied mul-

tiple times, having a di�erent frequency in each pass. This way, the sample under

investigation is a�ected by a resonant frequency sweep resulting in the acquisition of

one image per frequency as illustrated in the following �gure (Figure 2.4).
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Figure 2.4: Acquisition of a full Z-spectrum is achieved by the application of a satur-
ating RF pulse at multiple resonant frequencies. Image taken from [242]

Figure 2.4 describes the dependence of the measured signal from the irradiat-

ing frequency and is called the Z-spectrum. The Y axis describes the measured sig-

nal, while the X axis represents the irradiating frequency, ω (in Hz or ppm). The

Z-spectrum provides information on the total magnetisation transfer processes that

occur and cannot selectively describe only one of them. In addition, the nature of the

magnetisation transfer process, and therefore the shape of the Z-spectrum, can not

only be a�ected by factors like pH, temperature and ionic composition [55] (sample

parameters) but also by experimental parameters (type of saturation pulse, saturation

duration, RF amplitude, number of pre-pulses, and duty cycle) [99] as will be explained

in later sections.

The collapse of the measured signal at the centre of the spectrum (0 ppm) cor-

responds to direct water saturation. This is the dominant peak of the spectrum and

often complicates the detection of proton groups resonating within a range of±1 ppm

from the saturated water peak. As the CEST experiment probes molecular targets in

a frequency-speci�c manner, any other molecular species having exchangeable pro-

tons will also appear, on the Z-spectrum, as distinct peaks at their speci�c resonant

frequency. An example showing the amide (-NH) resonant peak in the Z-spectrum is
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presented in Figure 2.5. Depending on the sample composition, other peaks can also

be present on the Z-spectrum. These peaks arise from hydroxyl or amine proton car-

rying compounds. Finally, underlying dipolar relaxation transfer mechanisms such as

magnetisation transfer or Nuclear Overhauser E�ect can also a�ect the shape of the

Z-spectrum and complicate the detection of the molecular compounds of interest.

Figure 2.5: Z-spectrum showing the amide resonance peak at +3.5 ppm from the water
peak (0 ppm). Image taken from [208].

The Z-spectrum resembles the spectrum acquired by conventional proton spec-

troscopy. It is however, shifted by 4.7 ppm relative to the scaled used in proton MRS.

Water exchange (WEX) experiments have been used for the con�rmation of macro-

molecular peaks, such as the ones arising from amides [209]. These experiments are

exactly the opposite of a conventional magnetisation transfer experiment. The di�er-

ence lies in the fact that, in a WEX experiment the free water protons are selectively

saturated, instead of the bound ones. Then the magnetisation di�uses, from the free

water to the bound one, following intra and intermolecular pathways, as well as chem-

ical exchange. An example proton spectra derived from such experiments is presented

Figure 2.6.
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Figure 2.6: WEX spectra for perfused RIF-1 cancer cells for di�erent mixing times (time
allowed for the magnetisation to di�use before the imaging sequence is applied). The
inset image is just the aliphatic region, enlarged. Similar spectra have been obtained
for a rat brain study as well. Image taken from [209].

The composite resonance in the proton spectrum which is centred at 8.3 ppm

(from ~ 7.8 - 8.8 p.p.m) has been attributed to mobile macromolecular amide protons

[209] as it is narrow (immobile macromolecules have broad line-shape) and arises from

molecules having proton exchange rates within the range of 10-40 Hz [121]. In a CEST

experiment, the amide resonant peak at +3.5 ppm corresponds to the to the peak meas-

ured at 8.3 ppm in the WEX proton spectroscopy.

2.1.1.6 Conditions for detecting chemical exchange.

Let’s examine now the conditions under which the exchange of magnetisation between

two pools of protons can be detected by an NMR experiment. Generally, what is desir-
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able is that there is adequate chemical shift (∆Ω) between the two pools, in order for

them to be distinguishable and also possible to be irradiated without overlaps. This

chemical shift should be greater than the proton exchange rate, k (s-1), in order for

the system to be in the slow proton exchange scheme. If this is the case, then in the

acquired spectrum, a peak from each pool can be identi�ed. If the proton exchange

between the two pools is fast (k>∆Ω) then the two pools cannot be distinguished.

Therefore, only one peak is visible on the spectrum. Finally, if k~∆Ω and the two

pools are not adequately separated then the result is a broad peak on the acquired

spectrum (intermediate exchange). Obviously, only the �rst case, of slow exchange

(Figure 2.7), is of interest in CEST applications because only then there is clear in-

�uence of the bound pool to the free water signal. In addition, the exchange rate, k,

should be greater than the relaxation rate e.g. 1/T1, otherwise the magnetisation will

decay in time T1 without being transferred �rst. Consequently, the conditions under

which a CEST experiment is performed should include both k<∆Ω and at the same

time k>1/Τ1.

Figure 2.7: The three cases of the two proton exchanging pools. Only the �rst one is
of interest for CEST experiments. An additional condition is that the exchange rate
should be greater than the relaxation rate in order for any magnetisation to be trans-
ferred. Image taken from [144].
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2.1.1.7 Saturation transfer in tissue

Owning to the intrinsic complex compartmentalisation and structure of tissues, satur-

ation transfer experiments in-vivo are complicated by simultaneous underlying mag-

netisation exchange mechanisms. Protons can be found outside, around the protein,

in various water hydration layers, but also ‘buried’ inside the protein (internal water

molecules). In addition, a protein can contain other proton carrying compounds like

hydroxyl, amines, amides that can exchange protons with bulk water.

Dipolar cross relaxation (MT, NOE) and physical proton exchange are the possible

magnetisation transfer pathways that have been described in-vitro, by measuring the

relaxation dispersion of 1H, 2H and 17O nuclei. In short, these experiments have meas-

ured the variation of the relaxation rates of the previous nuclei with varying magnetic

�eld strength (or frequency). Fitting of the acquired data then provided quantitative

information about the various parameters of relaxation dispersion equations that de-

scribe the observed relaxation [152][230][104][103][27][26][215][105].

Figure 2.8: Potential pathways of magnetisation transfer/chemical exchange in a typ-
ical o�-resonance irradiation experiment. Left: chemical exchange (red) and di-
polar relaxation, NOE (blue), in mobile proteins Right: Both intermolecular and
intramolecular NOE along with chemical exchange contribute to the magnetisation
pathways in semi-solid proteins. The latter pathways make up of what is known as
magnetisation transfer (MT). Image taken from [208].
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The main conclusions of the previous studies were that in the magnetisation

transfer processes the internal water molecules and the labile protein protons play the

most important role. Moreover, water molecules from the hydration layer, around the

protein, were found to be highly mobile. This renders the chemical exchange with free

water ine�cient and therefore this mechanism is thought of minimum importance. A

summary of the potential pathways of magnetisation transfer/chemical exchange is

presented in Figure 2.8.

In-vivo all three magnetisation transfer pathways (MT, NOE, CEST) are simultan-

eously present (Figure 2.9).

Figure 2.9: Z-spectra obtained in corpus callosum (CC), cortex and cerebrospinal �uid.
The two exchange peaks at the positive o�sets correspond to chemical exchange, while
the peak at the negative o�sets to NOE. The e�ect of MT isd indicated as an overall
down-shift of the spectrum for the CC and the cortex. Image taken from [84].

In fact, MT always accompany CEST in-vivo [116]. MT originates from semi-

solid components, having short T2 times, via cross relaxation and chemical exchange

processes. The very broad line-shape of such immobile macromolecules (~ kHz) leads

to an overall down-shift of the Z-spectrum as the saturation is transferred to bulk water

(Figure 2.9). NOE and CEST, on the other hand, have a more frequency speci�c e�ect

on the Z-spectrum as their presence is indicated by speci�c resonant peaks. CEST
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e�ects appear on the positive side [264], while NOE e�ects appear on the negative

side of the Z-spectrum [122]. NOE e�ects arise from macromolecules containing -

CH and -CH2 groups and and might overlap with lipid artefacts also present at the

negative side of he Z-spectrum [189]. CEST e�ects are caused by labile protons of

exchangeable groups such as amides, amines and hydroxyl. The magnitude of the

e�ect depends mainly on the concentration of the metabolite protons relative to bulk

water protons and the pH and temperature dependent proton exchange rate, k, [264].

Various endogenous macromolecules have been used for in-vivo CEST experiments

including macromolecular amides [264, 266], creatine [108], glucose [12], glutamate

[10], myo-inositol [61] and s (GAG) [60]. A more detailed overview of the clinical

applications is presented in a following section.

2.2 CEST: optimisation techniques

2.2.1 Bloch equations

2.2.1.1 Two pool model (water - solute with one exchange proton group)

The time dependent Bloch equations in the two-pool exchange model for CEST are

given by [228]:
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In 2.2.1, the subscripts a and b, refer to the two exchanging proton pools. In this

case, bulk water (a) and solute (b). For example, Ma
x (t) denotes the x component of the

magnetisation in bulk water at time t. ka and kb refer to the exchange rates from pool

a to b and from b to a respectively. These rates are measured in s−1. Ma
0 and Mb

0 denote

the thermal equilibrium magnetisation of each pool. ∆ωa and ∆ωb are calculated as

ωa- ω and ωb- ω respectively, where ωa and ωb are the resonant frequencies of

pools a and b respectively. Finally,ω, is the frequency of the RF irradiation andω1the

RF pulse power.

2.2.1.2 Three pool model (water - solute with two exchange proton groups)

The time dependent Bloch equations in the three-pool exchange model for CEST are

given by [228]:
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As before the subscripts a (bulk water), b and c denote each proton pool. Further-

more,
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k1a =
1
T1a

+ Ca

k2a =
1
T2a

+ Ca

Cab =(
Mb

0
Ma

0
)Cb

Cac =(
Mc

0
Ma

0
)Cc

Ca =Cab + Cac

where:

T1a,2a : the relaxation times of pool A

ωa : the resonant frequency of pool A

Ca : the transition rate of spins leaving pool A

Cab :the transition rate of pool A protons in leaving pool A and entering pool B

Cac :the transition rate of pool A protons in leaving pool A and entering pool C.

Similar de�nitions apply for pools B and C.

We note here that this model does not take into account the proton exchange

between pools B and C.

2.2.1.3 Three pool model (water - solute in the presence of MT)

Based on the model described in the previous paragraph Desmond et al. [29] have

described a three pool model involving bulk water, a CEST pool and an MT pool. In the

time dependent Bloch equations, only the longitudinal component of the MT pool was

take into account as it was assumed that the net transverse dipole-dipole interaction

was negligible. The MT term also included the RF absorption pro�le of the semi-solid

component as a Lorentzian line-shape [160]. For semi-solid structures in living tissue

a super-Lorentzian line-shape de�ned as:
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g(2π∆) =
∫π/2

0
dθsinθ

√
2
π

T2c

|3cos2θ− 1|exp[−2( 2π∆T2c

|3cos2θ− 1|)
2] (2.2.3)

has also been used [248].

2.2.1.4 Multi-pool systems

In the case of many interacting proton pools, more complicated models have to be used

in order to describe the various magnetisation transfer pathways. This is especially

important for in-vivo studies, where the signal from the macromolecules of interest is

contaminated by the presence of underlying MT and NOE e�ects. What is more, when

the exchange between di�erent CEST pools in not negligible then the Bloch equations

have to be appropriately modi�ed.

A four pool model similar to what was described in the previous sections has

been reported by Li et al. [115]. The pools that were modelled include bulk water,

macromolecular MT and two proton exchange sites on a PARA-CEST agent. The MT

line-shape was modelled as being a super-Lorentzian (2.2.3).

As expanding the Bloch equations to describe multi-pool systems is tedious, Sun

et al. [183] proposed a simpli�ed and scalable numerical solution by modifying the

classic two-pool model. Their approach was to replace the multi-pool system with a

number of two-pool systems and correcting for the simplistic linear superposition of

the CEST e�ects. From [183] the multi-pool CEST MRI contrast was shown to be:

CESTR(ω1,∆ω) =
∑
i

CESTRi(ω1,∆ωsi) −
∑
i>j

[CESTRi(ω1,∆ωsi)CESTRj(ω1,∆ωsj)

∗ (2 − CESTRi(ω1,∆ωsi) − CESTRj(ω1,∆ωsj))]

where
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CESTR(ω1,∆ωs): the magnetisation transfer ratio of the solute minus the mag-

netisation transfer ratio of bulk water (direct water saturation).

An alternative but also simple and fast method was proposed by Murase [97]. In

this case the Bloch equations were �rst reduced to a homogeneous linear di�erential

equation and then the numerical solution for the (R1ρ) and transverse relaxation rate in

the rotating frame (R2ρ) was calculated using a matrix operation and Kronecker tensor

product. The model was used to describe various pool con�gurations as summarised

in the following �gure (Figure 2.10).

Figure 2.10: Two, three and four-pool systems that can be described by the numerical
solution of the Bloch equations as proposed by [97]. kijis the proton exchange rate
between the pools. Arrows also denote the direction of the exchange. Image taken
from [97].

2.2.1.5 Numerical solutions

For simulating the CEST e�ects, the time dependent Bloch equations can be numeric-

ally solved by either using the Runge Kutta approximation [228] (ode45 in Matlab) or

the matrix exponential (expm in Matlab) [146].

The following simulations of various proton exchanging systems have been per-

formed using the latter and the procedure described in [146]. The matrix A for the two

and three pool system is given in the Appendix A.
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In its most simple case a CEST experiment aims to indirectly measure the signal

from a milli-molar concentrated macromolecular species via the dominant water sig-

nal. Amides on mobile endogenous proteins have a resonant frequency of +3.5 ppm

from water and are of interest in brain pathologies such as ischaemia [120] and cancer

[267, 266]. In the case of two proton exchanging pools the amide CEST e�ect depends

on the RF irradiation power, exchange rate and concentration.

Figure 2.11 shows the dependence of the amide Z-spectrum on the RF irradiation

power. As will be explained in later sections, the saturation e�ciency of exchangeable

protons reaches a plateau at a certain pulse power and further power increase leads to

spill-over e�ects reducing the CEST e�ect. For this two pool system, a low saturation

of 0.5µT yields the highest CEST e�ect.

Figure 2.11: Simulation of a two pool system containing bulk water and amides. The
system is more e�ciently saturated at low RF power. The parameters of the simulation
are listed in Appendix B.

Section 2.1.1.6 introduced the condition of slow exchange (k�∆ω) as a man-

datory requirement for CEST. As it can be seen in Figure 2.12, the simulated system

satis�es this condition up until an exchange rate of ~200 s−1. Further increases of the

exchange rate do not correspond in higher CEST e�ect, as the spectral peaks of the

two pools start to overlap and therefore cannot be adequately distinguished.
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Figure 2.12: Simulation of a two pool system containing bulk water and amides. The
CEST e�ect increases with increasing exchange rate. The parameters of the simulation
are listed in Appendix B.

Figure 2.13 shows the dependence of the amide Z-spectrum on the amide pro-

ton concentration. Even though such a concentration might be unrealistic in-vivo,

the graph clearly demonstrates that the higher the macromolecular concentration the

higher the CEST e�ect.

Figure 2.13: Simulation of a two pool system containing bulk water and amides. The
CEST e�ect increases with increasing amide concentration. The parameters of the
simulation are listed in Appendix B
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For the simulation of a three-pool system, the matrix A of the matrix exponential

solution[146] of the Bloch equations is given in Appendix A. This system comprises

of bulk water and two pools with resonant frequencies at +4.2 ppm and +5.5 ppm. The

exchange between the two proton pools is considered negligible in this simulation.

Figure 2.14 shows that only at low (~1µT ) RF pulse power both peaks are detected.

Strong saturation allows for spillover e�ects, resulting in the e�cient saturation of the

distant (from water) resonant peak.

Figure 2.14: Simulation of a three pool system containing bulk water and two addi-
tional proton exchanging pools. RF spillover e�ects prevent the detection of the +4.2
ppm for RF power more than 2µT . The parameters of the simulation are listed in
Appendix B.

An increase in the exchange rate has an opposite e�ect on the CEST contrast of

the two proton pools (Figure 2.15). The +4.2 ppm peak gets ampli�ed, while the +5.5

ppm peak is diminished. Taking into account that he simulation was performed under

the assumption that the +5.5 ppm pool (pool C) has a six times higher exchange rate

than the +4.2 ppm peak (pool B) and that the main �eld was chosen to be 3T, then

the corresponding chemical shifts for pool C and B were ~ 700 Hz and ~530 Hz. As

the exchange rate is gradually increased from 50 - 100 -150 s−1, pool B continuously

satis�es the slow exchange condition of [exchange rate << chemical shift]. On the

other hand, the exchange rates of pool C violate the latter condition as they become

far greater than the 700 Hz chemical shift. Consequently, the CEST e�ect of pool C is
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vanished from the spectrum.

Figure 2.15: Simulation of a three pool system containing bulk water and two addi-
tional proton exchanging pools. As the exchange rate is increased the peak at +5.5 ppm
violates the slow exchange condition. Thus its CEST e�ect vanishes. The parameters
of the simulation are listed in Appendix B.

Finally, an increase in the concentration of the proton exchanging pools will lead

to a similar ampli�cation of the CEST e�ect of both peaks. This result similar to the

one shown for the two-pool system (Figure 2.13) and is therefore omitted from this

discussion.

We conclude this section by showing the in�uence of semi-solid MT on the Z-

spectrum. A three pool model including bulk water, amides and a semi-solid compon-

ent (MT) was used similar to [29]. The MT line-shape incorporated into the Bloch

equations was chosen to be super-Lorentzian (2.2.3). The numerical solution was cal-

culated using again the matrix exponential [146].
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Figure 2.16: Simulation of a three pool model including bulk water, amides and a semi-
solid component. The e�ect of the MT is evident as an overall downward shift of the
Z-spectrum. This shift is more pronounced at hight RF pulse powers.The parameters
of the simulation are listed in Appendix B

As it can be seen in Figure 2.16, the higher the RF power used the more pro-

nounced the e�ect of the MT is. As a competing mechanism, MT always accompanies

CEST, in-vivo, complicating the detection of the latter. Experimental and post pro-

cessing methods used for the separation of the two competing e�ects will be discussed

in later sections.

2.2.1.6 Pulsed CEST

The previous simulation examples were performed for a continuous RF B1 power.

Continuous-wave CEST however, cannot be used clinically due to the SAR restric-

tions. In this case, pulsed CEST can be implemented to study saturation transfer e�ects

in-vivo.

Simulating pulsed-CEST only requires the discretisation of the RF pulse. In other

words, the constant B1 power is replaced by a time varying amplitude. For example

from [197] the time varying B1 amplitude can be modelled as:
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B1(i)|i=1:N =
φ

γ

exp(−(i
τp
N

−
τp
2 )2/c2)∑
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−
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where

φ: the RF pulse �ip angle

N: the discretisation steps of the RF pulse

c = τp

2
√

−ln(tl)
, with tl the truncation level

To solve the time dependent Bloch equations, Xiao et al. [234] have proposed an

iterative matrix algorithm for a fast numerical solution of pulsed CEST experiments.

For a two pool system (bulk water and amides) and using a discrete Gaussian pulse

(number of steps = 64) and 15 ms duration the Z-spectra for various RF �ip angles is

presented in Figure 2.17.

Figure 2.17: Pulsed CEST simulation for a two-pool system (bulk water, amides). The
optimal �ip angle for the maximum CEST e�ect is between 180 and 360 degrees.The
parameters of the simulation are listed in Appendix B.

The optimal �ip angle for the maximum CEST e�ect is between 180 and 360 de-

grees as also shown in [197].

109



CHAPTER 2. CEST: MECHANISM, OPTIMISATION AND CLINICAL APPLICATIONS 2.2. CEST: OPTIMISATION TECHNIQUES

2.2.2 Quantifying CEST e�ects

2.2.2.1 Proton Transfer Ratio (PTR)

The analytical solution of the two-pool CEST model [265] yields the most straightfor-

ward CEST metric, termed proton transfer ratio (PTR):

PTR =
kswaM

0
s

(R1w + kws)M0
w

(1 − e−(R1w+kws)tsat) (2.2.4)

where

ksw : exchange rate of solute→water

kws : exchange rate of water→solute

M0
s: thermal equilibrium magnetisation of solute

M0
w: thermal equilibrium magnetisation of water

R1w :the relaxation rate of water

tsat: the saturation time

a: the labelling e�ciency, taking values between 0 and 1

2.2.2.2 Labelling e�ciency

Labelling e�ciency is a crucial parameter in CEST experiments. As reported by Woess-

ner et al. [228], optimal labelling is achieved when the solute exchange rate matches

the saturation pulse’s frequency (ksw= ω1). Figure 2.18 shows the dependence of the

labelling e�ciency on the RF irradiation amplitude, main magnetic �eld and chemical

shift. It can be seen that di�erent proton exchanging groups have di�erent labelling

pro�les. For amides, the optimal e�ciency is achieved at ~ 1.5µT , whereas for amines

at ~ 7µT . In general higher exchange rates require higher B1 power for e�cient sat-

uration [188] [228]. However, as illustrated in Figure 2.18 (right), increasing B1 also

leads to broader peak width and subsequent overlap of the CEST e�ects.
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Figure 2.18: Left: Labelling e�ciency dependence on irradiation power and magnetic
�eld for amides and amines. Right: Labelling e�ciency dependence on chemical shift
and irradiation power amides. Images taken from [242].

Furthermore, as shown by Zaiss and Bachert [242], it’s not only the labelling ef-

�ciency but also the spectral selectivity of a CEST experiment that strongly depends

on B1. By modelling the CEST e�ects having a Lorentzian line-shape of width Γ , the

authors described three selectivity regimes: narrow, intermediate and broad [242] de-

pending on the values of B1. Higher B1 values result in wider line-shapes reducing

this way the spectral selectivity of the experiment. This is summarised in Figure 2.19.

It can be seen that both the amide and amine line-widths increase with increasing B1.

The border indicates the separation between the narrow and intermediately selective

regime (Figure 2.19, left). Increasing the labelling e�ciency is also detrimental for

selectivity as indicated in Figure 2.19, (right).

Figure 2.19: Left: The dependence of spectral line-width Γ , for amides and amines,
on B1 pulse power. Right: Relationship between labelling e�cient and spectral line-
width. Increasing the labelling e�ciency is detrimental for selectivity. Images taken
from [242].
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2.2.2.3 Simpli�ed PTR and asymmetry

Assuming instant labile proton saturation without any direct water saturation and

negligible back exchange (a '1, kws' 0), equation 2.2.4 is simpli�ed as:

PTR = ksw
[solute]

[water]
T1w(1 − etsat/T1w) (2.2.5)

From equation 2.2.5 it can be concluded that PTR:

1. is directly proportional to the concentration of the solute

2. is directly proportional to the solute→water proton exchange rate, ksw. This is

valid as long as ksw remains much smaller that the chemical shift of the solute

proton pool

3. is increased as T1w is increased .e.g higher magnetic �elds

Direct measurement the proton transfer ratio (2.2.5) is not possible in-vivo, as the the

presence of competing underlying mechanisms such as conventional MT and direct

water saturation contaminates the measured signal. However, the CEST signal can be

separated by any competing saturation transfer mechanisms by performing an asym-

metry analysis [264, 263].

For solute protons undergoing slow to intermediate exchange, the CEST e�ect

can be calculated as:

MTRasym(∆ω) =
Ssat(−∆ω) − Ssat(+∆ω)

S0
(2.2.6)

where

Ssat(−∆ω): the up-�eld measured signal

Ssat(+∆ω): the down-�eld measured signal

S0: unsaturated signal

Equation 2.2.6 is valid in-vitro, where the conventional MT and direct water sat-

uration e�ects are symmetric around the water resonance, thus cancelled out in the
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calculation. However, in-vivo that might not be the case. As discussed by Hua et

al. [76], the presence of conventional MT, within a ±5 ppm range results in negative

values of MTRasym. Had the conventional MT being symmetric, then the MTRasym

would have been positive, as the down-�eld signal (Ssat(∆ω)), is lower than the up-

�eld, (Ssat(−∆ω)), signal due the presence of amide proton groups. Even though,

MTRasym, will be contaminated by the conventional MT e�ects, it is still a useful

metric to quantify the di�erence in CEST contrast between tissues, under the assump-

tion that the MT e�ect is constant [192] [257, 263, 271].

An alternative de�nition of the MTRasym given as:

MTRasym = 1 − Ssat(∆ω)

Ssat(−∆ω)
(2.2.7)

has been used for the in-vivo quanti�cation of the amide CEST e�ect at +2ppm

[10]. In this case, the MTRasym is normalised according to the signal contamination by

the conventional MT and direct water saturation. Using this de�nition the calculated

asymmetry is higher than the one calculated from 2.2.6 and is thought to be accurate

in reporting on the CEST contrast within the same tissue.

2.2.2.4 Isolating CEST from MT and spillover e�ects

A post-processing, semi-quantitative method for isolating the CEST e�ects from con-

ventional MT and direct water saturation involves the �tting of the experimental data

with a number of Lorentzian [142] curves. Each curve has a unique amplitude, width

and frequency o�set [125, 120, 244, 90]. The idea here is to decompose the Z-spectrum

to a number of separate components and then quantify the CEST e�ect by comparing

the di�erence of the experimental data from the �tted Lorentzian curves [30]. An al-

ternative approach to Lorentzian curve �tting, termed qCEST, involves a polynomial

�tting procedure of the experimental Z-spectrum. The CEST e�ect is quanti�ed again

by calculating the di�erence between the original and �tted data [260]. Other met-
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rics, based on the equivalency of CEST and spin locking include, the spillover and MT

corrected inverse di�erence (MTRRex) [245] and the spillover, MT and T1 corrected

AREX contrast [246]. However, the later is only valid for systems driven to the steady

state (tsat > T1w) or at the very least tsat ≈ T1w. Finally, the APT contribution can

be isolated, from �tting the 2-pool conventional magnetisation transfer model [160],

to acquired data, and then subtracting the �tted curve from the data or a simulated

3-pool model [67, 69, 68].

Additional approaches involve the use of special irradiation schemes that generate

images insensitive to the conventional MT, direct water saturation and B0 inhomogen-

eities. For example, SAFARI [167], utilises a two frequency irradiation scheme by the

application of an alternating frequency pulse train, whereas in LOVARS [234], a vari-

ation of the experimental parameters during the acquisition determines the magnitude

of the various saturation transfer processes. Both techniques have be demonstrated

in-vivo. However, in the former approach, the generated images su�er from low SNR,

while the maps produced by latter technique are less sensitive to the CEST proton

concentration and exchange rate, as compared with the conventional MTRasym gen-

erated maps. A simpler method involving a three o�set measurement (at the CEST

peak’s resonant frequency and its two boundaries) was also demonstrated in-vivo at

9.4T. This method does not require any special pulse sequences modi�cations. It relies

strongly however on the clear delineation of the CEST peaks [85].

2.2.2.5 Calculating the proton exchange rate, ksw

The proton exchange rate, ksw, can be calculated by utilising the dependence of the

PTR (equation 2.2.4) on the saturation time and B1 power by measuring the CEST sig-

nal while varying the latter two parameters. ksw can then me calculated by �tting the

data to numerical or analytical solutions of the Bloch equations. A separate experi-

ments is also required in order to determine the longitudinal relaxation time of water,

also present in 2.2.4. This method of determining ksw is termed QUEST or QUESP
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depending on whether the saturation time or pulse power is the parameter of experi-

mental variation [137]. This method is limited by the need to somehow determine the

solute concentration and the severe implications of not carefully chosen �tted para-

meters. An extension of the latter method, aiming to reduce the dependence of the

quality of the �t on experimental parameters (T1,T2, B1) was reported in [185]. It is

a ratio-metric method that normalises the magnetization transfer ratio at the labile

and reference frequencies, eliminating this way the confounding relaxation and RF

spillover e�ects.

In the omega-plot approach, the steady state water magnetisation is plotted against
1
w2

1
, with the x intercept of the plot being equal to − 1

k2
sw

[32]. This is a concentration

independent method but not clinically useful as it is only valid under the assumption

of negligible MT and direct water saturation contamination. A more clinically relevant

approach was reported in [276]. In this study, the exchange rate ksw was successfully

separated from being dependent on the solute concentration and the T1,2 relaxation

times. In this ratio-metric method, the CEST signal was shown as having an oscillating

[~cos(θ)] component, where θ is the pre-saturation pulse’s �ip angle. This oscillating

component was shown via numerical simulations to be dependent only on ksw. Fur-

thermore, the technique was demonstrated for pulsed saturation and therefore might

be useful in clinical applications, where the use of continuous wave acquisitions is

limited.

2.2.3 CEST e�ect dependence on experimental variables

CEST experiments require careful experimental considerations, as the measured CEST

signal depends, not only on the CEST agent speci�c properties (concentration, ex-

change rate, relaxation rate), but also, on a number of experimental variables includ-

ing, the RF pulse power/�ip angle, type of pre-saturation (continuous or pulsed) and

magnetic �eld strength. The CEST e�ect dependence on the agent’s concentration

and its exchange rate was previously described in section 2.2.1.5, for two and three
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pool models. In the following sections the e�ect’s dependence on other experimental

parameters is brie�y discussed.

2.2.3.1 Water relaxation times

CEST e�ect strongly depends on the T1w due to the fact that e�cient saturation trans-

fer (from solute→water) is counterbalanced by the water longitudinal relaxation time.

Low T1w times are detrimental for su�cient CEST signal generation [222].

Similarly, a low T2w means a wider water spectral line-shape width. As CEST is a

frequency speci�c technique, a clear spectral peak separation is required for a success-

ful identi�cation of proton exchanging compounds. Thus, a low T2w time increases

the spill-over e�ects on the measured signal [188].

2.2.3.2 Magnetic �eld strength

As shown in Figure 2.20, the CEST e�ect is more pronounced at higher �elds. This is

because of the prolonged T1w times and wider chemical shifts induced by an increasing

magnetic �eld. The only downside of measuring the CEST e�ect on a high �eld is the

increased SAR of the RF pulses (SAR ~ square of the �eld strength).

Figure 2.20: CEST contrast dependence on magnetic �eld strength. The e�ect is more
pronounced at higher �elds. Image taken from[99].

116



CHAPTER 2. CEST: MECHANISM, OPTIMISATION AND CLINICAL APPLICATIONS 2.2. CEST: OPTIMISATION TECHNIQUES

2.2.3.3 B1 power

Weak RF pulse power results in a weak CEST signal, while strong RF pulse power

results in non-negligible spill-over e�ects, detrimental for the detection of a CEST sig-

nal. An empirical solution for the optimal RF pulse power is reported in [188] and

[99]. In general, the CEST contrast increases with B1, reaches a plateau, and �nally

diminishes due to saturation spill-over e�ects. The optimal RF power depends on the

proton exchange rate, chemical shift and magnetic �eld strength. Higher exchange

rates require stronger RF pulses for e�cient saturation [228]. In addition, the optimal

RF pulse power is higher for stronger magnetic �elds and higher chemical shifts (Fig-

ure 2.21). Low RF pulse power has also been shown to decrease conventional MT and

direct water saturation e�ects [89].

Figure 2.21: Exchange rate normalised B1 power as a function of chemical shift and
magnetic �eld strength. Image taken from [99].

2.2.3.4 Pulsed CEST

Even thought continuous wave CEST (CW-CEST) has a more straightforward theor-

etical and experimental implementation, its use clinically is limited by safety concerns

over the absorbed RF power. In this case, pulsed CEST can be implemented without

any signi�cant compromises on the generated CEST signal. In pulsed CEST, the sat-

uration pulse’s amplitude is time varying, as opposed to CW-CEST. Furthermore, in
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order to reduce the SAR absorption, a train of short in duration pulses is implemented

instead of a long continuous pulse.

Optimising pulsed CEST involves a few extra considerations as opposed to CW-

CEST [197] [49] [193] [275]. For example, the RF pulse shape, �ip angle and duty cycle

need to be taken into account during optimisation. Luckily, at least one parameter,

namely the pulsed RF irradiation power, can directly be inferred from a continuous

wave scheme [197, 193], for exchange rates up to 50 s−1. In this case the, RF amplitudes

of the pulsed and continuous scheme are linearly related and the pulsed CEST contrast

is approximately 95% of the CW-CEST contrast. Alternatively, by using an analytical

solution for CW-CEST, two parameters, namely, average irradiation power (B2
avg power)

and mean irradiation �eld (Bavg �eld) can be used to relate the CW-CEST to the pulsed

CEST RF power [274]. It was concluded that the former is a more meaningful metric

for pulsed CEST, as it is independent from the pulse’s �ip angle and the implemented

duty cycle (Figure 2.22).

Figure 2.22: Dependence of the Bavg power and Bavg �eld on the RF �ip angle and duty
cycle. Bavg power (left), remains relatively constant with varying �ip angle and duty
cycle. Image taken from [275].

As far as the �ip angle is concerned, a value of 180o has been reported in produ-

cing the maximal CEST contrast [197] [274] (Figure 2.23). Finally, Schmitt et al showed

that the most important parameter of a RF pulse train during pulsed CEST is the pulse

repetition time (PRT). PRT, is de�ned as the sum of the pulse’s duration and inter-pulse
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delay and its optimal value was shown to be 50%. In other words, a duty cycle of 50% is

the best compromise between e�ective and selective proton saturation with minimal

implications from direct water saturation and SAR [170].

Figure 2.23: Pulsed CEST contrast dependence on Bavg power and �ip angle. The max-
imum contrast is generated at a 180o �ip angle. Image taken from [275].

2.2.4 Sequences for CEST imaging

Clinically, a multi-slice or volumetric CEST scheme would be the most useful imple-

mentation in describing the extent of the pathology of interest. One inherent limitation

of CEST MRI is the fundamental requirement that the acquisition of a full Z-spectrum

is achieved by a frequency sweep, spanning a few hundred Hz, where one image is

acquired per irradiation o�set. Single slice acquisitions [263] [88] [192], can be per-

formed in clinically relevant times (~10 mins [88]). A six o�set acquisition scheme can

also be used to reduce the total scanning time while maintaining su�cient SNR on the

CEST images in-vivo[266] [223]. Even though single slice CEST maps are adequate for

studying the phenomenon in animals [165] [267] and humans [168] a more extensive

coverage of the lesions of interest is desirable.

What is challenging in implementing a multi-slice CEST scheme is the fact that,

the greater the time between the initial pre-saturation pulse and echo the greater the

CEST signal reduction. A post-processing method to correct for the relaxation-induced

CEST signal loss when using a classic multi-slice spin echo sequence was reported in
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[194]. Dixon et. al. modi�ed a typical multi-slice gradient echo sequence by adding a

saturation pulse before each new slice selection. Thus, not only was the CEST signal

maintained, but also added to the up-coming slices, increasing the detection sensitiv-

ity [31]. Similarly, Sun et al. added a saturation pulse after each slice is acquired in

GRE-EPI sequence, compensating this way for the relaxation induced signal drop. The

modi�ed sequence was also devoid of signal variation among the slices [195].

The problem of signal variation between slices in multi-slice acquisitions can be

overcome by volumetric excitation (3D). As a large number of data is collected dur-

ing these acquisitions, use of fast readouts (TSE/EPI family) is mandatory. Volumet-

ric CEST acquisitions in-vivo have been reported in [35] (3D-TFE), [164] (3D-GRE),

[90] (3D-GRE EPI), [271](3D-TSE EPI), [154] and [153](3D-GRE), [259] (3D-TSE), [145]

(3D-TFE). With the exception of the �rst and last reference, all other studies were per-

formed on brain glioma patients.

Gaussian shaped pulses are the most common type of pulses used for satura-

tion [193], [274], [170], [197], [234]. Other RF shapes that have been reported include

Hanning-windowed Gaussian [29], Fermi [31] and single lobe SINC-Gauss [89]. An

alternative method of selectively labelling exchangeable proton groups involves the

use of excitation instead of saturation pulses. These so called label transfer modules

(LBM), are combinations of 90o- 180o pulses, that spatially encode the chemical shift

evolution of exchanging spins [238]. This approach allows the time domain removal of

the semi-solid magnetisation and direct water saturation contamination of the water

signal. Even though the acquired data is acquired in the frequency domain, an inverse

Fourier transform allows the �tting of the acquired Z-spectra in the time domain. The

individual uncontaminated CEST peaks are indicated by the residuals of the �tting

procedure [237].

Fast readouts can enhance the temporal resolution of the CEST experiment. Ex-

amples of such readouts include, (RARE) [124], combination of gradient and spin echo

(GRASE) [271] and single shot FISP acquisition [172]. To further improve acquisition
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times, a reduction of the k space sampling points can be considered. Such under-

sampling strategies involve half-Fourier acquisition [136], keyhole sampling [213] and

compressed sensing [131]. The trade-o� of under-sampling is reduced signal to noise

ratio in the acquired images. Therefore, the implementation of the aforementioned

strategies will be challenging in characterising small regions of interest, as the latter

already su�er from weak signal generation.

2.3 Endogenous CEST

The three types of exchangeable proton groups that have been investigated in endo-

genous CEST experiments are: amides (-NH), amines (NH2) and hydroxyl (-OH). The

properties of those proton groups are summarised in the following �gure (Figure 2.24).

Figure 2.24: Amide (-NH), amine (NH2) and hydroxyl (-OH) proton group properties.
Table taken from [106].

Among these types, amides are of particular interest in charactering cancer and

stroke pathology. This is because the amide CEST signal re�ects amide concentration

and pH changes that accompany tumours and ischaemia. A detailed overview of the

applications of the amide proton transfer (APT) CEST in tumours is presented after a

brief discussion on the applications of the amine and hydroxyl containing metabolites.
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2.3.1 Amines (NH2)

2.3.1.1 Glutamate

Glutamate (GluCEST) is a major neurotransmitter in the brain resonating at +3 ppm

from water. The GluCEST signal is linearly dependent on both concentration and pH.

As such, its signal can re�ect the pH decrease during ischaemia at 7T [10]. The latter

was demonstrated in a rat model, following a middle cerebral artery occlusion. A

100% increase, at the ipsilateral side, of the GluCEST signal was found 4.5 hours after

the occlusion. Moreover glutamate injection in a rat brain tumour model showed a

gradual increase of the GluCEST signal in the �rst 2 hours after injection (Figure 2.25).

The increased glutamate concentration in the tumour was con�rmed using proton

spectroscopy. Finally, the regional variation of glutamate in healthy volunteers was

con�rmed on the measured GluCEST signal. Particularly, it was found that gray matter

exhibits a 5% increase in the GluCEST signal, consistent with concentration estimates

derived from proton spectroscopy.

Figure 2.25: GluCEST maps of a rat brain tumour model acquired pre-injection and at
1, 1.5 and 2.0 h following the injection of the glutamate solution. A gradual increase
of GluCEST was found within 2 hours of injection. Image taken from [10].

Even though the GluCEST signal can be contaminated by the signals of creat-

ine and GABA, the authors reported that 70% of the measured signal originates from

glutamate. The GluCEST signal contamination was further investigated by Kogan et

al. [107]. Possible contamination of the measured signal can occur from choline, NAA,

myo-inositol, creatine and glycogen. Out of these metabolites, choline does not con-

tain any exchangeable proton groups, while the amides of NAA do not exhibit any
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CEST e�ects at physiological pH. Furthermore, the hydroxyl groups of myo-inositol,

resonate at +1 ppm and their contribution to the GluCEST signal is considered min-

imal. At physiological pH, a similar reasoning also excludes contributions from the

creatine amine groups. Finally, since the exchange rate of the amine proton groups in

glycogen is higher than that of glutamate, a higher B1 is required to saturate them. In

conclusion, the authors proposed a saturation power of 3.6µT , as ideal in achieving

the least contaminated glutamate signal.

An alternative approach in characterising amine signals is reported in [83]. In

this study, spin locking (SL) theory was implemented for charactering amine proton

exchange (APEX). SL is practically the same experiment as CEST, with the addition of

two on resonance �ip RF pulses at the start of the acquisition. In addition, SL can be

tuned to speci�c exchange rates (and therefore pH) by adjusting the SL pulse paramet-

ers. Previous studies have used low power-long duration RF pulses to characterise the

amine signal (GluCEST). Nevertheless, such pulses reduce the detection sensitivity of

proton groups with ’intermediate’ exchange rates. Amines are such a proton group

and are more e�ciently saturated using intermediate power and duration pulses. An

increase in the saturation pulse power, however, leads to increased semi-solid magnet-

isation transfer, water saturation and NOE contamination in conventional CEST. SL on

the other hand, has been shown to achieve higher selectivity/sensitivity for faster ex-

change rates, as opposed to CEST. In particular, the measured APEX glutamate signal,

in-vitro and in an ischaemic rat model, was found to be 4% higher in SL acquisitions

versus CEST and the reported sensitivity gain was 18% [82]. The APEX signal results

as a weighted summation of the signals from many amine groups including glutamate,

glutamine and taurine. Thus, it resonates around +3 ppm from water, similar to the

CEST studies. However, further study is required in order to identify the individual

contributions of the various amine groups. The APEX contrast is calculated similarly

to MTRasym in CEST. Nevertheless, as shorter pulses are used in APEX, the NOE and

conventional magnetisation transfer contamination is greatly reduced as compared to
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CEST measurements. Finally, APEX is also sensitive to pH changes during ischaemia,

in-vivo. At normal pH, its signal originates mainly from proteins, while at decreased

pH, the GABA and glutamate contributions increase. The latter results in ischaemic

regions being hyper-intense on APEX images as opposed to hypo-intense APT images

due to lower pH [272].

2.3.1.2 Creatine

Creatine (Cr), is another amine proton containing metabolite whose protons resonate

at +1.8 ppm from water [193]. Cr, along with (PCr) and adenosine-5-triphosphate

(ATP), are the major metabolites of the enzyme creatine kinase (CK). While non-

invasive quanti�cation the total Cr (Cr + PCr) is possible using 1H-MRS, there is no

available MRI method to quantify free Cr separately from PCr at high resolution. Har-

ris et al. [62] however, showed that Cr, can individually be detected using CEST. The

authors reported a broad resonance from creatine amine protons, centred at ~1.8 ppm,

in vitro at 3T. Furthermore, no CEST contrast was generated by PCr and ATP owning

to their slower exchange rates, as compared to Cr (Figure 2.26). This result demon-

strates the importance of the choice of experimental CEST parameters in the detec-

tion/suppression of various exchangeable proton groups.

Figure 2.26: A. CEST contrast of Cr, PCr and ATP. B. CrCEST contrast linear depend-
ence on concentration. Image taken from [62].
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Creatine CEST (CrCEST), was successfully implemented in detecting creatine

concentration changes, before and after exercise, through the detected CrCEST signal.

[140, 108]. In particular, CrCEST was found to immediately increase during exercise

with a subsequent return to the baseline ~14 minutes after the exercise ended (Figure

2.27). More importantly, the Cr signal was not only successfully been detected at 7T,

but also at the clinically relevant �eld of 3T.

Figure 2.27: CrCEST in human calf muscles at 7T. During exercise, CrCEST signal
rapidly increases, before returning to its baseline ~14 minutes after the onset of the
exercise. Image taken from [140].

2.3.2 Hydroxyl (-OH)

Metabolites containing hydroxyl protons include: glycogen, glycosaminoglycans (GAG),

myo-inositol, glucose and lactate.

2.3.2.1 Glycogen

Glycogen molecules function as energy storage units and can be synthesised in the

liver, muscles, brain and stomach. In-vivo monitoring of glycogen would be bene�-

cial in the management of conditions like obesity, type 2 diabetes or insulin-related

diseases. One method of non-invasive in-vivo detection of glycogen is by performing
13C-MRS. However, the equipment needed to perform the latter is not usually available

in the clinic and an alternative non spectroscopic method would be more preferable.

At �rst glance, detection of glycogen might seem challenging, as its protons have only
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a small chemical shift from water (~ +0.5-1.0 ppm at 4.7T). Nevertheless, glycoCEST

was successfully been performed in-vitro and in-vivo at 4.7T [212]. As expected, the

glycoCEST signal increases linearly with glycogen concentration. Moreover, glycogen

depletion is re�ected on the measured glycoCEST signal of mouse liver (Figure 2.28).

Figure 2.28: Glycogen depletion over time is re�ected as decreased glycoCEST signal
in perfused mouse liver at 4.7T. Image taken from [212].

Similar results were reported from Chen et al. at 3T [16]. After a 24 hour fasting

period, a signi�cant decrease in the measured glycoCEST signal indicated glycogen

depletion from the liver of both rats and humans. In addition, CCl4 intoxication, that

resembles liver �brosis, resulted in signi�cant decrease of the detected glycoCEST

signal in the rat model.

2.3.2.2 GAGs

Glycosaminoglycans (GAGs) are polysaccharides that take part in spinal, musculo-

skeletal or cell regulatory functions. Non-invasive in-vivo detection of GAGs would

help the characterisation of conditions like osteoarthritis (loss of GAG in cartilage) or

vertebral disk degeneration. GAGs contain both amide and hydroxyl proton groups

resonating at +3.5 ppm and +1 ppm respectively. According to Ling et al. [122], the

hydroxyl groups are a more reliable gagCEST agent. This is because they have higher

concentrations (double) and exchange rates than the amide GAG groups. As a result,

the latter exbibit only 1-2% gagCEST signal as opposed to almost 20% of the former,

in vitro. In addition, NOE signals present in cartilage will severely contaminate the

already weak amide signal. On the other hand, the elevated concentration and fast
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exchange rates of the hydroxyl groups can outweigh the NOE contamination. Loss of

GAG in cartilage was demonstrated both ex-vivo and in-vivo (Figure 2.29).

Figure 2.29: gagCEST signal decrease, in the medial side of the patellofemoral human
knee joint, indicating loss of GAG, at 3T. Image taken from [122].

Singh et al. [174] have reported insigni�cant gagCEST signal at 3T and about 6%

at 7T (Figure 2.30). The di�erence with the previous study was attributed to B0 and B1

corrections. The latter was emphasised as a necessary condition for acquiring reliable

gagCEST signals in-vivo.

Figure 2.30: Left to right: B0 and B1 corrected gagCEST maps at 3T, 7T and the cor-
responding asymmetry plot. Image taken from [174].

GAG content of intervertebral discs (IVDs) was studied by Schleich et al. [169].

The authors demonstrated the feasibility of a gagCEST analysis in characterising the

topological GAG distribution of the cervical spine at 3T. Higher gagCEST e�ects were

found in lower IVDs and negative a correlation was demonstrated between gagCEST

values and cervical disc degeneration. The latter result was also reported by Krish-

namoorthy et al. [109] (Figure 2.31).
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Figure 2.31: Higher grade of intervertebral discs degeneration results in decreased
gagCEST contrast. Image taken from [109].

2.3.2.3 Myo-inositol

Myo-inositol (mIns) is one of the most abundant brain metabolites. It is mostly loc-

ated in glial cells and its increase indicates glial cell proliferation. mIns contains 6

exchangeable hydroxyl proton groups and exhibits a resonant peak at + 0.6 ppm from

water. Its exchange rate was determined to be 600 s−1, in-vitro at 7T [61]. MICEST

signal has a linear dependence on mIns concentration and was also found to slightly in-

crease with temperature. Contamination of the MICEST signal from other major brain

metabolites, at physiological concentrations and pH, is negligible. In healthy human

brain, increased MICEST signals were observed in white matter as opposed to gray

matter (Figure 2.32), a result which is consistent with MRS measures of myo-inositol

concentration.

Figure 2.32: MICEST map of white and gray matter. White matter shows elevated
MICEST signal, indicating a higher concentration of myo-inositol. Image taken from
[61].
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Harris et al. [63], hypothesised that MICEST could monitor glial cell prolifera-

tion in Alzheimer’s disease. As such, the authors compared the MICEST signals of an

Alzheimer’s disease mouse model (APP-PS1) with wild type. It was found that, the

higher MICEST contrast in APP-PS1 mice (Figure 2.33) correlated with higher glial

cell proliferation, as validated from MRS and immunohistochemistry. These �ndings

suggest that the in-vivo detection of changes in mIns concentration in Alzheimer’s

disease, is feasible, using the MICEST.

Figure 2.33: Left: MICEST signal in wild type mouse. Right: Elevated MICEST signal
in the Alzheimer’s disease mouse model, indicating glial cell proliferation. Image taken
from [63].

2.3.2.4 Glucose

Glucose breakdown and uptake serves as an energy source in most organisms. Usually,

any impairment or altered glucose consumption is indicative of an underlying disease.

Tumours in particular, exhibit increased glucose metabolism as opposed to healthy tis-

sue. This increase in uptake is most e�ectively being assessed with positron emission

tomography (PET). Imaging takes place after the injection of a positron-emitting ra-

dionuclide, namely, [18F]FDG, that serves as an imaging tracer. FDG-PET provides

valuable functional information based on the increased glucose uptake and glycolysis

of cancer cells and can re�ect metabolic changes before the occurrence of any mor-

phological alterations. Despite its high sensitivity and speci�city, an FDG-PET scan

comes at the cost of harmful ionising radiation being absorbed by healthy tissues. The

following paragraphs describe several attempts using CEST (glucoCEST), as an altern-

ative, non-invasive, imaging method of glucose uptake in-vivo.
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Chan et al. [12] investigated the uptake e�cacy of the naturally occurring sugar,

D-glucose, in a tumour bearing mouse model at 11.7T. Similarly to what was previ-

ously shown [212], the authors reported a D-glucose exchanging CEST peak at +1.3

ppm from water, in-vitro. The glucoCEST signal was found to linearly depend on

D-glucose concentration for up to ~50mM, where proton back exchange is minimal.

An inverse relationship, between pH and glucoCEST signal, was also reported. Fur-

thermore, the authors hypothesised that, the slightly acidic extracellular pH of solid

tumours [177], creates favourable conditions for glucoCEST. This is because low pH,

decreases the glucose proton exchange rate, which in turn allows for more e�cient

proton saturation. To that end, D-glucose infusion in mice, bearing two di�erent tu-

mour cell-lines, was imaged (Figure 2.34).

Figure 2.34: Left to right: Anatomical image showing the location of the tumours, pre
D-glucose infusion CEST, post D-glucose infusion CEST and post infusion FDG-PET.
Image taken from [12].

Both glucoCEST and FDG-PET images showed signal increase in the tumour loc-

ations, post infusion. However, the measured glucoCEST signal was 1-4% more than

the FDG-PET signal. In addition, the former showed a signi�cant signal di�erence

between the two tumour types, while the latter did not. Interestingly, the more acidic

tumour generated lower CEST signal than the less acidic one. This was expected con-

sidering that acidosis lowers the proton exchange rate. Even though glucoCEST con-

trast is altered after D-glucose infusion, the authors concluded that, in its current state,

glucoCEST signal does not provide metabolic information. Instead, it re�ects extra-

cellular localisation of the infused glucose.
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A signi�cant correlation between the median tumour glucoCEST and FDG uptake

was reported by Walker-Samuel et al. [218]. Even though, the weight of contribution

of glucose and its metabolic by-products, to the glucoCEST signal, is not clear, gluc-

ose infusion resulted in signi�cant signal di�erences between two colorectal tumour

mouse models. Again, the less hypoxic tumour generated higher glucoCEST signal.

The possibility of glucoCEST re�ecting vascular permeability was rejected, as there

was no correlation between Gd uptake and glucoCEST hyper-intensity.

(2DG) is yet another molecular glucose analogue. 2DG is phosphorylated into

2DG-6-phosphate (2DG6P) in-vivo and can serve as an e�ective glucoCEST agent. Its

CEST e�ect was studied in-vitro and in-vivo by Nasrallah et al. [147]. At 7T, the 2DG

CEST signal exhibits a linear dependence on concentration and is centred at ~ +1ppm

from water. 31P-MRS, after 2DG infusion in healthy rats, con�rmed the origin of the

glucoCEST signal, as being from 2DG and 2DG6P. The time course variation of the

2DG glucoCEST signal is shown in Figure 2.35.

Figure 2.35: Uptake of 2DG in healthy rat brain. The �rst image serves as a baseline.
Image taken from [147].

In healthy rat brain, glucoCEST signal reaches its peak, at about 40 mins after in-

fusion, before eventually returning to the baseline. During the same time-frame, blood

glucose level was found to be constant, following a rapid initial increase immediately

after infusion. This suggests that blood glucose does not contribute to glucoCEST. In a

separate experiment, the maximum D-glucose glucoCEST signal was found to be 40%

less than that of 2DG, even though its temporal variation showed similar trend. More
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importantly, when the BBB impermeable L-glucose was scanned, no CEST signal in-

crease was seen, further suggesting that plasma and extracellular glucose do not a�ect

glucoCEST. In any case, the intravascular and extracellular spaces are about 5% and

<15% respectively, of the total rat brain tissue volume. Thus, plasma and extracellular

contributions should be small and the glucoCEST signal is dominated by intracellu-

lar glucose. Imaging glucose uptake with CEST is characterised by poor temporal

resolution, since the acquisition of a full Z-spectrum is time consuming. To increase

detection sensitivity, use of fast imaging readouts and modi�ed Z-spectrum acquis-

ition is necessary. Alternatively, measuring glucose uptake with spin locking allows

for robust detection of 2D-glucose, for doses as low as 0.25 g/kg [86]. It was previously

shown [83] that the intermediate hydroxyl proton exchange rates, as the ones found

in glucose, are more e�ciently saturated with high power-short duration RF pulses.

The latter, along with the vast increase in temporal resolution of spin locking, allow

for more precise characterisation of the glucose uptake. Moreover, spin locking gluc-

oCEST (glucoCESL) is independent from T1 and T2 variations and less sensitive to B0

inhomogeneities when compared to glucoCEST. In spite of its increased sensitivity, the

uptake dynamics of D-glucose and 2DG, at 9.4T in rat brain, were found similar with

the ones described by glucoCEST. However, glucoCESL has the advantage of provid-

ing a quantitative index for determining changes in glucose concentration in-vivo,

namely the di�erences in the longitudinal relaxation rates of water with time. The

latter is important, as quantifying glucose uptake by integrating areas under the Z-

spectrum, spanning a few ppm [147], does not provide frequency speci�c information

on signal contributions.

The �rst translation of using D-glucose as an uptake marker in humans was repor-

ted by Wu et al. [236]. After D-glucose injection, uniform and strong signal enhance-

ment was seen in both healthy and glioma patients, in blood vessels, while spatially

varying signal enhancements were seen in tumours. In addition, di�erent tumour loc-

ations were enhanced at di�erent times, suggesting glucoCEST sensitivity to perfusion
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related properties. These enhancements were observed even in non Gd-enhancing tu-

mours. What is more, they appeared to regionally match T2w hyper-intense regions

(Figure 2.36). The red and yellow arrows in Figure 2.36, indicate an enhancing tumour

rim and contralateral vasculature. Both these regions appear to enhance in the early

stages of glucose uptake, with the enhancement at the rim indicating potential BBB

disruption.

Figure 2.36: T2w, Gd-T1w and glucoCEST images of patient with anaplastic astrocyt-
oma acquired at 7T. The subscripts in the glucoCEST images denote time in seconds.
Image taken from [236].

Wang et al. [219] demonstrated the feasibility of imaging glucose uptake with

glucoCEST, in patients with head and neck cancer, at 3T. A consistent contrast increase

was found in all patients, post glucose injection (Figure 2.37).

Figure 2.37: Comparison of the di�erence between pre and post glucose injection CEST
signal in tumour and normal tissue. Image taken from [219].

133



CHAPTER 2. CEST: MECHANISM, OPTIMISATION AND CLINICAL APPLICATIONS 2.3. ENDOGENOUS CEST

The challenge in calculating glucoCEST maps at 3T lies in the fact that, the glucose

resonance lies within +1 ppm from water. As such, the CEST e�ect might be dampened

by the dominant water peak. A higher acquisition �eld would increase the separation

between the proton pools and bene�t glucoCEST quanti�cation. The results presented

in Figure 2.37, have been derived from calculating the total CEST signal from +1 to

+5 ppm. This region contains a plethora of other metabolite exchange peaks but it

is assumed that their contributions cancel out after calculating the asymmetry. The

spatial distribution of glucose, in PET and glucoCEST maps, did not match exactly and

only a general correlation between them was seen Figure 2.38. The latter suggests that

glucoCEST does not measure glucose distribution. Instead it measures the metabolic

products and by-products of glucose uptake.

Figure 2.38: Glucose Contrast Enhanced MRI, Anatomical MRI and FDG-PET images
of a tumour patient. Image taken from [219].

2.3.2.5 Lactate

Lactate CEST (LATEST), was recently added to the list of the CEST detected metabol-

ites [24]. Non-invasive imaging of lactate is important in metabolic disorders, where

glycolysis is prevalent. Tumours in particular exhibit up-regulated (LDH) and thus,

increased lactate concentrations. As lactate was found to correlate with tumour re-

currence, metastasis and treatment outcome [9, 217], non-invasive imaging of lactate

is important. Its changes can be measured in-vivo with 1H and 13C-MRS [23]. However,

as with all spectroscopic methods the latter su�er from low spatial resolution.
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DeBrosse et al. [24], have measured lactate in-vitro and in-vivo using CEST. At

7T and 9.4T, the Z-spectra of phantoms of sodium lactate, show a lactate CEST peak

centred between ~ +0.3 to +0.5 ppm (Figure 2.39).

Figure 2.39: Top row: Lactate asymmetry spectrum and concentration dependence.
Bottom row: Lactate asymmetry spectrum and pH dependence. Image taken from
[24].

LATEST depends linearly on lactate concentration and exhibits a maximum e�ect

at pH 7. The exchange rate (ksw), estimated from phantoms at pH 7, is ~350 ± 50 s−1 at

25 °C and ~550 ± 50 s−1 at 37 °C. This suggests that LATEST increases with temperature.

Furthermore, infusion of 300 mM of pyruvate in a lymphoma �ank tumour mouse

model showed an increase in LATEST contrast pre and post infusion (Figure 2.40).

In particular, LATEST data from three animals showed a ~60% increase in LATEST

asymmetry, after ~40 minutes post-infusion of pyruvate. Endogenous tumour lactate

is also indicated by the signal increase, pre infusion. The concentration of the latter

has be shown to range between 2-10 mM [114].
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Figure 2.40: Left: Anatomical, pre and post pyruvate LATEST images. Middle: pre
and post infusion LATEST asymmetry curves Right: pre and post infusion LATEST
contrast comparison. Image taken from [24].

Con�rmation that LATEST signal indeed arises from infused pyruvate was provided

by correlating its magnitude with endogenous lactate concentration, measured by mul-

tiple quantum �ltered proton magnetic resonance spectroscopy (SEL-MQC 1H-MRS).

LATEST signal increase pre and post exercise, was further observed in healthy human

calf muscle. Figure 2.41 shows ten LATEST images acquired three minutes after the ex-

ercise stopped. The last image closely resembles the baseline, suggesting a resting state

LATEST magnitude of 1.5%. Hydroxyl groups from other endogenous metabolites (e.g

glucose, glycogen, GAGs, creatine) will also contribute to the baseline LATEST. How-

ever, the authors argued that their contribution is small. Moreover, LATEST contrast

increase, due to T2 changes, post exercise were also dismissed.

Figure 2.41: LATEST images of human calf muscle 3 minutes post exercise. The signal
falls back to the baseline in about 18 minutes after exercise cessation. Image taken
from [24].

The in-vivo results presented here were acquired at 7T. LATEST Z-spectra and

asymmetry curves indicate an exchange peak centred at +0.4 ppm or 160 Hz from
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water. This separation becomes only 50 Hz, at 3T. Thus, it is unlikely that such a

detection is possible at lower �elds, unless the lactate resonance is shifted further

away from water. Lanthanide complexes are capable of binding to lactate [203] and

as such, Zhang et al. [253] imaged the lactate-EuDO3A complex molecule, in-vitro at

9.4T and in-vivo at 4.7T. This hybrid molecule exhibits a CEST resonance peak at +47

ppm from water, in-vitro (Figure 2.42). Its chemical exchange rate is ~ 2000 s−1, at

physiological pH, indicating that a high B1 saturation power is required for saturation

(14.1µT ).

Figure 2.42: Z-spectra of various EuDO3A complexes measured at 9.4T, in-vitro. Black
line:50 mM EuDO3A+50 mM lactate, Red line:50 mM EuDO3A+ 50 mM (NaH2PO4+
Citric acid+ NaHCO3+Lactate) Blue line: 50 mM EuDO3A+50 mM Citric acid. Green
line: 50 mM EuDO3A in 4% HSA. Purple line: 50 mM EuDO3A +50 mM lactate in
cell culture medium. Image taken from [253].

Figure 2.43, shows lactate-EuDO3A detection in the bladder of healthy mice, at

4.7T. Even though there was no CEST signal detected in tissues, a strong signal en-

hancement was seen in the mouse bladder, with no further evidence of toxicity for a

dose of 0.105 mmol kg−1. This dose might not be su�cient for imaging lactate pro-

duction by tumours in-vivo. Nevertheless, administering lactate-EuDO3A, in the form
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of a nanoparticle, might achieve su�cient agent delivery to the extracellular tumour

space, as it was reported that 100-200 nm sized nanoparticles achieve a 24-fold higher

accumulation of therapeutic drugs in tumours [166].

Figure 2.43: CEST image of a mouse bladder showing the presence of the intact lact-
ate·EuDO3A complex at 45 min post injection. Image taken from [253].

2.3.3 Amides (NH)

2.3.3.1 Absolute pH mapping

In-vivo measurement of endogenous amide proton transfer (APT) signals, was �rst

demonstrated on an ischaemic rat model at 4.7T [264]. Amides were found to have ex-

change rates in the order 10-100 s−1and in most tissues their concentration is between

5 to 8 mM [263, 165]. APT exchange rate was also found to be base catalysed. Further-

more, the relationship between measured APT signal and pH was reported as: APT

=5.73 * 10pH−9.4 [264].

The calculation of the latter is not at all straightforward. First, the amide pro-

ton exchange rate needs to be known via either water exchange spectroscopy (WEX)

[264, 246], model �tting to experimental data [116, 137, 185], omega plot [32, 199, 233]

or multi-angle ratiometric approach [276]. If the amide concentration can be estim-

ated, then the exchange rate can be found with a search algorithm [187]. Other-

wise, both the concentration and exchange rate can be calculated using the optimal
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B1 power, yielding the maximum APT signal [184]. Second, the relationship between

the exchange rate/measured signal and pH needs to be known. Despite being trivial

in-vitro, �nding the relationship in-vivo, requires measurement of pH with 31P-MRS

[198], [138]. This can be done by either measuring lactate concentration (pH = -0.0593

* [La] + 7.2) or the chemical shift di�erence, δ, between creatine and phosphocreatine

(pH = 6.75 + log[(δ-3.26)/(5.7-δ)]). If the pH is known, then the exchange rate is given

by: ksw= 5.57 * 10pH−6.4 [264]. Next, a calibration curve can be calculated by �tting

the measured CEST signal and pH values, as found by 31P-MRS [198]. The latter �tting

procedure can also estimate the endogenous amide concentration. Finally, if the water

longitudinal relation time, T1, is known, then an absolute pH map can be calculated

(Figure 2.44).

Figure 2.44: Left: pH weighted MTRasym map. Right: absolute pH map of ischaemic
rat model at 4.7T. Image taken from [198].

Absolute pH mapping is also possible using a ratiometric method. McVicar et

al. [138] utilised the ratio of two endogenous peaks (amines and amides) to produce

absolute pH maps of an ischaemic rat model at 9.4T. This method resembles ratiometric

pH mapping using exogenous contrast agents, having at least two proton exchange

peaks [129] and has the advantage of being concentration independent. This approach,

termed, (AACID) [138], was able to detect pH changes during ischaemia, in rat brain.

Endogenous pH was measured with 31P-MRS by �nding the chemical shift di�erence,

δ, between creatine and phosphocreatine. The calibration curve, both in-vitro and in-

vivo, was linear. Speci�cally, for endogenous pH calibration: pH = -4 * AACID +12.8.
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Low pH during ischaemia was therefore seen as hyper-intense region on CEST images

(Figure 2.45).

Figure 2.45: Endogenous ratiometric absolute pH maps (AACID), in rat brain at 9.4T,
2 and 5 hours after middle cerebral artery occlusion. Image taken from [138].

Any e�ect on the measured AACID, due to T1, T2 changes was dismissed by nu-

merical simulations. In order to accommodate for the fast exchange rates of amines at

3T, a high B1 power has to be used. For example, Harris et al. [64] used a B1 power of

6µT to produce amine proton weighted images, in brain glioma patients, at 3T. How-

ever, such high RF power is unsuitable for saturating the slow exchanging amides.

Since both peaks are needed for the concentration independent method, the imple-

mentation of the AACID, at 3T is challenging.

Finally, for a system that is driven in steady state (tsat > T1w or at the very least

tsat ≈ T1w), the spillover, MT and T1 corrected AREX contrast can be used to attain

an absolute pH map [246]:

pH(in− vivo) = 6.4 + log(AREX/DC
fb ∗ 5.57 )

with DC, the duty cycle of the pulsed acquisition and fb the endogenous amide

proton concentration. In this approach, the water T1 and amide exchange rate, must

be also known.
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2.3.3.2 Cerebrovascular stroke

APT is positively correlated with intracellular pH [198, 87]. Increased ATP hydro-

lysis, during stroke, causes intracellular pH to decrease. The latter, lowers the proton

exchange rate, resulting in decreased APT e�ects [196]. Acute ischaemia can be char-

acterised, in-vivo, at 3T, using low B1 saturation powers (~0.55 µT ) [65] and the pH

weighted CEST signal was found to be associated with tissue outcome. However, the

interpretation of the results is still under debate.

Data acquired in stroke patients, showed reduced APT values in ischaemic core,

infarct growth and oligaemia regions, with the core having the lowest of the three.

This suggests increased core acidosis, as opposed to surrounding tissue, that ultimately

survives [65]. Similarly, Tietze at al. [205] found that, on average ischaemic regions

show decreased APT signal, when compared to healthy white matter. However, rather

surprisingly, no signi�cant CEST signal di�erence was found between ischaemic core

and penumbra. Mixed results were also reported on the association of the APT signal,

of the infarct core and �nal infarct volume, as the latter did not show a consistent APT

signal reduction. A more sophisticated �tting model is perhaps necessary to account

for the cascade of events following stroke. For example, conventional magnetisation

transfer (MT) remains constant, within a few hours after stroke [191]. In this case,

MTRasym analysis is valid, as the constant MT component is removed. At later times,

a Lorentzian �tting can be implemented for quanti�cation of endogenous APT signals.

More insight is however required, on the endogenous species present in ischaemic

tissues, so as to appropriately de�ne the Lorentzian line-shape characteristics.

2.3.3.3 Brain Tumours

Jones et al. [88] reported the �rst APT CEST study in low grade human brain tumours.

APT was compared with commonly used techniques, such as T1w, T2w, Gd-T1, FLAIR

and di�usion and was found to consistently di�erentiate tumour regions from oed-
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ema. More speci�cally, a 4% APT signal change was reported for tumour regions, as

compared to normal appearing white mater and oedema (Figure 2.46).

Figure 2.46: Various MR images for a patient with meningioma. For the APT image
the mean and the standard error of the APT values were -0.1 ± 0.04 (tumour), -3.3 ±
0.2 (CNAWM), -2.8 ± 0.04 (INAWM), and -2.0 ± 0.08 (oedema). Image taken from [88].

It is known from CEST theory, that the proton transfer ratio (PTR, equation 2.2.4)

is in�uenced by a few factors, including amide concentration, water content, proton

exchange rate and water longitudinal relaxation. If APT imaging is to be success-

ful, then the e�ects of increased amide concentration must outweigh that, of water

content. The e�ect of the latter can be assessed through T1w images, as they gener-

ally re�ect brain water content. In this study, increased intensity on T1w images was

not necessarily related to hyper-intense APT regions. Moreover, the tumour micro-

environment is characterised by slightly acidic extracellular space and slightly alkaline

intracellular space [52, 161]. Considering that APT is base catalysed [264], then its ex-

change rate increases with pH which in turn increases APT contrast. This study also

provided a benchmark, regarding the APT saturation scheme. A long continuous pulse

(3 seconds, 3 µT ) was implemented, while energy deposition remained within SAR

limits. It was shown later [193], that pulsed saturation can achieve about 95% of the

continuous wave contrast, with the optimal RF irradiation power, between the two

approaches, being equal. Furthermore, the relationship, between continuous-pulsed

wave saturation power, is given by the analytical solution for continuous wave CEST,
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as shown by Zu et al. [274].

As shown by magnetic resonance spectroscopy amide proton concentration is in-

creased in tumours, as compared to healthy white matter [73, 268]. More recently,

proteomic analysis of various tumour markers, showed that the total protein concen-

tration in tumour and healthy tissue, is the same. However, tumours had an increased

cytosolic mobile protein concentration over healthy tissue [239]. Since APT signal re-

�ects the increased mobile tumour protein content, it is expected to be correlated with

tumour grade. Indeed, Zhou et al [266] found a clear correlation of the APT signal

with tumour grade (r2 = 0.92), with the low grades having almost the same APT con-

trast as white matter (Figure 2.47). Furthermore, Togao et al [206] have reported the

mean APT values of grade II, III and IV tumours, at 3T, as being, 2.1± 0.4%, 3.2± 0.9%

and 4.1± 1% respectively. These values were signi�cantly di�erent in the pairs, II-III,

III-IV and II-IV. Relevant to grading glial tumours, Sakata et al. [164], showed that

both single slice and volumetric ROIs, as de�ned on Gd-enhancing images or FLAIR,

provide the same MTRasym values and as such, both approaches correctly correlate

the APT signal with its corresponding grade. Adding the APT signal to the appar-

ent di�usion coe�cient (ADC) also signi�cantly improves grading than APT or ADC

alone [17].

The ability to distinguish between radiation necrosis and tumour recurrence is

very important in predicting tumour response to therapy and can have immediate

clinical implications.

Figure 2.47: Multimodal MRI of a low grade glioma. In the APT image, the tumour is
indistinguishable from healthy tissue. Image take from [266].
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Zhou et al. [267] have demonstrated that, due to the lack of cytosolic proteins

and peptides, necrotic regions, appear hypo-intense on APT images. On the contrary,

necrosis can be mistaken as a recurrent tumour due to its hyper-intensity on T2w

or Gd-T1w imaging (Figure 2.48). Such low, necrotic APT signals, were also seen in

high grade human gliomas, at 3T [259, 223, 270]. As expected, tumour cores showed

signi�cantly higher APT signal than necrosis and oedema, but had similar intensities

with cystic components, probably due to the presence of mobile proteins in the latter.

Moreover, even in high grade tumours, showing no Gd enhancement, APT contrast

was increased, in tumour core. (Figure 2.49).

Figure 2.48: Comparison between radiation necrosis and glioma in two brain tumour
rat models. Necrosis is hypo-intense on APT images. Image taken from [267].

Figure 2.49: Grade III astrocytoma at 3T.Left: non enhancing Gd-T1 imageRight: APT
image, showing high signal intensity in tumour (red arrow) and low signal intensity
in oedema (orange arrow). Image taken from [259].

In a preclinical study, Sagiyama et al. [162] found that, successful glioma treat-
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ment, with temozolomide (TMZ), results in decreased APT signals. More import-

antly, this decrease, is detected before any morphological alterations occur. In view of

these results, Ma et al. [132], hypothesised that treatment changes, related to pseudo-

progression, would exhibit an iso-intense, to normal tissues, APT-weighted signal. On

the other hand, true progression, should be re�ected as high APT signal. In their study,

a total of 32 patients with possible tumour progression, after chemoradiation, were ex-

amined. Figure 2.50, shows a typical case of the true-progression patient group and

Figure 2.51, shows a case of pseudo-progression.

Figure 2.50: Conventional MRI and APT CEST images from a 49-year-old man with
tumour progression. The patient had a new contrast-enhancing lesion, 1 month after
completion of chemoradiation. Image taken from [132].

Figure 2.51: Conventional MRI and APT CEST images from a 65-year-old man with
pseudo-progression. Indications of new lesion can be seen on conventional MRI im-
ages. On the other hand, the lesion appears iso-intense to contralateral healthy brain,
on the APT image. Image taken from [132].

The cut-o� APT intensity values, to distinguish between true and pseudo-progression

were 2.42% and 2.54% with [85% sensitivity - 100% speci�city] and [95% sensitivity -
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91.7% speci�city], respectively. In a larger glioma patient group, (n=65), the addition

of APT CEST to contrast-enhanced T1 weighted imaging signi�cantly improved the

cross-validated AUC, from 0.58–0.74 to 0.89–0.91, for di�erentiating true-progression

from pseudo-progression [155]. Both these studies were performed at 3T, with the

APT CEST scan being only ~ 10 minutes. APT weighed imaging, can thus provide, a

rapid and non-invasive method, for diagnosing true tumour progression in the clinic.

One scenario that complicates the interpretation of the measured APT signal, is

the presence of haemorrhagic regions around active tumours. APT values in arteries

and highly vascular glioma xenografts were found to exhibit a high MTRasym (' 12%),

at room temperature and for B1 powers between 1-3µT [53, 241, 261]. Thus, haemor-

rhagic regions, will also appear hyper-intense on APT images, similar to active tumour

components. Perhaps a combination of APT and susceptibility weighted imaging can

di�erentiate between blood and solid tumour regions.

We note here that, using B1 = 2µT , has been shown to nullify the MTRasym,

in healthy tissue, as APT and semi-solid MT cancel out [258]. This allows to better

identify hyper-intense tumour regions, with minimal MT contributions. APT signal

contamination from other exchangeable protons, of proteins and peptides is also small,

as the latter species, do not in general ful�l the slow to intermediate requirement, at 3T.

Nevertheless, nuclear overhauser e�ects from aliphatic protons might still be present

in the measured signal, reducing its magnitude and compromising the APT contrast.

Coincidentally, nuclear overhauser e�ects (NOE), from aliphatic protons, are centred

at the exact opposite frequency from APT, i.e -3.5 ppm from water [88], with their

range being from -2 ppm to -5 ppm. The NOE e�ect increases with macromolecular

concentration and B1 power, and was found to be, pH insensitive by Jin et al. [85],

using asymmetry analysis, and linearly dependent on pH, by Jones et al. [90], us-

ing Lorentzian �tting. White matter exhibits larger NOEs than grey matter, at a ratio

2:1. For NOE-mediated CEST signal, in-vivo, an optimal B1= 1µT , has been reported

[153, 123]. The most possible interaction, between mobile lipids (long T2) and meas-
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ured water signal, is through intermolecular NOEs [30]. The latter proceeds either via

dipolar or chemical exchange mechanism, similar to APT. However, as NOE is pH de-

pendent [90], it is believed that NOE e�ects proceed via chemical exchange, just like

APT does.

To account for the presence of NOE, the MTRasym relationship is expressed as

follows:

MTRasym(offset) =MTR(+offset) −MTR(−offset)

= [Ssat(−offset) − Ssat(+offset)]/S0 (2.3.1)

and speci�cally for APT imaging, equation 2.3.1 is written as:

MTRasym(3.5ppm) = APTR+MTR
′

asym(3.5ppm)

' APTR−NOER(−3.5ppm)

MTR’asym was previously thought to represent the inherent solid macromolec-

ular MT [76], which causes a negative background for the measured MTRasym [88,

165]. However, Zhou et al. suggested that, this term might arise from intermolecu-

lar/intramolecular NOEs, of mobile aliphatic protons [269]. Further, in-vitro experi-

ments, showed that, presence of lipids, results in negative MTRasym values, for low

B1 values (0.6-1µT ). This negative asymmetry tends to zero, as the pulse power is in-

creased, with 2µT , being the power, that APT contrast dominates over NOE, at 4.7T.

Lipid suppression, using a Gaussian-shaped chemical shift selective pulse, was also

found to minimise the NOEs, in high lipid brain regions [130].

Figure 2.52, shows the Z-spectra and asymmetry curves, for tumour and contralat-

eral tissue, at two irradiation powers, at 4.7T, in-vivo. It can be seen that, the tumour
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exhibits lower NOEs than healthy tissue. In addition, the measured MTRasym in tu-

mour, is negative, owning to the presence of NOEs. As B1 power increases, MTRasym,

becomes positive, as the NOE contribution is lessened. Even though the presence of

NOEs does indeed decrease the magnitude of APT, the contrast (∆MTRasym) between

tumour-healthy tissue, is increased. Therefore, the NOE signal is a positive confound-

ing factor, in tumour APT imaging.

Figure 2.52: APT CEST, of a rat tumour model at 4.7T. Top: Z-spectra and asymmetry
curves for B1 = 0.6µT . Bottom: Z-spectra and asymmetry curves for B1 = 2.1µT .
Image taken from [269].

In a clinical study of glioblastoma (GBM) patients, at 7T, Paech et al. [153] ob-

served that, NOE e�ects in GBM contrast-enhanced T1 tumours and necrotic regions,

were decreased as compared to healthy white matter. Their acquisition was termed,

NOE-mediated CEST, as a low B1 power (0.7µT ) yields NOE-dominated contrast. As

expected, the measured MTRasym values were negative, due to the presence of the

NOE e�ects. Healthy white matter showed even more negative MTRasym values. Fig-

ure 2.53, shows that because tumours are characterised by reduced NOE e�ects, their

corresponding MTRasym is increased, as compared to normal white matter.

NOE changes minimally with pH (~ 1%) [90]. In addition, intracellular tumour pH

(as opposed to extracellular), slightly increases (0.1 pH) [52, 214] in tumours. Thus,

the NOE reduction in tumours, cannot be attributed to pH changes. Due to its dipolar
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and/or chemical exchange nature, NOE is thought to be dependent on protein mobility,

with high mobile species having lower NOE e�ects. The latter, along with the fact that

water content is increased in tumours [148, 8], could explain the drop in NOE e�ects.

Finally, protein denaturation has been linked with decreased NOE e�ects [245]. NOE

was also shown, to not be correlated with ADC values, but there is an indication of a

negative correlation with tumour cellularity, in GBMs [154].

Figure 2.53: Left frontal glioblastoma of a 59 year old patient at 3 Tesla. A: Gd-T1 B:
T2 weighted and C: NOE-mediated CEST images. As NOE e�ects drop in tumours,
MTRasym is increased. Image taken from [153].

Questions, on whether the APT signal really re�ects endogenous mobile proteins,

were raised, after compensating the measured signal for the water relaxation T1 time

[235, 247]. This is a reasonable correction, as the APT signal does depend on wa-

ter relaxation rate [235, 194], along with concomitant MT e�ects [168, 187]. Data

from a pre-clinical study, Figure 2.54, show that MTRasym is inversely correlated with

macromolecular content (PSR - pool size ratio of macromolecular protons and water),

whereas the relaxation compensated metric, AREX [246], for both APT (AREX-APT)

and NOE (AREX-NOE), is not. Similarly, MTRasym is inversely correlated with R1,

while no correlation exists, between AREX-APT and AREX-NOE with R1. Further-

more, only AREX-NOE was found to be correlated with R2, while both MTRasym and

AREX-NOE correlate with chemical exchange rate (kmf).
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Figure 2.54: Correlations of MTRasym, AREX(APT) and AREX(NOE), with water re-
lation rates R1 and R2, pool size ratio (PSR) and chemical exchange rate (kmf). Red
squares represent the mean values of each tumour, and the blue circles are the mean
values of each region of interest (ROI) of contralateral normal tissue. The Spearman’s
rank correlation coe�cient (r) and p value of each correlation, along with the linear
regression line, are also shown. Image taken from [235].

In a clinical study, at 7T [247], AREX was compared with classic MTRasym [264]

and Lorentzian di�erence [90], in characterising high grade gliomas. An example

presented in Figure 2.55. This is a glioblastoma patient showing a tumour enhancing

ring and central necrosis (Figure 2.55 A). MTRasym, shows elevated signal, in a region

similar to Gd-T1 image. Some hyper-intensity is also seen in the necrotic area (Fig-

ure 2.55 B). Isolated APT and NOE e�ects, from Lorentzian �tting of the data, show

the hyper-intense ring and iso-intense necrosis (Figure 2.55 C) and a hypo-intense

whole tumour region (Figure 2.55 D). Further T1 corrected data show an iso-intense

tumour (Figure 2.55 E) and an even higher contrast hypo-intense tumour (Figure 2.55

F). In summary, Lorentzian �tting provides a result, similar to Gd-T1 image, as far as

APT contrast is concerned, without the need for contrast injection. In addition, the

relaxation compensated AREX-NOE shows a higher contrast between the tumour and

normal white matter, than the contrast given by Lorentzian �tting of the NOE e�ect
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alone.

Figure 2.55: Various MRI images of a glioblastoma patient, acquired at 7T. A: Gd-T1
B: MTRasym C: Amide Lorentzian di�erence D: NOE Lorentzian di�erence E: AREX-
APT F: AREX-NOE. Image taken from [247].

We note here that, the relaxation-compensated AREX metric, is valid for long

saturation times, where the system has acquired its steady state. For shorter saturation

times, the Lorentzian di�erence already provides the apparent exchange dependent

relaxation [247]. The fact that AREX-APT shows the same contrast between tumour

and healthy tissue is somewhat surprising. Perhaps, there are NOE contributions in

the tumour that actually don’t decrease, but on the contrary, increase. This would

eliminate any AREX-APT signal. In fact, these down�eld NOE e�ects at +3.5 ppm, have

been observed in pre-clinical studies [120, 81] and are though to arise from aromatic

proton groups. A method for suppressing these aromatic NOE e�ects is described in
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reference [249]. This method assumes a constant ratio between the down�eld and

up�eld NOE e�ects and evaluates the former based on the more accessible aliphatic

protons (up�eld NOE at -3.5 ppm). As a result, the down�eld NOE suppressed contrast

was found to be remarkably similar to the Gd enhancing tumour area , glioblastoma

patients (Figure 2.56).

Figure 2.56: Gd-T1, T2-FLAIR, AREX and AREX (dnsAREX) images of a glioblastoma
patient at 7T. Even though the tumour enhancing ring is identi�ed on the AREX image,
the signal size is also similar to the contralateral region. On the contrary, the contrast
on the dnsAREX image shows a signi�cantly higher intensity in the enhancement
region compared with contralateral white matter. Image taken from [249].

Even though amide proton transfer CEST is of special interest in brain tumour

imaging, the technique has also been used in characterising a variety of conditions

such as, Parkinson’s disease [117, 118, 119], breast cancer [37, 36, 101, 33], prostate

cancer [79], lymphomas [80], ischaemia and haemorrhage [178], HIFU treatment eval-

uation [66] and paediatric brain development [252].
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Chapter 3

CEST: In-silico optimisation

3.1 Introduction

Chemical Exchange Saturation Transfer (CEST) is a novel and non-invasive molecu-

lar MR technique [222], that under certain physico-chemical and experimental condi-

tions allows the detection of compounds containing amide, amine and hydroxyl proton

groups, that are in chemical exchange with free water molecules. The signal arises

from macromolecular protons, that are highly restricted (’bound’) and are therefore

characterised by very short T2 relaxation times (µsec). Moreover, their concentrations

are in the milli-molar range. The practical implication of the very low transverse re-

laxation times and concentrations is that these protons cannot be directly detected by

an MRI experiment. Their detection is nevertheless feasible, indirectly, and this is fa-

cilitated via the natural mechanisms of magnetisation transfer and chemical exchange

[229].

CEST has been utilised as a contrast enhancement mechanism in a variety of

pathologies including: skeletal muscle damage [140], diabetes or insulin-related dis-

eases [212], osteoarthritis and vertebral disk degeneration [169], Parkinson’s disease

[119], Alzheimer’s disease [63], stroke [191, 205, 65] and brain tumours [88, 266, 263,

210, 165, 223, 172, 271].
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As a frequency speci�c application, CEST is extremely susceptible to B0 and B1 in-

homogeneities and an accurate contrast measurement heavily relies on correcting for

the latter in�uences [100, 190, 226]. In addition, when the saturation time ' T1,water,

then the CEST e�ects are scaled by the longitudinal relaxation of water and should be

corrected accordingly [246].

Optimising a CEST experiment involves identifying the optimal values of the ex-

perimental variables for which the CEST signal is reliably being detected. For con-

tinuous wave irradiation, the parameters include the irradiation B1 power, the pool

size and the saturation time [193], whereas for pulsed CEST there are a couple more

parameters to consider, namely, the number of pre-pulses, duration and inter-pulse

delay (RF duty cycle) [170].

The optimisation can either be done by directly and explicitly setting the values

of the experimental parameters and measuring the signal, directly from the scanner,

or by a simulating the response of the physical system under various conditions. The

latter approach was used here to describe the response of a 2-pool model [228], under

continuous wave irradiation and variable B1, pool size and saturation time. Further-

more, the response of the 2-pool model was also investigated under di�erent levels of

SNR. The relationship between the measured APT signal and SNR was derived, along

with the error and relative accuracy in quantifying the CEST e�ect in the presence of

noise. This study is useful in outlining the steps taken in order to identify the impact

of experimental parameters, including the SNR, in optimising CEST studies.
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3.2 Materials and Methods

A two pool model was implemented, as described in reference [228]. The time depend-

ent Bloch equations for such a model are:
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The subscripts a and b, refer to the two exchanging proton pools. In this case,

bulk water (a) and APT (b). For example, Ma
x (t) denotes the x component of the mag-

netisation in bulk water at time t. ka and kb refer to the exchange rates from pool a

to b and from b to a respectively. These rates are measured in s−1. Ma
0 and Mb

0 denote

the thermal equilibrium magnetisation of each pool. ∆ωa and ∆ωb are calculated as

ωa- ω and ωb- ω respectively, where ωa and ωb are the resonant frequencies of

pools a and b respectively. The frequency of the RF irradiation is denoted by ω, and

the RF pulse power is denoted byω1. Finally, Ra,b
1,2 describe the longitudinal and trans-

verse relaxation rates of each pool. Z-spectra were simulated by numerically solving

the equations above, using the matrix exponential (expm in Matlab) method from ref-

erence [146], where the system of 6 di�erential equations is �rst reduced to a single,

homogeneous linear di�erential equation (vector equation), and then solved using a

matrix operation like so (we work in the rotating frame and it is assumed that the RF

pulse is applied along the x-axis of the frame):

155



CHAPTER 3. CEST: IN-SILICO OPTIMISATION 3.2. MATERIALS AND METHODS

dM

dt
= A ·MT

with

M = (Ma
x(t) M

a
y(t) M
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z (t) M
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and

A =



−(R2a+ ka) kb da(i) 0 0 0 0

ka −(R2b+ kb) 0 db(i) 0 0 0

−(da(i)) 0 −(R2a+ ka) kb w1 0 0

0 −(db(i)) ka −(R2b+ kb) 0 w1 0

0 0 −w1 0 −(R1a+ ka) kb R1a ∗M0a

0 0 0 −w1 ka −(R1b+ kb) R1b ∗M0b

0 0 0 0 0 0 0


The major parameter values of each pool are described in the following table

(Table 3.1):

water APT
T1 [s] 1.4 1
T2 [s] 0.5 0.033

o�set [ppm] 0 3.5
equilibrium magnetisation (pool size) 1 0.001

exchange rate [s−1] - 50

Table 3.1: Simulation parameters of the 2-pool model.

Other parameters were set as follows: B0 = 3T , tsat = 2s, frequency sweep→

−10 to + 10 ppm, B1 = 1µT , single pulse.
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As a �rst step, the detection dependence of an ’ideal’, noise-free, APT signal on

experimental parameters was investigated. As such, three experimental parameters,

namely, the saturation power, pool size and saturation time were individually varied.

Subsequently, the ’true’ APT signal was calculated after each experimental parameter

change. The exchange rate was not considered in this analysis as it is an inherent

property of a proton pool and thus cannot be explicitly determined in real experiments.

Even though SNR is an outcome of real MRI experiments, in a simulation study,

it can be one of the parameters that can be varied explicitly. To determine there-

fore whether SNR a�ects the detection sensitivity of the APT signal, a noise-free Z-

spectrum of ~4% APT was simulated. This spectrum served as the benchmark, against

which noisy Z-spectra were compared to. To generate the noisy spectra, the ’ideal’

spectrum of ~4% APT was superimposed with random noise (rand function in Matlab

- Note: the histogram of the values returned by rand, suggests a roughly normal dis-

tribution with a mean close, but not exactly, 0). The standard deviation of the noise

was used to calculate the SNR, de�ned as M0
σ

, where σ is the standard deviation and

M0 the equilibrium magnetisation. The APT signal in the noisy spectra was quanti�ed

by �tting the 2-pool model (equation 3.2.1) in the spectra (�t function in Matlab) us-

ing the Levenberg-Marquardt algorithm. The starting values and bounds of the model

parameters that were allowed to vary during the �t are shown in the next table:

water [ppm] R2,water[s−1] APT [ppm] kAPT [s−1] fAPT R2,APT [s−1]
starting 0.3 2 3.5 50 0.001 1

lower bound 0 1 3 30 0 0.5
upper bound 1 4 4 70 0.005 2

Table 3.2: 2-pool model parameter variation for �tting the noisy Z-spectra. kAPT and
fAPT denote the exchange rate and pool size of the APT pool respectively.

APT values at +3.5ppm were calculated for the following SNR values: 100, 90, 80,

70, 60, 50, 40, 30, 20 and 10, using asymmetry analysis and thus by subtracting the

down�eld values, of the normalised Z-spectra, from the corresponding up�eld ones

according to the following equation:
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MTRasym(∆Ω) =
MT(−∆Ω) −MT(+∆Ω)

M0
(3.2.2)

The e�ects of the SNR on the sensitivity detection of the APT peak are �rst de-

scribed graphically and then through two measures:

1) percentage error, which was de�ned as:

APTtrue −APTnoise
APTtrue

× 100 (3.2.3)

and

2) relative accuracy, which was de�ned as:

APTnoise

APTtrue
(3.2.4)

All analysis was performed in Matlab (The MathWorks, Natick, 2018a).
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3.3 Results

We �rst examine the feasibility of detecting the APT peak at, +3.5ppm, in noiseless

spectra for di�erent values of B1 power, pool size and saturation time. These paramet-

ers were varied individually, one by one, while keeping the other parameters �xed.

Figure 3.1 shows the e�ect of various B1 powers on the magnitude of the CEST

peak. For the model under investigation, the optimal power is 1µT , as it corresponds

to the largest peak. Although peak magnitude is the most important outcome in a

CEST experiment, the width of the measured peaks and of the water line-shape must

also be considered while optimising an experiment. The reason for this is that in more

complex systems, and especially in-vivo, there may be proton groups resonating in

neighbouring frequencies, to that of interest, and line broadening will result in erro-

neous quanti�cation of the desired peak because of peak overlaps.

Figure 3.1: Dependence of the APT CEST signal on B1 power.

It is clear from Figure 3.1, that the higher the pulse power (1.5µT and above) the

broader the Z-spectrum becomes. This width increase is detrimental for the peak’s

magnitude for B1 powers exceeding 2.5µT and further increases gradually obliviate

the APT peak because of large spill-over e�ects.
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The relationship between the CEST signal and B1 power is demonstrated in Figure

3.2. Generally, low pulse power leads to lower CEST e�ects and high pulse power

leads to higher CEST e�ects. The lowest B1 power simulated here was 0.5µT and the

contrast generation increase is evident once the power becomes 1µT . However, peak

ampli�cation does stop at that exact pulse power, as further increases, result in non-

negligible spill-over e�ects and subsequent and gradual ’masking’ of the desired peak

for greater B1 powers.

Figure 3.2: Relationship between the measured APT signal and B1 power.

Figure 3.3 shows the e�ect of various APT pool sizes on the magnitude of the

CEST peak. The interpretation of the result is straightforward: CEST signal grows

proportionally to the size of the proton exchange pool. The reason for this is that

when modelling CEST systems, the equilibrium magnetisations are set to be propor-

tional to the size of their corresponding pools. For example, bulk water equilibrium

magnetisation is always set to 1 (maximum value in the simulation), while the equi-

librium magnetisations of any other proton exchange groups are set equal to values

shown in the legend of Figure 3.3. In fact, CEST signal is linearly proportional to pool

size as demonstrated in Figure 3.4. Despite the fact that pool sizes ~0.01 are unrealistic,
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especially in-vivo, the curves do re�ect an accurate response of the measured signal

as a function of pool size.

Figure 3.3: Dependence of the APT CEST signal on APT pool size.

Figure 3.4: Linear relationship between the measured APT signal and APT pool size.
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Finally, we look at the e�ect of various saturation times on the magnitude of the

APT CEST peak. The response of the 2-pool model for various such saturation times

is shown in Figure 3.5. The bene�t of longer saturation is seen up until ~2 seconds, as

the APT signal keeps growing and the pool is fully saturated. Nevertheless, saturating

for longer times does not result in greater CEST e�ects. We can conclude therefore

that the CEST e�ect keeps accumulating as long as the saturation time is increasing.

Nevertheless, eventually, the e�ect reaches its steady state and further increase of

saturation time has no impact on the magnitude of the measured signal.

Figure 3.5: Dependence of the APT CEST signal on saturation time.

This conclusion is more accurately illustrated in Figure 3.6. CEST contrast keeps

growing up until ~3 seconds of saturation time and then reaches a plateau. This is

the steady state for the model under investigation. No matter how long the pool is

saturated after this limit, the magnitude of detectable APT peak at +3.5ppm will not

increase. This is an important point to consider as it informs on the optimal saturation

time, given the MRI application, while at the same time preventing the usage of un-

necessarily long acquisition schemes that have no real bene�t in a CEST experiment

and only prolong the overall scan time. The latter should be avoided, particularly in
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multi-slice/volumetric acquisitions, where greater sample coverage already implies a

longer scan time. Additionally, for in-vivo applications, longer saturation times result

in more power deposition in tissues and thus there is always the risk of exceeding the

SAR safety limits.

Figure 3.6: Relationship between the measured APT signal and saturation time. The
CEST e�ect plateaus at 3s and beyond.

So far the analysis was focused on ’ideal’, noise-free Z-spectra. However, it would

be useful to also investigate the impact of SNR on the ability to detect CEST e�ects, as

the presence of noise is an unavoidable reality in every MRI experiment. As such, the

following paragraphs describe the detection of an APT peak, of ~4% in magnitude, un-

der the e�ect of various noise levels, superimposed on the ’ideal’ ~4% APT model. The

quanti�cation of the APT signal was facilitated by �tting a 2-pool model (equations

3.2.1) on the noisy, simulated data, as described in the Materials and Methods section

and by using equation 3.2.2 and further investigation and interpretation of the results

was facilitated by using equations 3.2.3 and 3.2.4.

Figure 3.7 shows the starting spectrum for analysing the SNR e�ects on the de-

tectability of the APT peak at +3.5ppm. This benchmark spectrum was generated

with the following model parameters: T1,water = 1.4s, T2,water = 0.5s, T1,APT = 1s,
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T2,APT = 0.033s, APT pool size of 0.001, exchange rate of 50s−1, B1 = 1µT , B0 = 3T

and saturation time of 2s.

Figure 3.7: Noise-free spectrum. The benchmark for analysing the e�ects of SNR on
the APT peak.

The spectrum in Figure 3.7 is exactly the same as the �rst noisy spectrum con-

sidered in this analysis, namely the spectrum for SNR = 100. The said spectrum is

illustrated in the next �gure (Figure 3.8). The �gure contains 3 sets of data: the bench-

mark Z-spectrum (solid blue line), the data after the addition of random noise (red

dots) and a yellow dashed line indicating the �tting of the 2-pool model on the noisy

data. The magnitude of the CEST e�ect is illustrated at the bottom of the spectrum for

both the noise-free spectrum (solid blue line) and the �tted spectrum (dashed yellow

line). Obviously, for SNR = 100, no di�erence between the ideal and �tted peaks exists.

However, that is not the case for the remaining values of SNR tested here.

The convention of representing the 3 sets of data was carried through every gen-

erated noisy Z-spectrum for the remaining SNR values of 90, 80, 70, 60, 50, 40, 30, 20

and 10. For demonstration purposes, the �tted Z-spectrum for an intermediate SNR =

50 and for the lowest SNR value of 10 are also shown in Figures 3.9 and 3.10.
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Figure 3.8: Fitting the benchmark Z-spectrum with the 2-pool model equations while
SNR = 100. The noise-free and �tted spectra match one another.

Figure 3.9: Fitting the benchmark Z-spectrum with the 2-pool model equations for an
intermediate SNR = 50. Evidently, the �tted APT peak di�ers from the ideal one.
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Figure 3.10: Fitting the benchmark Z-spectrum with the 2-pool model equations for
SNR = 10. The �tted APT peak can no longer be quanti�ed.

Figure 3.9 is indicative of the impact of increasing noise in CEST experiments in

the sense that it diminishes the e�ectiveness of �tting an experimental Z-spectrum

in order to quantify the desired CEST e�ects. This trend, of sequentially diminishing

quanti�cation e�ectiveness in the presence of increasing noise levels, was consistently

observed until the lowest investigated SNR = 10. In fact, for such a low SNR, the �tting

severely underperforms and that in turn results in a total inability to quantify any

CEST e�ects, as indicated in Figure 3.10.

The �tted APT peaks for all SNR values are jointly plotted in Figure 3.11 along

with a magni�ed version of the result. We note here that the result for SNR =10 is ex-

cluded from the magni�ed image as it doesn’t carry any peak quanti�cation potential.

Furthermore, the reader’s attention should be drawn to the correct numerical values

of the peaks in the magni�ed image and particularly at where 0 resides in each image.

The mismatch was unavoidable, for illustration purposes, and the correct scale of the

magni�ed image is indicated with light grey at the right side of the magni�ed image.
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Figure 3.11: Fitted APT magnitude at +3.5ppm for each one of the SNR values tested
in this study. To the aid visual interpretation of the result, a magni�ed version of the
circled area is also shown.

Figure 3.11 shows that each time the SNR is dropped by 10, the magnitude of

the measured APT peak also diminishes in a linear fashion by a good approximation.

This result is illustrated in the �gure below, where the value of each APT e�ect, as

quanti�ed by �tting the 2-pool model on the noisy data, is plotted against SNR.

Figure 3.12: The relationship between the CEST e�ect and SNR for the 2-pool model
studied here is linear.

A linear �t (red line in Figure 3.12) seems to describe the data well (R2 = 0.95) and

can serve as a guide in predicting the impact of a certain level of SNR on the ability
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to quantify the CEST e�ect of interest. A 95% prediction interval (dashed lines) is also

indicated on each side of the �tted line, in Figure 3.12, indicating the range within

which any new observation should fall. Finally, the standard deviation of prediction

(SDP) has also been calculated (SDP=0.022). This measure describes standard deviation

of the di�erences between the data points and the �t and in this case is 0.022 or 2.2%

APT units.

By using equation 3.2.3 we can now examine the percentage error in quantifying

the APT peak in the presence of noise. The relationship between this error and SNR

is described in Figure 3.13.

Figure 3.13: Relationship between percentage error and SNR.

It is evident from the �gure above that the percentage error decreases exponen-

tially as SNR is increased and is eventually nulli�ed in the ideal scenario of SNR = 100.

Even at an intermediate SNR of 50, the error in measurement is ~40%. On the other

hand, for the smallest possible errors in quanti�cation (~10%) the SNR should be ~70,

at minimum. We note here once again that there was no data point used for SNR = 10

due to the inability to quantify the APT peak at such a low SNR.
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Finally, by using equation 3.2.4 we can derive the relationship between the rel-

ative accuracy in measurement and SNR (Figure 3.14). The derived curve was found

to asymptotically approach the ideal case, where the ’true’ and measured signals are

equal.

Figure 3.14: Relationship between relative accuracy and SNR.

At the highest SNR, the relative accuracy and percentage error take their largest

and smallest value, respectively (Figures 3.14 and 3.13) and in a way mirror one another

while changing in opposite directions. The lowest value (~0.27) of the relative accuracy

occurs at SNR = 20. For an accuracy of ~0.8 and above, the CEST experiment should

be performed with an SNR = 70 at the very least, as shown in Figure 3.14.
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3.4 Discussion

The optimisation of an experiment can either be performed directly, by changing the

experimental variables in real time and measuring the response, or, when possible,

through a simulation. For the latter, a model, that accurately describes the physical

system should be implemented and its temporal evolution, under various experimental

conditions, should be recorded. The modi�ed, time dependent, Bloch equations (in-

cluding exchange terms [134]) facilitate the simulation of CEST systems. Numerous

such models have been described in the CEST literature with a complexity that is dir-

ectly proportional to the number of proton pools being modelled. For example, 2 and

3-pool models [228], 4-pool model [116] and models including both CEST and MT

pools [29, 244]. To mitigate the complexity of modelling multi-pool systems a simpli-

�ed and scalable solution was reported by Zhou et al. [268].

The aim of simulating a CEST system is to simultaneously solve a system of dif-

ferential equations, where each equation describes the temporal evolution of the ’x’,

’y’ and ’z’ component of magnetisation of each pool. This can either be done nu-

merically (using the Runge-Kutta method or a matrix exponential operation [146]) or

analytically [248]. The latter approach o�ers a more straightforward insight into the

interactions of the various exchange pools when compared to numerical methods. Ul-

timately, a simulation yields the ’z’ component of the water magnetisation, which is

exactly what is measured in a real experiment.

This simulation study was not designed with a particular CEST application in

mind. It’s aim was however to demonstrate the steps that can be taken in order to

investigate the impact of various experimental parameters, in the measured CEST ef-

fects of a 2-pool model under a continuous wave irradiation. The time dependent Bloch

equations were numerically solved, using the matrix exponential operation [146], and

the magnitude of the APT peak was calculated after varying 4 experimental paramet-

ers: irradiation power (B1), APT pool size, saturation time and SNR. The latter para-
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meter, can be explicitly set in a simulation, even though in a real experiment it is an

actual outcome of the MRI experiment. The quanti�cation of the APT peak, in the

presence of noise, was facilitated by �tting the 2-pool model (equation 3.2.1) on the

noisy Z-spectra, using the Levenberg-Marquardt algorithm. We note here two things:

�rst, the proton exchange rate (from solute to bulk water) was excluded in this ana-

lysis as it is an inherent property of the CEST system and cannot be explicitly set in

a real experiment and second, the optimisation of a pulsed CEST experiment can be

performed in a similar manner, with the only di�erence being the discretization of the

RF pulse shape (of any type: Gaussian, SINC, Fermi or otherwise), as demonstrated in

section 2.2.1.6 of this thesis and in references [197] and [274].

We �rst investigated the e�ects of irradiation power (B1), APT pool size and satur-

ation time, in ’ideal’, noise-free Z-spectra. As far as the B1 power is concerned, Figures

3.1 and 3.2 show that 1µT is the ideal power for the model under investigation, as it

results in the largest CEST e�ect and smallest spill-over. Spill-over e�ects refer to dir-

ectly saturating bulk water which results in an overall broadening of the Z-spectrum.

This broadening can be seen here, as B1 power is progressively increased and the CEST

e�ect is being diluted. An optimal B1 power of 1µT for amides has also been reported

in the literature, while for amines, the optimal power was shown to be 7µT [188]. The

latter observation re�ects that the higher the exchange rate, the higher the B1 power

that is required for su�cient labelling. In fact, the optimal saturation is achieved when

the exchange rate (ksolute→water) equals the RF power (expressed in Hz) [228].

The e�ect of the solute pool size was investigated next. The result is presented

in Figures 3.3 and 3.4 and its interpretation is straightforward: the bigger the solute

pool, the bigger the e�ect, with the relationship between the two, being linear. In a

simulation, this is a direct result of modelling the equilibrium magnetisations to be

directly proportional to their corresponding pool sizes. Nevertheless, the linearity

of the relationship was also shown to be valid in-vitro. In the latter case, phantoms

of increasing solute concentration (representing the solute pool size) correspond to
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linearly increasing CEST signal [24, 61, 62]. This demonstration con�rms the validity

of modelling the equilibrium magnetisations as described in this study.

Lastly, the impact of the saturation time on noise-free spectra is described in Fig-

ures 3.5 and 3.6. It was found that a saturation time longer than 3 seconds does not

o�er any bene�t in generating more APT contrast, as the signal plateaus at tsat = 3s

and beyond. In other words, at a saturation time of 3 seconds, the CEST signal reaches

its steady state. Considering the equivalency between a continuous and pulsed acquis-

ition of the same average power, a steady state CEST signal, after 3 seconds, is also to

be expected for a pulsed acquisition of the same average power [19]. The result repor-

ted here is in line with the analytical solution of the 2-pool model [265] (and equation

2.2.4), that describe the dependence of the CEST metric, termed Proton Transfer Ratio

(PTR), on saturation time, among other variables. Knowing the optimal saturation time

prevents unnecessary long acquisition schemes and usually saturation times in the or-

der of seconds are adequate to saturate exchangeable protons, with residence times in

the order of milliseconds [208]. As a rule of thumb, saturation must be applied for

a time, at least equal to that of T1,water and ideally longer than the latter [31]. Oth-

erwise, the longitudinal relaxation time of bulk water dilutes/scales the CEST e�ects

and all measurements should be corrected for T1,water, relaxation e�ects as shown in

references [194, 246].

Being able to simulate the response of a physical system enables one to control a

plethora of variables. Three of these variables were discussed in the paragraphs above.

Even though such an analysis is useful in providing a comprehensive picture of the

response of a physical model under various conditions, it ignores the presence of noise.

Signal to noise ratio (SNR) is the standard used to characterise the performance of

an MRI system. All MRI images contain both useful information (signal) and noise. In

MRI, noise arises from two sources: from the sample itself (e.g. molecular movements

of charged particles) and from the electronic components of the system (e.g. resistance

in coils and cables). As a result, noise causes unwanted disturbances of the measured
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signal and in extreme cases severely compromises the quality of images and the ability

to accurately extract useful information from them. As such, in this study the impact

of various levels of SNR on the measured APT signal was analysed, making SNR the

fourth relevant parameter, in CEST experiments, that was investigated.

A benchmark Z-spectrum (Figure 3.7) of ~4% APT was simulated as a starting

point. The magnitude of the initial APT signal was intentionally chosen to be small,

as it was assumed that smaller signals are more susceptible to the presence of noise.

After the simulation of the ’ideal’ Z-spectrum, additional spectra were simulated with

the addition of di�erent levels of random noise, for a total of 10 noisy spectra (SNR

values of: 100, 90, 80, 70, 60, 50, 40, 30, 20 and 10). Three examples of noisy spectra

were shown in Figures 3.8, 3.9 and 3.10.

The quanti�cation of the APT peak in the noisy spectra was facilitated by �t-

ting a 2-pool model to the simulated and noisy data and by using equation 3.2.1. This

method of quanti�cation was preferred over high-order polynomial and Lorentzian

�tting because the former was shown to underestimate the APT e�ect (regardless of

the polynomial order [240]) and the latter is primarily used to isolate the simultan-

eous CEST e�ects in multi-pool systems [243, 262]. Besides, being able to �t a CEST

model in experimental (real) data has the advantage of fully describing the physical

system, as the �t allows for determining unknown system parameters like relaxation

times, pool sizes and exchange rates. Nevertheless, an accurate determination of such

parameters requires repeated Z-spectrum measurements (and hence �ts) which is not

always feasible due to time restrictions [137, 159, 250].

Figure 3.12 shows the change in the �tted APT peak magnitude as the SNR changes.

The relationship is linear with a good approximation (R2 = 0.95) and for the lowest

SNR (= 10) the �t cannot be used for quantifying the CEST e�ect. From this result

we can conclude that the presence of noise deteriorates the ability to reliably �t noisy

data and thus accurately describe the CEST e�ect. The �tted line, along with the 95%

prediction bounds in Figure 3.12 can be used to estimate the expected APT magnitude
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as a function of SNR in any 2-pool system of interest.

It is further shown in Figures 3.13 and 3.14 that the percentage error and relative

accuracy are both a�ected by the change in SNR. For example, Figure 3.13 shows that,

for the present system, an SNR = 50 results in an error of ~40% and when a small APT

e�ect (like the ~4% used here) is concerned, one has to wonder whether, under such

conditions, a CEST e�ect or noise, is really being measured. In any case, for errors

within ~10% (from the ’ideal’, noise-free signal) and relative accuracy of ~0.8, a CEST

experiment should be performed with an SNR = 70, at the very least.

We conclude this discussion by mentioning the possible ways of increasing the

SNR in a CEST experiment. First, the most simple way in doing so is by using a higher

main magnetic �eld (e.g. 7T) [99], even though this approach can lead to increased

SAR levels. Second, increasing the signal averages results in higher SNR. This ap-

proach however is time consuming and a workaround, of a six point method, was

proposed in [266]. In this study, the SNR is increased by repeating the acquisition

at only a few o�sets (±3ppm,±3.5ppm,±4ppm), around the o�set of interest (+3.5

ppm for amides) in conjunction with the acquisition of a full Z-spectrum. Third, using

larger voxels, reducing acceleration, and implementing higher �ip angle does enhance

SNR. Additionally, more signal can be gained by increasing the slice thickness or redu-

cing the readout bandwidth [28]. Moreover, since the centre of k-space determines the

signal to noise ratio and image intensity, a CEST sequence that allows initial central

k-space sampling can be used [19]. Finally, a post-processing method, termed ’Down-

sampling Expedited Adaptive Least-squares �tting’ was shown to improve the CEST

SNR, in-vivo. According to this method, a globally averaged and hence high SNR, Z-

spectrum serves as the starting point of sequentially �tting images, of progressively

increasing resolution. This �tting approach resulted in an increased �tting reliability

of noisy data when compared to the conventional multi-Lorentzian �t, for suboptimal

SNR values [262].
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3.5 Conclusion

This study investigated the impact of four experimental parameters in the ability to

quantify the APT CEST e�ect in a 2-pool system, under continuous wave irradiation. A

comprehensive response of the system was described for various irradiation powers,

pool sizes and saturation times, under noise-free conditions. It was found that the

optimal experimental parameters for the system under investigation were: B1 = 1µT ,

pool size of 0.01 and saturation time of 3 seconds, at most.

It was further shown that the presence of noise degrades the ability to quantify

the APT e�ect, by the use of a 2-pool model �t on noisy data, in a linear fashion.

Ideally, the present model should be imaged with an SNR of ~70 so that the percentage

error and relative accuracy in the measurements is ~10% and 0.8, respectively.
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Chapter 4

pH mapping using exogenous CEST

contrast agents: in vitro feasibility

assessment

CEST signal depends on the concentration of the exchangeable protons and also the

pH, as the latter a�ects the proton exchange rate. An increased proton concentra-

tion gives higher CEST signals due to the large number of protons cycled through the

proton carrying compounds and water. pH re�ects the concentration of hydronium

(H3O+) ions. These ions are the result of the protonation (addition of a proton to a wa-

ter molecule) of water. The existence of such ions a�ects the available water molecules

that can receive an exchangeable proton and therefore the measured CEST signal.

Many iodinated X-ray contrast media contain hydroxyl, amide and amine proton

groups that have been shown to generate CEST contrast. In the experiments described

here we aim to 1) investigate the pH dependence of three exogenous clinically ap-

proved CT contrast agents with CEST 2) derive a calibration curve between the meas-

ured CEST signal and extracellular pH. When the calibration curve is known then pH

can be determined from the measured CEST signal.
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4.1 Introduction

Tumour microenvironment di�ers signi�cantly from that of healthy tissue. For ex-

ample, the complex vascular networks found in solid tumours result in unbalanced

or heterogeneous blood supply and poor perfusion compared to normal tissues. Con-

sequently, lower oxygen levels are expected in tumours. In addition, the increased

glucose metabolism in tumours leads to increased H+ production lowering the pH

levels.

As described in the following �gure, (Figure 4.1), blood transfers oxygen and gluc-

ose that are di�used in the cells. There, glucose is converted to pyruvate and in the

absence of oxygen, is reduced to lactate which is exported from the cell. In the pres-

ence of oxygen, pyruvate is oxidized to HCO−
3 and then exported from the cell. Both

processes create H+ ions that are transferred outside of the cell lower the extracellular

pH [52].

Figure 4.1: Glucose metabolism in mammalian cells [255].

Being able to measure pH is important because pH levels (along with oxygen levels)

determine some tumour characteristics. More speci�cally, low (acidic) pH levels have

been associated with increased radio/chemo-resistance, increased metastatic beha-

viour and invasion and also with inhibition of DNA repair mechanisms that can lead to

the onset of cancer [48]. As for the pH range that is relevant to human brain tumours
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it lies between 5.5-7.5 [52], [44].

The current MR methods that can be used to measure pH include both spectro-

scopic and imaging methods and are summarised in the following table.

Method Probe Drawbacks

31P-MRS
endogenous 31P,

exogenous
3-aminopropylphosphonate

low spatial resolution
1H-MRS exogenous marker

(imidazole)
19F-MRS exogenous marker

(�uoroscein)

Hyperpolarisation 13C short acquisition
window

Relaxometry Dedicated Gd agents concentration
dependent

CEST endogenous proteins,
exogenous agents

concentration, pH and
T1 dependent

Table 4.1: Spectroscopic and imaging methods of measuring pH.

Measuring pH using 31P, 1H and 19F spectroscopy is based on the chemical shift pH

dependence and its di�erence from the physiological state [133, 41]. However, the

inherent limitation of spectroscopy is the larger pixel size compared to MR imaging

that leads to lower spatial resolution.

pH measurements using hyperpolarised 13C, are based on the ratio of bicarbonate

over carbon dioxide. The disadvantage of hyperpolarisation is that a measurement

should be completed within 1-2 mins, because the hyperpolarised signal decays fast

with time [75].

Relaxometry is based on the pH dependence of the relaxation times of special

Gd agents (gadolinium-DOTA-4AmP5-, mixed with dysprosium). This method is a

concentration dependent method as it relies on the concentration measurement of
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dysprosium, after which, the concentration of the Gd agent can be extrapolated [256,

1].

Finally, CEST, can be used for pH measurements utilising both endogenous (amides)

[193, 198, 138] and exogenous agents [129]. In either case, the di�culty lies in render-

ing the CEST signal depend only on pH, while eliminating the concentration and T1 in-

�uences. In other words, in order to work out the pH from a measured CEST signal one

has to measure the concentration of the amides �rst. Moreover, the relaxation times of

water should be measured along with the proton exchange rates [264, 137, 184]. This

would require a separate set of experiments that render the process rather complicated.

A workaround involves using the signal ratio of two or more CEST signals [221].

This ratiometric approach allows for concentration and T1 independent pH measure-

ments, as the ratio of the two signals will only re�ect the in�uence of the pH, through

the respective ratio of the exchange rates of each signal:

Signal1

Signal2
=
k1[agent]T1

k2[agent]T1
(4.1.1)

where

k1, k2 : the exchange rates of the respective proton groups.

It is obvious from equation 4.1.1, that both CEST signals must arise from the same

agent. Otherwise, the concentration terms cannot be eliminated and should therefore

be determined by a separate method. This limits the application of the ratiometric

method to those agents having two or more detectable exchangeable proton groups.

As opposed to pH sensitive CEST contrast agents based on gadolinium (Gd-III)

[1], lanthanide (Ln-III) [203] and dendritic (Yb-III) [156] complexes, the agents studied

in this work are already approved for clinical use which ensures an immediate in-vivo

translation. At the time of the study, this was the �rst feasibility assessment of three

such agents in measuring pH, in-vitro, with CEST MRI.
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4.2 Materials and Methods

The three iodine based contrast agents used were, Iodixanol (brand name - Visipaque,

GE Healthcare), Iopamidol (brand name - Niopam, Bracco UK Ltd) and Iopromide

(brand name - Ultravist, Bayer Healthcare). These agents are routinely used in dia-

gnostic CT examinations (arteriography, ventriculography) as they enhance the visu-

alisation of vascular lesions. They are usually administered intravascularly or intra-

venously, at doses between 5 - 15 ml in adults. The agents are distributed in the extra-

cellular space through the blood vessels and are almost cleared within 24 hours after

administration.

Figure 4.2: Chemical formulas of Visipaque (A), Niopam (B) and Ultravist (C).

As it can be seen in the above �gure, all agents contain multiple amide and hydroxyl

groups. These groups could potentially have measurable CEST e�ects if their respect-

ive resonant frequency o�set from water is a lot greater than their proton exchange

rate.

Solutions of the three contrast agents at a concentration of 200 mM were prepared

in phosphate bu�er (PBS) in 15ml centrifuge tubes. The pH range was varied between 5

- 9.3 for Visipaque, 6.1 - 7.5 for Niopam and 4.7 - 7.5 for Ultravist. For pH measurements

a digital pH meter with a glass electrode was �rst calibrated at 3 pH values: 4, 7 and 10

180



CHAPTER 4. PH MAPPING USING EXOGENOUS CEST CONTRAST AGENTS: IN VITRO FEASIBILITY ASSESSMENT4.2. MATERIALS AND METHODS

pH units, using bu�er solutions of deionised water/Potassium hydrogen phthalate (pH

=4), deionised water/Disodium hydrogen phosphate dihydrate/Potassium dihydrogen-

orthophosphate (pH =7) and deionised water/Sodium carbonate/Sodium bicarbonate

(pH =10). Due to the small size of the phantoms, the pH was adjusted by adding 0.1mM

of HCl (for lowering the pH) or NaOH (for increasing the pH) by using a micropipette,

while constantly reading the pH until the desired value was achieved. All scanning

was performed on a Bruker Biospin 7T small bore imaging system, using a transmit-

receive volume coil. Field homogeneity was optimised using the Fastmap protocol. To

avoid ADC over�ow, the gain was adjusted so that the digital echoes on the x, y and

z projections, did not overlap with the ADC range. After a reference scan at -20ppm

o�set irradiation, a Z-spectrum was acquired for each solution, using two Gaussian

pulses (bandwidth 100 Hz, 1.5 µT, duration 52 ms) and a gradient echo readout (TR =

200 ms, TE = 5.2 ms, FOV = 2 mm, slice thickness = 2 mm, matrix size = 128 x 128).

The acquisition of a full Z-spectrum, for a single slice, required 33 min (65 scans, with

the pre-saturation o�set irradiation varied between -8 ppm and +8 ppm at 75 Hz inter-

vals). All images were normalised by the reference image. Z-spectra were derived by

plotting the normalised signal against the irradiation frequency o�set and asymmetry

curves were calculated as the normalised signal di�erence between the positive and

negative irradiation o�sets around the resonance frequency of water (set at 0 ppm).

Pixel by pixel asymmetry maps were produced to illustrate the variation of the signal

with pH. Finally, calibration curves for two of the agents were derived by �tting the

signal peak ratio against pH. All analysis was performed in Matlab (The Mathworks,

2010).
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4.3 Results

4.3.1 Visipaque

Figure 4.3 shows the Z-spectrum and asymmetry curves for Visipaque for eight di�er-

ent pH values. The agent showed one pH dependent peak at 4.2 ppm from water.

Figure 4.3: Z-spectrum and asymmetry curves for Visipaque.

As mentioned in the Materials and Methods section, the reference image (M0) was

acquired at -20ppm from water (centred at 0ppm). At this frequency no saturation is

expected and the normalised images (Mz

M0
) should be at most 1 (or 100% in the scale used

to display the intensities). Ideally, the reference image is acquired with the saturation

pulse turned o� completely. In this case however, the saturation pulse was still on

while the signal was measured at -20ppm. As a result, the ratio Mz

M0
could be > 1. This is

because M0 re�ects, an even though distant from water, saturated nevertheless, signal.

This would make Mz > M0, leading to normalised spectra greater than 100%. This

is most obvious in the case of pH = 7.5. The result is not consistent because each

sample was scanned individually.

Despite this oversight, the Z-spectra in Figure 4.3 show a CEST peak at +4.2 ppm.

182



CHAPTER 4. PH MAPPING USING EXOGENOUS CEST CONTRAST AGENTS: IN VITRO FEASIBILITY ASSESSMENT 4.3. RESULTS

As demonstrated in reference [209], water exchange (WEX) experiments have shown

that the resonance peak at +4.2ppm corresponds to mobile proteins and speci�cally

amides. This is for two reasons: �rst, the acquired peaks were narrow and that means

that the measured signal comes from mobile proteins (FWHM = 1
T2

) and second, the

measured exchange rates in the WEX experiments were ~10-40 Hz. These rates cor-

respond to amides, as indicated in reference [121]. The narrow width of the Z-spectra

at 0ppm, re�ects the bandwidth of the Gaussian pulse (100Hz). Spectral distortions

upon direct water saturation were reported previously in CEST experiment simula-

tions [170]. Pulse bandwidths greater than the water line-width result in inconsist-

ent measurements of signal intensities. The Z-spectra reported here indicate no such

problem. In any case, a short pulse bandwidth is preferable for frequency speci�c ap-

plications, such as CEST. The trade o� however, is longer pulse durations (because

of the time-bandwidth product) which essentially re�ects a property of the Fourier

transform. The spectra are centred around 0ppm, symmetrically, and this indicates no

presence of magnetisation transfer (MT) or other exchange peaks on the up-�eld fre-

quencies (negative side of the Z-spectra) or otherwise. The asymmetry analysis is then

expected to isolate the amide CEST e�ect at +4.2ppm. The large peak within 0.5ppm

from water, in the asymmetry spectrum does not indicate a proton exchange peak.

The peak is due to minimally asymmetric direct water saturation and is aggravated by

non-properly centred Z-spectra and broadening of direct water saturation line-shapes.

This e�ect, even though irrelevant in this experiment, can obliviate the detection of

proton groups resonating in close proximity to water (e.g OH− myo-inositol protons

[61, 100]). To complicate things, partial volume e�ects can shift the centre of the ex-

change peaks, while low �eld strengths and very short pulse durations can broaden

both the direct water saturation and exchange peak line-shapes. In this case, asym-

metry analysis is inadequate to quantify CEST e�ects at such close proximities and a

Lorentzian �tting analysis should be used instead [244].
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The pH dependence of the CEST e�ect of Visipaque is more clearly seen in Figure

4.4. A small positive asymmetry of less than 2% was found for all the pH values except

at the two extremes of pH = 5 and pH = 9.3. Furthermore, the asymmetry grows

linearly as the pH changes from acidic to neutral, in the pH range between 6 - 7.5,

before starting to drop again at the basic pH of 8.3.

This transition is further re�ected in the asymmetry maps shown in Figure 4.5.

The map signal intensity increases between pH = 6 and pH =7.5 with pH =6.2 and pH

=8.3 having almost the same value. The slightly negative asymmetry for pH = 5 and

pH = 9.3 is also re�ected in the maps.

Figure 4.4: Visipaque CEST peak pH dependence. The bars indicate standard devi-
ation..
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Figure 4.5: Pixel by pixel asymmetry maps for Visipaque. The images were cropped
using an elliptical mask during post-processing.
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4.3.2 Niopam

The second contrast agent, Niopam, showed four CEST peaks. One at -3 ppm from

water and three at the positive o�sets of 1.9 ppm, 4.2 ppm and 5.4 ppm (Figure 4.6).

Further analysis focused on the two most prominent peaks at 4.2 ppm and 5.4 ppm.

The peaks show pH dependence and a maximum CEST contrast of about 15%, which

is 7.5 times more than in Visipaque.

Figure 4.6: Z-spectrum and asymmetry curves for Niopam.

It is evident from the asymmetry curves in Figure 4.6, that the CEST e�ect at 4.2 ppm

and at 5.4 ppm change in opposite directions, as the pH is varied. Therefore, their ratio

is also expected to be sensitive to pH.

The variation of the CEST signal of each peak with pH is more clearly described

in the following pixel by pixel asymmetry maps (Figures 4.7 and 4.8).
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Figure 4.7: Pixel by pixel asymmetry maps for the 4.2 ppm peak of Niopam. The images
were cropped using an elliptical mask during post-processing.

Figure 4.8: Pixel by pixel asymmetry maps for the 5.4 ppm peak of Niopam. The images
were cropped using an elliptical mask during post-processing.

Figure 4.7 clearly shows how the CEST e�ect is increased as the pH changes towards

more neutral values. The maximum CEST contrast for the 4.2 ppm peak occurs at pH

= 7.2, having a value of ~ 15%. This is also the maximum measurable contrast among

all the Niopam peaks. Additionally, asymmetry analysis correctly re�ects the small

intensity drop at pH = 7.5 for the same peak.

The maximum contrast of the 5.4 ppm peak occurs at the lowest and most acidic

pH of 6.1, as is demonstrated in the maps of Figure 4.8. Interestingly, the CEST signal of

the 4.2 and 5.4 ppm peaks, at pH = 6.6, was found to be, almost, identical in magnitude

with the asymmetry values being ~ 8.5% and 7.6% respectively (Figure 4.6). This 0.9%

di�erence is again re�ected by the pixelwise asymmetry analysis by comparing the

asymmetry maps at pH = 6.6 in Figures 4.7 and 4.8.

The ratiometric method is applicable for this contrast agent as it demonstrates at

least two pH dependent CEST peaks. As such, the ratio of the CEST signal of the 4.2

over the 5.4 ppm peak was plotted against pH and a calibration curve was derived by
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�tting the data. As it can be seen in the following �gure, the relationship between the

signal ratio and pH is linear, with R2 = 0.88.

Figure 4.9: Signal ratio of the 4.2 ppm over the 5.4 ppm peak against pH for Niopam.
The bars indicate the standard deviation.

In order to to provide an estimate of the uncertainty in the calibration curve, the

95% prediction bounds and the standard deviation of precision (SDP) were calculated

and presented in Figure 4.10. The standard deviation of precision describes the stand-

ard deviation of the di�erences between the data points and the �t. In the case of

Niopam, the SDP is 0.2 pH units.

188



CHAPTER 4. PH MAPPING USING EXOGENOUS CEST CONTRAST AGENTS: IN VITRO FEASIBILITY ASSESSMENT 4.3. RESULTS

Figure 4.10: 95% prediction bounds in the calibration curve for Niopam.
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4.3.3 Ultravist

The last contrast agent, Ultravist, showed three pH dependent CEST peaks. One at the

negative o�set of -1 ppm from water and two at the positive o�sets of 4.2 ppm and 5.6

ppm. The analysis was focused at the latter two peaks, as they occur away from the

water resonance and represent clear and isolated CEST e�ects. Figure 4.11 illustrates

the Z-spectrum and asymmetry curves for Ultravist for �ve pH values ranging between

4.7 - 7.5.

Figure 4.11: Z-spectrum and asymmetry curves for Ultravist.

As indicated by the asymmetry curves in Figure 4.11, the maximum CEST e�ect occurs

for pH = 7.5 at 4.2 ppm, having a magnitude of ~ 10%. Again, the e�ect at this o�set

is base catalysed, as it is reduced when the pH is decreased. Furthermore, for all pH

values the asymmetry at this frequency was found to be positive, except at the extreme

value of pH = 4.7. Similarly to Niopam, the peak at 5.6 ppm exhibits a stronger signal

for acidic pH values. Nevertheless, the e�ect of this peak was found to decrease to less

than 2.5% at pH = 4.7 and even more for the neutral pH values of 7.2 and 7.5.

The pH dependence of each peak is more readily described by the following pixel
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by pixel asymmetry maps.

Figure 4.12: Pixel by pixel asymmetry maps for the 4.2 ppm peak of Ultravist. The
images were cropped using an elliptical mask during post-processing.

Figure 4.13: Pixel by pixel asymmetry maps for the 5.6 ppm peak of Ultravist. The
images were cropped using an elliptical mask during post-processing.

As it can be seen in Figure 4.12, the CEST e�ect of the 4.2 ppm clearly increases as

the pH becomes neutral, with the highest e�ect of ~ 10% occurring at pH = 7.5. The

negative asymmetry at pH = 4.7 is also evident in the corresponding map. As far as

the second peak, at 5.6 ppm, is concerned, the CEST e�ect is maximised at pH = 5.9.

The e�ect at this pH is 2% less than the maximum of the 4.2 ppm peak. This small

di�erence is again illustrated by the asymmetry maps. Further pH decrease does not

lead to a stronger CEST signal at this o�set. Instead, the e�ect is decreased by 5.6% as

compared to the one at pH = 5.9. At neutral pH, the e�ect is almost non-existent at

this o�set as it drops below 1%.

Similarly to Niopam, the ratiometric method is also applicable here. Again the
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signal ratio of the 4.2 ppm peak over the 5.6 ppm peak was calculated and plotted

against pH. A log-linear relationship was found just like for the previous contrast

agent. However, in this case the �tting was more reliable with R2 = 0.99 (Figure 4.14).

Figure 4.14: Signal log ratio of the 4.2 ppm over the 5.6 ppm peak against pH for
Ultravist. The bars indicate the standard deviation.

In order to to provide an estimate of the uncertainty in the calibration curve, the

95% prediction bounds and the standard deviation of precision (SDP) were calculated

and presented in Figure 4.15. The standard deviation of precision describes the stand-

ard deviation of the di�erences between the data points and the �t. In the case of

Ultravist, the SDP is 0.024 pH units.
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Figure 4.15: 95% prediction bounds in the calibration curve for Ultravist.
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4.4 Discussion

All three contrast agents showed pH dependent CEST e�ects. However, the ratiomet-

ric approach was only applicable to Niopam and Ultravist, as these agents showed at

least two CEST peaks. On the other hand, Visipaque, even though containing mul-

tiple proton exchange groups, showed only one exchange peak at 4.2 ppm. The latter

indicates that under intermediate saturation B1 power (~1.5 µT) the conventional ra-

tiometric approach is not applicable to this contrast agent. Nevertheless, it is known

that the saturation e�ciency, depends on both the radiofrequency B1 power and ex-

change rate, kex, (α = ω2
1/(ω2

1 + k
2
ex)) . Higher exchange rates require stronger RF

pulses in order for an e�ective saturation to occur. It is possible that, under higher B1

irradiation power, fast proton exchange groups in Visipaque can e�ectively be satur-

ated, leading to more than one measurable CEST e�ects for this agent. By surveying

the literature, one report was found, where for a pulse power of B1= 3µT , Visipaque

shows an additional CEST peak at ~ 1.9 ppm, from water [4].

The conventional ratiometric approach for concentration independent pH meas-

urements requires agents having multiple non-equivalent proton exchange groups.

This limits the selection of the suitable contrast agents. An extension to the conven-

tional approach is the RF power-based ratiometric method for pH mapping [127]. The

latter approach allows for concentration independent pH mapping by using agents

having only one pH dependent exchange peak. The di�erence with the conventional

approach is that instead of measuring the ratio of two separate exchange peaks, the ra-

tio of the signals, from the same peak, for two B1 powers, is measured. The feasibility

of the method was demonstrated at 7T using Iobitridol (brand name - Xenix, Guer-

bert), which is again an iodine based X-ray contrast agent. The agent showed one

pH dependent amide peak at 5.6 ppm and a linear calibration curve between the pH

range 5.5 - 7.5. The approach is concentration independent and was used to measure

the extracellular pH in a xenograft breast tumour mouse model [127]. As compared
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to the conventional approach, the RF power-based method requires the acquisition of

two Z-spectra, one for each RF power. Consequently, it is important to implement fast

acquisition sequences so that the concentration of the agent is not signi�cantly dif-

ferent between the acquisitions. The RF power-based ratiometric method was further

developed by correcting the measured signal ratio for RF spillover e�ect and water re-

laxation T1 in�uences. The new metric, termed PRICEST, shows little dependence on

labile concentration and substantially reduced T1w and T2w dependence. Even though

the results were only demonstrated in-vitro, at 4.7T, PRICEST signal successfully in-

dicated the pH values of creatine solutions. The accuracy in determining pH after the

corrections was increased from 0.12±0.13 to 0.04±0.03 [232, 186].

In-vitro and in-vivo pH mapping using Niopam has been reported in the literat-

ure at both 3T and 7T [129], [2], [139]. High resolution1H-MRS spectra of Niopam in

water solution have been used to assign the resonant frequencies at 4.2 ppm to amide

groups and at 5.4 ppm to 2-hydroxypropanamido groups [129]. Both peaks are detect-

able, even at 3T. However, this was shown to be feasible for very low B1 powers (< 0.6

µT ), as the peaks merge, when stronger RF pulses are used [139]. Similar to our results,

linear calibration curves in the pH range between 5.5 -7.5 were reported in vitro, at

both 3T and 7T. These curves were further used for in in-vivo pH mapping in mouse

kidney [129] and in determining the pH in the bladder of a patient, at 3T, one hour

after he had undergone a CT scan. The study at 3T [139] also illustrates the complic-

ations in detecting CEST signals at lower �elds, as the smaller the magnitude of the

main magnetic �eld the lower the frequency separation between the proton exchange

groups. The latter, leads to peak overlap and, especially in-vivo, could cause contam-

ination of the signal of interest by a neighbouring group. We note here that, the CEST

signal - pH calibration curve has to be determined in-vitro, before any in-vivo pH map-

ping can be performed. A di�erent pH determination method was reported Randtke

at al. [158] and Jones et al. [91]. In this approach, the Bloch equations are modi�ed

to contain pH as a parameter. This is done by replacing the contrast agent’s exchange
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rate ksw, with its equivalent based catalysed relation: ksw = k0+ kb* 10pH−pkw [264].

The three constants of the previous relationship can be determined in-vitro, by �tting

the equation to Z-spectra of phantoms, at di�erent pH levels. Subsequently, the mod-

i�ed Bloch equations are �tted to in-vitro or in-vivo Z-spectra and the pH along with

the agent’s concentration is determined by the �tting parameters. This method is also

valid for agents having only one exchange peak.

An in-vitro study of Ultravist at 7T [15] has reported similar results to the ones

presented here. The log peak ratio of the two exchange peaks produced a linear cal-

ibration curve with R2 = 0.95. The reported CEST e�ects were higher than the ones

measured in our experiments, as a stronger pulse power and a much longer (5 sec)

saturation time were used. In contrast to our asymmetry analysis, a Lorentzian line

�tting was used for CEST e�ect quanti�cation. Nevertheless, at least for in-vitro con-

ditions, the asymmetry analysis is adequate in describing the signals arising from the

two peaks, as indicated by the pixel by pixel asymmetry maps in Figures 4.12 and

4.13. In a further in-vivo study by the same author, Ultravist was used to quantify

extracellular tumour pH in a mammary carcinoma mouse model [15]. MicroCT scans

validated the delivery of the agent in the tumour, regardless of the route of admin-

istration (subcutaneous or IV-infusion). This could also be true in the case of brain

tumours, as the blood-brain-barrier disruption might allow for the contrast agent to

be accumulated in the tumour. The same study also suggests that the required dose in

order for a measurable CEST e�ect to be detected in humans is ~ 0.27-0.39 gI
Kg

, which

is 4 to 5.5 times less than the maximum recommended dose. However, implementation

of the method at a lower �eld will be challenging, considering the signi�cant drop in

signal to noise ratio and possible overlap of the two peaks at 4.2 and 5.6 ppm. Further

considerations for in-vivo application of the ratiometric method involve correcting

for B0 inhomogeneities using spline �tting [88], B0 maps [190] or WASSR [100] and

identifying a quanti�cation method that will correctly measure the e�ect of each peak

without any contamination from other CEST peaks or conventional MT e�ects.
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It is clear that using contrast agents for absolute pH measurements, by nature,

provides a means of quantifying extracellular pH. Nevertheless, the ratiometric ap-

proach has further been extended to measuring intracellular pH. The feasibility of the

method was demonstrated in-vitro and in a mouse model of cerebral ischaemia [138].

As this approach is still ratiometric, two measurable, in in-vivo, CEST e�ects are re-

quired. The reported study utilised the ratio of the widely described amide peak at

3.5 ppm and an amine peak at 2.75 ppm. Both CEST signals are thought to arise from

intracellular proteins and peptides and therefore their ratio is expected to re�ect in-

tracellular pH. The method is valid under the assumptions that the amide and amine

populations are constant throughout healthy tissues and pathology and that the rela-

tionship between the measured CEST signal and pH is linear, in-vivo. For the latter,
31P-MRS is required in order for a calibration curve to be derived in-vivo. Unfortu-

nately, the study has been conducted at 9.4T and even though the amide peak at 3.5

ppm has previously been detected, in-vivo, at lower �elds, detection of the amine peak

remains questionable.

Being able to reliably and non-invasively measure pH is an attractive diagnostic

feature, as pH is related to tumour characteristics such as, radio/chemo resistance,

metastatic behaviour and invasion and inhibition of DNA repair mechanisms [48].

The current most common MR method for such measurements is 31P-MRS and as a

spectroscopic method, su�ers from low spatial resolution, as compared to imaging

methods. The measurement relies on the di�erence between inorganic phosphate (Pi)

and an endogenous reference (usually PCr). 31P-MRS measures intracellular pH, as the

Pi signal arises from intracellular phosphates [182]. According to data from reference

[214] the mean intracellular pH for human brain tumours is 7.10. In addition, healthy

tissue pH is either similar to the latter or slightly lower (~7.01). Understandably, in-

tracellular pH is maintained alkaline or neutral by pH regulatory mechanisms as an

acidic environment will lead to an eventual cell death. Furthermore, hypoxic anaer-

obic glycolysis in tumour cells renders the extracellular pH in tumours acidic due to
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the accumulation of lactic acid and other acidic metabolites. As reported in [214], most

human tumours exhibit extracellular pH values between 6.15 - 7.40, whereas normal

tissues usually have pH between 7.0 - 7.4.

As our results indicate both Niopam and Ultravist exhibit a linear and concentra-

tion independent relationship between the ratio of the measured CEST signals and pH

within a range that is relevant to human brain tumours (6.0 - 7.5). Selective accumu-

lation of the agents in the tumour after blood brain barrier disruption and non-toxic

dosage are essential prerequisites for the application of the ratiometric method in-

vivo. As the signals arise from amide groups exchanging with slow to intermediate

rates, low B1 power (< 3 µT and within SAR limits) will be su�cient for e�ectively

saturating these protons. The 360 Hz separation of the two peaks at 7T is adequate

for uniquely detecting each e�ect. However, this di�erence is halved at 3T and might

cause the peaks to overlap. Direct water saturation is not expected to be a problem

with either Niopam or Ultravist as both agents resonate far from the water resonance.

It is possible that signal contamination from conventional MT or up�eld NOE e�ects

will compromise the accuracy of the asymmetry analysis. In this case alternative quan-

ti�cation methods such as Lorentzian �tting [90] or time domain analysis [237] can

be implemented to isolate the CEST e�ect from each peak. Many other pharmaceut-

ical excipients, possessing exchangeable protons, can also be used for CEST imaging.

These �nished drug products exhibit high safety pro�les and can be administered in

adequately enough doses, for in-vivo detection. What is more, some of these agents

have two exchangeable proton peaks and are therefore suitable for ratio-metric ana-

lysis [128].
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4.5 Conclusion

Under the irradiation of two Gaussian pulses at a power of 1.5 µT and 100 ms total

duration, the clinically approved X-ray contrast agent Visipaque was found to exhibit

one pH dependent CEST peak. It cannot therefore be used for concentration inde-

pendent absolute pH mapping using the conventional ratiometric approach. On the

contrary, Niopam and Ultravist were found to have at least two pH dependent CEST

peaks within a pH range relevant to human brain tumours. The derived calibration

curve for both agents was linear, with the linearity being higher for Ultravist (R2 =

0.88 vs R2 = 0.99). The asymmetry analysis correctly described the variation of CEST

signal ratio with pH as indicated by pixel by pixel asymmetry maps.
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Chapter 5

Pulsed CEST at 3T. Comparison

between single slice and 3D

acquisitions.

This chapter describes a comparison between a 2D product and a 3D research gradient

echo sequence in generating CEST signals from a series of phantoms. Both sequences

have been modi�ed in order to allow for CEST acquisitions. The 2D sequence has been

adapted by myself, whereas the modi�cations on the 3D version were performed by

a team from Institute of Psychiatry, Psychology and Neuroscience in King’s College

London.

As a �rst step, both sequences were tried on a water phantom. Sequentially, their

e�cacy was tested on the X-ray contrast agent, Ultravist and then on creatine and

creatine plus glutamate phantoms. Shimming has been a major problem resulting and

many 2D datasets to be disregarded. A comparison between high order shimming the

default linear shimming is presented at the end of the chapter.
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5.1 Introduction

Chemical exchange saturation transfer (CEST) is a variation of the magnetisation trans-

fer (MT) contrast mechanism involving the physical proton exchange between various

proton containing compounds and water. Signals arising from endogenous amides,

amines and hydroxyl have been described in literature, both in-vivo and in-vitro [122,

88, 266, 267, 260, 168, 211]. CEST bene�ts from higher magnetic �elds as the reson-

ant frequency separation between the signals of interest increases. Moreover, the T1

increase at high �eld also contributes to higher CEST e�ect [265].

Despite the challenges of lower signal to noise ratio and possible contamination

of the CEST signal by neighbouring exchange sites, CEST contrast has successfully

been detected at 3T [88, 223, 168, 270]. This includes CEST signals, not only from

endogenous proteins (amides), but also from exogenous contrast agents [129, 127, 139,

158, 15]. To quantify the CEST contrast, the conventional asymmetry analysis and a

modi�ed variation of it, have both been used, even in-vivo [260].

In this work, a single slice gradient recalled sequence was adapted for CEST scan-

ning. To test the e�cacy of the sequence, the duration, power and number of pre-

pulses was varied. The sequence was tried on water, Ultravist and creatine phantoms,

using linear shimming to correct for B0 inhomogeneities. As a comparison, the scans

were repeated using a multi-slice 3D gradient echo sequence. Linear shimming was

compared to high order shimming using the multi-slice 3D sequence on a creatine

plus glutamate phantom. The CEST contrast was quanti�ed using the conventional

asymmetry analysis, in all cases.
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5.2 Materials and methods

5.2.1 Sequences

Both sequences that were used are gradient echo based sequences. More precisely, they

are modi�ed versions of the product sequences under the names ’2dfast’ and ’efgre3D’

(GE, Healthcare). The former is a typical gradient recalled sequence, where the echo is

formed by the frequency encoding gradient reversal. The latter belongs to the spoiled

gradient echo sequences, where a continuous phase shifting of the excitation RF is

used to spoil any residual transverse magnetisation (Figure 5.1).

Figure 5.1: The 2D gradient echo (left) and the 3D spoiled gradient echo (right) se-
quences that were modi�ed for CEST imaging.

The sequences described above were modi�ed by adding a pre-saturation module be-

fore the main sequence. This consisted of a Fermi pulse and a Gauss pulse for the single

and multi-slice case respectively. As it can be seen in the following �gure (Figure 5.2)

the Fermi pulse is characterised by a plateau of a constant amplitude and exponen-

tial decay at its sides, whereas the Gauss pulse is shaped like the Gaussian function.

Mathematically the pulses are described by the following equations:
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Figure 5.2: Time domain graphs of the Fermi (left) and Gauss (right) RF pulses used
for CEST imaging.

B1(t) =
AFe

i∆ωRFt

1 + exp( |t|−t0
a

)

where

AF: the B1- �eld peak amplitude

t0: a measure of the pulse width

α: a measure of the pulse’s transition width

for the Fermi pulse and

B1(t) =AGe
− t2

2σ2 ei∆ωRFt

where

AG: the B1- �eld peak amplitude

σ: the standard deviation of the pulse, in units of time

for the Gauss pulse.

The width (duration) of the Fermi pulse is given by:
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TF = 2t0 + 13.8a

and the time-bandwidth product for the Gaussian pulse is given by [7]:

TG∆fG ' 2.8

An illustration of the added pre-pulse module, including the Fermi pulse, in the 2D

sequence is presented below. The graph is a simulation of the sequence using GE’s

WTools software. The software simulates the programmed/modi�ed sequences to a

good approximation and provides a �rst step at debugging the code de�ning the se-

quence.

Figure 5.3: Fermi pulse addition to the 2D gradient echo sequence. The pulse is gener-
ated on the ’rho’ sequencer of the scanner (left). Code example of incorporating the
Fermi pulse in the pulse sequence (right).
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Figure 5.4: Gauss pulse addition to the 3D gradient echo sequence. The pulse is gen-
erated on the ’rho’ sequencer of the scanner.

The 2D sequence was modi�ed for CEST imaging as follows: �rst the variable con-

trolling the frequency of the RF pulse was changed, to allow for a frequency sweep

between -1020 Hz to1020 Hz or -8 to +8 ppm at 3T. For more e�ciency the variable

was also set as one of the scanner interface displayed adjustable variables. Second, the

pulse width was hardcoded as either 20 ms, 40 ms or 80 ms, with the default width

of the pulse being either 8 or 16 ms. Even though a width of 100 ms would also suc-

cessfully work on the scanner, a maximum of 80 ms was eventually used. This allows

for some �exibility in manipulating the �ip angle (RF power) as the sequence must

be operated within SAR limits. All attempts in increasing the pulse duration over 100

ms would result in overlapping waveforms between the pre-saturation pulse and the

excitation pulse, that is also generated on the same hardware. Similar code changes

were then performed to the variable controlling the �ip angle of the pre-saturation

pulse, and hence it’s power. Finally, in order to add more pre-pulses into the sequence,

a loop was added in the code allowing for repetitive creation of the Fermi RF pulse.

Up to four pulses were successfully added in this manner. The majority of the changes
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were done on the code de�ning the MT module, that is then inlined to the code of the

main ’2dfast’ sequence.

As mentioned before, the 3D sequence was programmed elsewhere. The current

version available allows setting the B1 power, the type of the pre-pulse and it’s dura-

tion. It consists of a single pre-pulse and the maximum duration that can be used is

20 ms. The data presented here have been acquired using a Gaussian pulse and, as op-

posed to the linear k-space �lling of the 2D sequence, a reverse elliptic centric k-space

�lling is implemented.

5.2.2 Phantoms

Four types of phantoms were used: Distilled water, Ultravist, at a concentration of

370 mgI/ml and physiological pH, creatine at a concentration of 50mM and pH = 7 in

distilled water and �nally, creatine plus glutamate at a concentration of 50mM each

and pH = 7 also in distilled water. Ultravist was transferred in a 50ml plastic test-

tube, whereas all the other phantoms were prepared in 500ml plastic containers. The

phantoms were prepared at a chemistry lab (5th �oor, School of Life Sciences) equipped

with a digital pH meter (for checking/controlling pH levels: the same one described in

section 4.2 - Materials and Methods of the previous chapter) and a large container of

distilled water, among other things. All phantoms were prepared at physiological pH

= 7 and this was veri�ed using the pH meter.

5.2.3 Scanning

All scanning was performed on a 3T GE MR750 scanner using a 32 channel head coil.

Single slice images were acquired using TR = 120 ms, TE = 30 ms, 128 x 128 matrix

size, slice thickness 5 mm, 19 sec per o�set. For multi-slice acquisitions, TR = 30 ms,

TE =18 ms, 64 x 64 matrix size, slice thickness 3 mm, 4 slices in total.

The frequency sweep was determined from the phantom used. Z-spectra were
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acquired symmetrically around the water resonance (set at 0 ppm). More o�sets were

acquired around the resonant frequencies of the respective samples in an attempt to

sample the exchange peaks more accurately. In all experiments with the 3D sequence,

one scan was performed without saturation in order to be used for normalisation,

while in the 2D sequence a distant o�set (-15ppm) image was used for data norm-

alisation. Linear shimming was performed before each acquisition. For comparison,

both linear and high order shimming were performed on the creatine plus glutamate

phantom.

5.2.4 Data analysis

All images were converted from DICOM to analyse and arranged appropriately into

3D or 4D volumes. The reference image was used to normalise the data. For the multi-

slice acquisition, one reference image was acquired per slice. The images were �rst

thresholded and then smoothed. The minimum and maximum signal intensities were

used as bounds to interpolate (interp1, in Matlab) in-between the measured o�sets res-

ulting in 1000 pairs of intenistiy-ppm. This interpolation was used to facilitate the next

step of analysis, namely B0 correction. To correct for B0 inhomogeneities, an internal

B0 map was calculated by �nding the o�set corresponding the minimum intensity on

each pixel. Sequentially, a spline was �tted on a pixel by pixel basis, with its minimum

being shifted based on the internal B0 map. Z-spectra were derived by plotting the

normalised signal intensity against the frequency o�set and asymmetry curves were

calculated by subtracting the positive from the negative normalised signals.
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5.3 Results

5.3.1 Distilled water

Figure 5.5 illustrates the Z-spectrum acquired from a water phantom for three di�erent

pre-saturation durations. This is a single slice acquisition using one Fermi pre-pulse.

As the �ip angle is the same for all three acquisitions (670o), increasing the duration

of the pulse lowers the peak B1 power, so the area under the RF envelope is constant.

In other words, ’stretching’ the RF pulse results in lower saturation.

Figure 5.5: Single slice water Z-spectrum for three RF bandwidths.

The same phantom was then scanned using the 3D sequence. Four slices were acquired

for two B1 powers and durations. Figure 5.6 illustrates the Z-spectrum of the second

slice as measured after performing linear shimming. Evidently, the short saturation

pulses exhibit a broader full width at half maximum (FWHM) as their bandwidth is

double the bandwidth of the longer pulses (280 Hz vs 140 Hz).
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Figure 5.6: Water Z-spectrum of the middle slice using the 3D sequence.

With the exception of the spectrum for 1.5 µT and 10 ms all the other spectra are

fairly symmetric, yet a lot broader than the ones acquired using the Fermi pulse. This

is because the bandwidth of the latter is at least two times less than the bandwidth of

the Gaussian pulse used for the 3D acquisition. Unfortunately, 140 Hz is the minimum

allowed bandwidth for the Gaussian pulse. Alternatively, a SINC pulse of the same

duration (20 ms) might improve the acquisition, as its bandwidth would be 100 Hz.

The red and blue curves in Figure 5.6 demonstrate that the water resonance is

directly saturated by the short duration Gaussian pulse. Such spectral distortions oc-

cur when the saturation pulse bandwidth exceeds the water line-width [170]. These

distortions are absent from the curves in Figure 5.5 because the Fermi pulse of the 2D

sequence has shorter bandwidth than the Gaussian pulse.

5.3.2 Ultravist

The single slice acquisition Z-spectrum of the Ultravist phantom is presented in Figure

5.7. Again three pulse widths were used to investigate e�ect of pulse bandwidth on the

CEST signal. The Z-spectrum is in line with our previous results at 7T, where only the
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peak at 4.2 ppm was prominent at physiological pH. However, here the peak appears

shifted by 0.2 ppm.

Figure 5.7: Z-spectrum and asymmetry curves for Ultravist for three RF pulse dura-
tions.

The red line in the Figure 5.7 illustrates a blurring of the Z-spectrum that sometimes

occurs for very short RF pulses. The increased bandwidth of the shorter pulses might

sometimes decrease the spectral resolution of the Z-spectra, as neighbouring points

in the spectrum are excited repeatedly. This problem is more pronounced when the

step size of the frequency sweep is smaller than the bandwidth of the RF pulse. This

has consistently been observed in our data when short RF pulses were used (e.g Figure

5.6).

The asymmetry curves in Figure 5.7 show a decrease in the CEST contrast of the

peak around 4 ppm when the pulse is stretched, while the �ip angle remains constant,

as the RF pulse gets weaker. The small dip at 5.6 ppm for the 80 ms corresponds to the

second peak that has been detected at 7T. As we have previously demonstrated at 7T,

this peak is more pronounced for acidic pH. Consequently, it will be more prominent at

lower pH values (unlike the physiological pH used here) and lower saturation powers.

The addition of more Fermi pulses was investigated next. As was mentioned be-

fore, there was a limit in how long the pre-saturation module can be, before any over-

lap with the next generated pulse of the sequence occurs. In our case, that was around
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100 ms. Therefore, addition of more pulses meant that their width had to be short

in order to comply with this restriction. The Z-spectra after adding three and four

pre-pulses of 20 ms are presented in Figure 5.8.

Figure 5.8: Single slice Z-spectrum for Ultravist using three and four 20 ms pre-pulses.

Evidently, the addition of more pre-pulses results in lower saturation, despite an in-

creased RF duty cycle caused by the smaller inter-pulse delay. The measured asym-

metry is less than 10% in both cases (Figure 5.9), being 4% less than the minimum

asymmetry measured using one pulse (blue line) in Figure 5.7.
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Figure 5.9: Single slice asymmetry curves for Ultravist, using three and four 20 ms
pre-pulses.

Being restricted by the maximum time of the pre-pulse module, no further RF duty

cycle improvements can be attempted, as the pulse train duration must remain within

100 ms in total. Increasing the number of pre-pules is bene�cial in terms of energy

deposition simply because the latter can be reduced, when using more, but weaker, RF

pulses. In our case, SAR was always within the recommended limits, being less than

1 W/Kg during all experiments. Considering the latter and also that the saturation

achieved is less that when using a single RF all further scanning was performed using

one Fermi pulse.

The Ultravist phantom was sequentially scanned using the 3D sequence. Again

four slices were acquired. For demonstration purposes, the Z-spectra of the second

slice were chosen and presented below. The Gaussian pre-pulse was applied at two B1

powers and pulse widths. Similarly with the single slice acquisition, linear shimming

was performed before each acquisition. The results are presented in Figure 5.10.
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Figure 5.10: Z-spectrum and asymmetry curves of the second slice, for Ultravist.

As it can be seen on the previous �gures, using higher B1 power increases the satura-

tion. Similarly to what was found for the 2D acquisition (Figure 5.7), the acquisitions

for shorter saturation times give rise to a larger CEST signal than the ones having

longer saturation and same B1 power, as stretching the area under the RF envelope

reduces its amplitude. The maximum CEST e�ect measured with the 3D sequence is

~42%. However, the large suppression (blue line) leading to this magnitude of asym-

metry could be a result of a repeated excitation of neighbouring o�sets, considering

the large pulse bandwidth (240 Hz). As the phantom was prepared at physiological

pH, the prominent peak is the one resonating at 4.2 ppm. The small dips at around 5.6

ppm of the second Ultravist peak are barely visible in the asymmetry curves, just like

when using the 2D sequence.

The Z-spectra in Figure 5.10 seem to be more suppressed at the positive frequen-

cies. Since no overall Z-spectrum shift is observed, then this suppression is not due

to ine�ective B0 shimming [231]. Instead, the appearance of the spectra could be due

to the degradation of the excitation pro�le of the frequency selective Gaussian pulse.

Because of the complexity of the Bloch equations, such RF pulses are rarely designed
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while taking account the e�ects of relaxation. Even though the longitudinal relaxation

times are generally longer than the duration of the frequency selective RF pulses and

thus their e�ects can be ignored, the same cannot be said for the transverse relaxa-

tion times. The latter are comparable to the time scale of the RF pulse and can lead in

compromised excitation pro�les [173]. The e�ects of the relaxation times were found

to only be dependent on the ratio of (relaxation time)/(pulse length) for a variety of

pulse shapes, including the Gaussian used here [58].

Overall, the asymmetry measured using the Gaussian pulse was found to be larger

than the asymmetry measured using the Fermi pulse. For a direct comparison of the

2D and 3D data, Z-spectra and asymmetry curves are jointly plotted in Figure 5.11.

Figure 5.11: Z-spectra and asymmetry curves for Ultravist acquired using the single
and multislice sequences.

The direct comparison of the asymmetry values for the Gaussian and Fermi pulses

shows that a maximum contrast of 34% is achieved when using a 3 µT Gaussian pulse

and a width of 20 ms. On the contrary, the maximum contrast measured using a Fermi

pulse is ~15% or more than 50% less than the Gaussian pulse.
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5.3.3 Creatine

The e�cacy of the sequences in generating CEST contrast is further compared using

a 50mM creatine in distilled water phantom. The Z-spectra and asymmetry curves

when using the 2D sequence are presented in Figure 5.12. The Z-spectrum of the 20

ms RF pulse (red line) is extremely distorted and therefore it’s asymmetry has been

suppressed in the asymmetry spectrum, by excluding the negative values. The initial

part of the intermediated pulse width (green line) has also been excluded. However,

a clear peak is seen at 1.9 ppm, corresponding to creatine. In contrast to Ultravist, a

lower B1 power is more e�cient in saturating the creatine peak. This indicates that

the creatine proton exchange rate is slower than the Ultravist proton exchange rate.

The maximum asymmetry measured in our single slice acquisition is 2.8%

Figure 5.12: Single slice Z-spectra and asymmetry curves for 50mM of creatine and
three di�erent pulse widths.

In Figure 5.12 we can see once again that the spectrum for the shortest Fermi

pulse (red curve, 20ms) is distorted. Since the e�ect is apparent all across the spec-

trum, it can’t be due to very dense sampling and repeated excitation of neighbouring

points because no such saturation scheme was implemented. The spectra were indeed
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sampled more densely around 2ppm (creatine peak) but were at least 1ppm apart at the

other frequencies. The distortion can then be attributed to a Fermi pulse bandwidth

greater than the water line-shape. The blue curve in Figure 5.12 demonstrates that a

longer Fermi pulse reduces the saturation e�ciency, as ’stretching’ the pulse lowers

its peak B1 amplitude so the area under the pulse shape is maintained.

Figure 5.13 illustrates the Z-spectra and asymmetry curves of the multi-slice acquisi-

tion for the same 50 mM creatine phantom. The �gure presents data from the second,

out of the four, slices that have been acquired.

Figure 5.13: Z-spectra and asymmetry curves of the second slice for the 50mM creatine
phantom. Data have been acquired at two B1 powers and durations.

The red and blue curves in Figure 5.13 are similar to the ones of the same colour

in Figure 5.6. Even though the samples are di�erent (creatine and distilled water re-

spectively) the Gaussian pulse results in broad Z-spectra, in both cases, because of its

bandwidth. At the time of the experiments described in this chapter it was not possible

to reduce the pulse’s bandwidth below 140 Hz. Similarly to Figure 5.12, the lowest B1

RF pulse power generates the largest CEST contrast, at the creatine peak, (green line)

suggesting a slow exchange rate. Also, in both pulse powers, the RF having a longer
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duration generates a higher signal.

Just like in the Ultravist phantom, the Gaussian RF pre-pulse generates a higher

saturation than the Fermi pulse used in the single slice sequence. A direct comparison

between the Z-spectra and asymmetry curves of the two sequences is presented in

Figure 5.14. In this case, there is a clear di�erence between the normalisation of the

two datasets. Even though the asymmetry is calculated from within the same dataset,

this normalisation di�erence a�ects the measured asymmetry, as the Z-spectra have

roughly the same minima, but a ~25% di�erence in their maxima. The noisy green

Z-spectrum does show an asymmetry, surprisingly, but it should be disregarded. The

remaining curves indicate that, for creatine, a maximum asymmetry of 24% has been

measured using a 1.5 µT Gaussian pulse and 20 ms in duration (blue line).

Figure 5.14: Z-spectra and asymmetry curves, for creatine, acquired using the single
and multislice sequences.

The green curve in Figure 5.14 is the same as the red curve in Figure 5.12 and the

explanation for its distortion is given in the paragraph below Figure 5.12. Finally, it is

worth commenting on the following: the reason that the Z-spectra of the 2D sequence

in Figure 5.14 have a di�erent normalisation magnitude is because the image used for
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normalisation (reference image) was chosen to be part of the saturation scheme, at a

large distance from 0ppm nevertheless. The saturation scheme was hardcoded in the

sequence code and was subsequently accessed through the scanner’s user interface.

On the other hand, the 3D sequence was programmed so as the saturation scheme was

read from an external text �le, with the additional possibility of running the sequence

without any saturation. This is illustrated below:

Figure 5.15: Hardcoded saturation scheme for the 2D CEST sequence (left). Externally
read saturation scheme for the 3D CEST sequence. In this example the scheme for
creatine is shown (right)

5.3.4 Creatine plus glutamate

A 500ml phantom containing 50 mM creatine and 50 ml glutamate was used to compare

two di�erent types of shimming, for CEST imaging. By default, the scanner performs a

linear shim, correcting for linear gradients in the �eld, by adjusting the DC currents in

the gradient coils. Sequentially, this correction is propagated on a slice-by-slice basis.

However, any residual higher order heterogeneities can lead to blurring and signal

loss. For high order shimming a package that was developed at Stanford University

and is implemented by GE, was used. The �led map calculation is performed using

a spiral sequence and the shim terms optimised are zero (Z0), �rst (X, Y, Z1), all the

second order components (XY, X2-Y2, ZX, ZY, Z2), and Z3 [45].
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In order to assess the B0 homogeneity of the shim, an internal B0 shift map (in

ppm) was calculated by �nding the frequency of the minimum signal intensity on a

pixel by pixel basis after high order (Figure 5.16) and linear (Figure 5.17) shimming.

These maps were calculated from the creatine plus glutamate phantom.

Figure 5.16: Internal B0 shift maps after high order shimming for four datasets.
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Figure 5.17: Internal B0 shift maps after linear shimming for four datasets.
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The maps are displayed between -0.5 - 0.5 ppm in both cases. Overall, linear shim-

ming results in internal B0 shifts greater than ±0.5 ppm, as compared to high order

shimming. For the latter, the calculated internal shifts are within ±0.5 ppm. The

most homogeneous shimming achieved corresponds to dataset 4, acquired for a B1=

3 µT and 20 ms in duration for both high order and linear shim. Internal B0 correc-

tion is a more robust method of correcting for B0 inhomogeneities, than an external

map, because the measured homogeneity re�ects the �eld during the actual APT meas-

urement. Both creatine and glutamate are most e�ciently saturated with B1= 2.5µT

and 3µT , respectively (optimal labelling). The highest B1 power used here therefore

results in the most homogeneous �eld, as only when the labelling e�ciency is sub-

optimal, the B0 �eld distribution becomes asymmetrical. The corresponding Z-spectra

and asymmetry curves, for dataset 4, after each shimming approach are presented in

Figures 5.18 and 5.19.

Figure 5.18: Z-spectrum and asymmetry curves, for every slice of dataset 4, after high
order shimming.

Both the creatine and glutamate peaks are detected at 1.9 ppm and 3 ppm respectively.

The glutamate signal is almost the same in every slice, whereas the creatine shows
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an increasing signal with slice number. Linear shimming leads to a similar result, as

indicated below.

Figure 5.19: Z-spectrum and asymmetry curves, for every slice of dataset 4, after linear
shimming.

Both datasets have been normalised by the same reference. Even tough this does not

a�ect the overall shape of the Z-spectrum, the measured asymmetry is slightly higher

in Figure 5.18, for high order shimming.

Despite giving similar results for comparable homogeneities, the outcome di�ers

when the internal B0 shifts are increased. As an example, the Z-spectra and asymmetry

curves for dataset 2 and each shimming method are presented in Figures 5.20 and 5.21.

222



CHAPTER 5. PULSED CEST AT 3T. COMPARISON BETWEEN SINGLE SLICE AND 3D ACQUISITIONS. 5.3. RESULTS

Figure 5.20: Z-spectrum and asymmetry curves, for every slice of dataset 2, after high
order shimming.

As illustrated in the above �gure, high order shimming performs similarly for dataset

2, as both peaks at 1.9 ppm and 3 ppm are clearly visible. On the contrary, the high B0

shifts of dataset 2, after the linear shim, result in a larger suppression of the negative

side of the Z-spectrum, for o�sets close to 0 ppm. As a result, the creatine peak at

1.9 ppm appears inverted in Figure 5.21. The glutamate peak still exhibits a positive

asymmetry as the suppression of the Z-spectrum, further away from 2 ppm, is higher

on the positive side. Furthermore, the minimum of the Z-spectrum in Figure 5.21 is

higher than for high order shimming, indicating a less e�cient saturation.
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Figure 5.21: Z-spectrum and asymmetry curves, for every slice of dataset 2, after linear
shimming.

Both datasets were corrected using the same method of spline �tting. Evidently, the

derived Z-spectra and asymmetry curves are strongly a�ected by B0 inhomogeneities.

A combination of high order shimming and spline �tting B0 correction seem to give

the most reasonable results for the creatine and glutamate phantom. We note here

that the slice CEST signal variation in Figures 5.18-5.21 re�ects that tsat < T1 and the

CEST e�ects are scaled by T1 (tsat is only 20ms in this experiment).
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5.4 Discussion

The e�cacy in generating CEST contrast of a single slice and a 3D gradient echo se-

quences was tested on a series of phantoms. Using either sequence, CEST signals were

detected in Ultravist and creatine phantoms. Furthermore, CEST signals from creatine

and glutamate were detected using a multislice acquisition and two di�erent shimming

approaches.

As a �rst step, both sequences were tried on a water phantom (Figures 5.5 and

5.6). The derived Z-spectra of the single slice acquisition are narrower than the ones

acquired with the 3D sequence. This is a direct consequence of the larger bandwidth

of the Gaussian pulse used in the multislice sequence (minimum 140 Hz), as compared

to the bandwidth of the Fermi pulse (minimum 50 Hz) used for a single slice acquis-

ition. In addition, distortion of the Z-spectrum occurred during the application of a

10 ms RF pulse (red line in Figure 5.6). This decrease in spectral resolution sometimes

occurs during short RF pulses and is especially pronounced when the step size of the

frequency sweep is smaller than the bandwidth of the RF pulse [170]. Even though 33

o�sets were used, in order to sample the Z-spectrum in detail, and despite using the

same shimming and B0 correction method, the Z-spectra derived from the 3D acquis-

itions are not as smooth as the ones using the single slice sequence.

The Ultravist phantom was prepared in a 50ml test-tube. Despite the small size

of the phantom, the signal was detectable by the 32 channel head coil. On a separate

scanning, using a larger phantom, the Z-spectra appeared sharper, so the size of the

phantom is something to be considered. In both the single slice and 3D acquisitions,

the prominent detected peak was the one corresponding to the amide group resonating

at 4.2 ppm. As the phantom was prepared at pH = 7, this is the only peak expected to

be detected, similarly to our previous results at 7T. A very small dip in the asymmetry

spectra at ~ 5.6 ppm can be seen in Figure 5.10 acquired using the multi-slice sequence.

This frequency corresponds to the second Ultravist peak and is more pronounced for
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lower pH values, as was shown by our previous results at 7T. The asymmetry of the

4.2 ppm peak at 3T, was ~15% for the single slice sequence and ~35% for the multi-slice.

Both values are higher than the respective value measured at 7T. This is because at 3T

the concentration of the of the agent is double the concentration used during the 7T

experiments. Furthermore, it was found that the Gaussian pre-saturation pulse gener-

ates larger asymmetry than the Fermi RF pulse (Figure 5.11). It is not clear why this is

the case. It is possible that there is mismatch between the selected RF pulse properties

chosen, in order for the pulses to have the same peak B1 magnitude. Simulations, at

3T, for both Gauss and Fermi pulse shapes indicate a similar Z-spectrum derivation

[43]. In addition, both pulse shapes have successfully been implemented in CEST ima-

ging [197, 31]. Loss of spectral resolution was observed in the single slice acquisition,

when a short RF pulse was used, suggesting a repeated excitation of neighbouring

o�sets (red line in Figure 5.7). This was not observed in the 3D data for Ultravist.

Adding more RF pre-pulses in the 2D sequence resulted in a decrease of the calculated

asymmetry. As shown in [170], a longer time T = (pulse width + inter-pulse delay)

is favourable for CEST contrast, with the optimal durations being 100 ms each. Due

to sequence design limitations, in our experiments, these times are 20 ms and 10 ms

respectively. Therefore, despite having a 75% duty cycle [274] no advantage was found

when adding more pre-saturation pulses (Figure 5.9).

All datasets were normalised by a non-saturated reference scan, acquired before

the Z-spectrum frequency sweep. Our data show that there is a distinct di�erence

between the normalised Z-spectra, acquired with the single and multislice sequences,

presented in Figure 5.14, for the creatine phantom. This di�erence is not pronounced

for the Ultravist phantom, and is not clear why this is the case for creatine. In any

case, this di�erence of ~ 20% might be the reason for a reduced asymmetry magnitude

in the 2D case (Figure 5.14). In spite of having a smaller magnitude ( ~3% for the single

slice) the creatine peak at 1.9 ppm is detected with both sequences. Again, a distortion

of the Z-spectrum was seen for short RF pulses with a duration of 10 ms (Figures 5.12
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and 5.13).

All the previous phantoms have been scanned after performing the default linear

shimming. For comparison a creatine plus glutamate phantom was scanned using

both high order and linear shimming under two di�erent B1 powers and durations

(Figures 5.16 and 5.17). Internal B0 shift maps, in ppm, were calculated by �nding the

frequency of the minimum signal intensity on each pixel. Its deviation from 0 ppm

was the assigned B0 shift. The analysis showed that high order shimming results in

shifts within ±0.5 ppm, whereas the shifts, after linear shimming, extended beyond

that range. The two shimming methods produce similar Z-spectra and asymmetry

curves for fairly homogeneous internal B0 �elds (dataset 4), where both the creatine

and glutamate peaks at 1.9 ppm and 3 ppm, respectively, are clearly seen (Figures 5.18

and 5.19). On the other hand, the homogeneity of dataset 2, acquired with B1= 1.5µT

and 20 ms duration, di�ers signi�cantly between high order and linear shim (Figures

5.16 and 5.17). Inspection of Figure 5.20 shows that the increased homogeneity of the

high order shimming results, in both, creatine and glutamate peaks to be detected.

The result for the same dataset, after linear shimming, is slightly di�erent however

(Figure 5.21). Greater suppression of the Z-spectrum at the negative o�sets, close to

0 ppm, results in the asymmetry calculated for the creatine to be negative. The peak

is detected, but appears inverted. The asymmetry for glutamate at 3 ppm remains

positive, suggesting a larger suppression of the positive o�sets further away from 0.

This discrepancy demonstrates that higher order shimming is more bene�cial for CEST

acquisitions. Furthermore, linear shimming might not be adequate for CEST imaging

in-vivo, where the shape of the patient’s head will in�uence the B0 homogeneity at a

larger extend than a phantom does.

In terms of energy deposition, the SAR values for both sequences were a lot lower

than the recommended maximum of 3 W/Kg (did not exceed 0.5 W/Kg). Therefore,

in theory both sequences can be tested in-vivo. However, the single slice sequence

is much slower than the 3D sequence and provides less coverage. Nevertheless, the
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acquisition scheme could be modi�ed to contain less o�sets, reducing scan time [84].

The latter in combination with repeated scans, at the o�sets of interest, will bene�t

signal to noise ratio at 3T [266].

A limitation of our sequences is the maximum allowed RF pulse duration. For

the 3D sequence this is only 20 ms and for the 2D one 80 ms. These values are a lot

lower than the duration of the RF pules reported in the literature and is at the order

of seconds [247, 206]. For in-vivo applications a pulse-train of short pulses is used in

order to maintain a low SAR, but the total saturation adds up to more time than in our

experiments. Understandably, a longer saturation time will bene�t the CEST labelling

e�ciency. The low measured SAR in our experiments, allows for an increase in the

saturation time and perhaps the B1 power, but unfortunately the implementation of

the latter is complicated by pulse sequence design restrictions.
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5.5 Conclusion

CEST signals have been measured in-vitro, in a series of phantoms, using single and

multi-slice gradient echo sequences. At physiological pH, the exchange peaks of Ul-

travist at 4.2 ppm, creatine at 1.9 ppm and glutamate at 3 ppm, have been detected.

The Gaussian pre-saturation pulse of the 3D sequence seems to provide a more e�-

cient saturation as compared to the Fermi pulse, used in the single slice acquisitions.

High order shimming allows for a better B0 correction in contrast to the default linear

shimming.
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Chapter 6

Glioma characterisation with CEST

MRI at 7T

The following paragraphs describe the study of human brain gliomas using CEST

MRI at high �eld. This was a joint project between the department of Radiological

and Imaging Sciences (Queen’s Medical Centre) and the Sir Peter Mans�eld Mag-

netic Resonance Centre (University of Nottingham). The study was approved and

sponsored by the University of Nottingham. Favourable ethical approval was also

granted by the East Midlands - Nottingham 2 Research Ethics Committee (Study Ref-

erence: 09/H0408/7).
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6.1 Introduction

MRI is an important medical imaging tool for localising, diagnosing, characterising

and assessing the treatment of brain tumours [47, 157]. It is a non-invasive technique

capable of utilising a wide range of image contrasts. On the one hand, conventional

MRI contrasts are based on di�erent spin relaxation properties of body tissues, under

a static magnetic �eld and varying radiofrequency (RF) irradiation. Examples of such

image contrasts include T1w, T2w, proton density (PD) and T*2 [150]. On the other

hand, advanced MRI contrasts exploit structural tissue properties (di�usion-weighted

MRI) [143], functional properties (perfusion MRI [3], resting state fMRI [113], BOLD

[126]) and chemical structure (MR spectroscopy [56, 176]).

Recently, a new technique termed, amide proton transfer (APT) Chemical Ex-

change Saturation Transfer (CEST) was added to the magnetic resonance imaging ar-

senal [264, 265]. This method enables the non-invasive imaging of endogenous com-

pounds, that are otherwise undetectable via standard MRI and spectroscopy, due to

their milli-molar concentrations. In other words, CEST, is an ampli�cation method,

capable of detecting milli-molar endogenous protein concentrations, via the domin-

ant water signal. This is possible after the physico-chemical, saturated proton ex-

change from such proteins, to water and the subsequent reduction of the measured

water signal. Studies of brain tumour CEST have demonstrated the feasibility of APT-

CEST imaging in di�erentiating tumour core from oedematous [88] and necrotic re-

gions [267, 259, 269, 223, 270], but not from cystic components. The reported APT

signals in tumours, were signi�cantly higher from those in oedema/necrosis. Such

an increase was attributed to increased protein synthesis in tumours [73, 268]. More

recently, proteomic analysis of tumour markers, has con�rmed the latter hypothesis

[239]. APT signal was further found to be correlated with tumour grade [206, 17]

capable of assessing treatment response [162] and di�erentiating between tumour re-

currence and pseudo-progression [132, 155]. Due to complex endogenous tissue com-
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partmentalisation, proton chemical exchange is almost always accompanied by addi-

tional magnetisation transfer e�ects. These e�ects arise from rather immobile semi-

solid proteins (conventional magnetisation transfer, MT) [29, 160, 168] and aliphatic

[153, 235, 90, 30, 245, 89, 154] or aromatic [249, 248] proton groups (Nuclear Overhauser

E�ects, NOE). Even though the latter perplexes the interpretation of the APT signal,

it can be exploited as an additional MRI contrast in characterising brain tumours.

In this study, brain glioma patients were recruited and subsequently scanned at

high �eld (7T). Mean APT and NOE signals, of solid tumour regions and normal white

matter, were determined, via Lorentzian �tting of the Z-spectra. The correlation of

the measured signals with apparent di�usion coe�cient (ADC) of tumour and control

regions was also investigated.
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6.2 Materials and Methods

6.2.1 Recruitment process

The recruitment process for the study was a challenging task. This was because: 1) the

study group was one of an aggravated pathology, 2) there was a short time window for

a research scan, between the patient’s admittance and the subsequent clinical proced-

ures (biopsy, surgery, treatment), 3) the access and up-to-date information regarding

new admitted cases was limited.

The ethics documentation was prepared by myself. That included the study pro-

tocol under the title, “Imaging anatomical and physiological characteristics of Brain

Tumours using Ultra High-Field Magnetic Resonance Imaging”, the patient consent

form and information lea�et. The latter served as a concise explanation of what the

participation entails and was given to each potential participant.

For the �rst two months of the project I was not responsible for acquiring con-

sent. I was however responsible for meeting the participants in the glioma ward and

transferring them to and from the research centre, back to the hospital. After this ini-

tial period I started seeking consent, myself. That meant attending the radiological

multidisciplinary meetings, on a weekly basis, in an attempt to �nd potential parti-

cipants which would then be approached by phone and/or post. On a few occasions

I attended the glioma clinic, where patients would come and discuss their scans with

their treating physician. If a patient was identi�ed by my supervisor (Prof. Auer), I

would then proceed and meet them during their stay in the ward. When successful,

I would arrange their transport and accompany them throughout the duration of the

research scan. The scanning sequence used was already in place, before the start of

my project and the scanner operation was performed by a collaborator (Dr. Mougin).
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6.2.2 Patient demographics

Our study has been approved by the University of Nottingham and the local research

ethics committee. A total of seven glioma patients (4 male, 3 female; median age 59

[range 42-70 years]; 4 glioblastomas (GBM) and 3 low grades (LGG)) were recruited

from the neuro-oncology clinic at Queen’s Medical Centre (Nottingham University

Hospitals NHS Trust). Written informed consent was acquired from each participant.

Clinical diagnosis and histological evaluation was performed before our examination.

All patients had also undergone MRI scans, as part of their clinical care, at 3T. The

time between the clinical scans, at 3T and research scans, at 7T, were within 2 weeks

at most. None of the participants had received any prior treatment, at the time of

the research scan. The inclusion and exclusion criteria, in identifying our research

participants, are summarised below (Table 6.1).

Inclusion Exclusion
Over 16 years of age Patients who have had previous surgery

Patients with primary or
secondary brain lesions Patients with any contradictions to MRI

Pre-treatment low & high grade
gliomas

Patients with large tattoos especially in
the head neck and shoulder region

Post-treatment low & high grade
gliomas

Patients that do not have the capacity to
consent

Table 6.1: Inclusion and exclusion criteria for recruiting brain glioma patients

A detailed description of the pathology for every patient is presented in the fol-

lowing table (Table 6.2).

Table 6.2: Pathology of the patients scanned at 7T.

#
Age

(years)
Lesion Location

1 58
Low grade

glioma
Left insula
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Table 6.2: Pathology of the patients scanned at 7T.

#
Age

(years)
Lesion Location

2 51
Low grade

glioma
Occipital region

3 40
Glioblastoma

(WHO grade IV)
Left temporal

4 67
Glioblastoma

(WHO grade IV)
Left frontal

5 70
Glioblastoma

(WHO grade IV)
Right parietal

6 59
Glioblastoma

(WHO grade IV)
Right temporal

7 45
Low grade

glioma
Left frontal

Figure 6.1 shows the 3T clinical scans, that were used for region of interest de�n-

itions.
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Figure 6.1: Clinical patient scans at 3T. Top row: (left to right): T2-FLAIR image of
LGG, T2- FLAIR image of LGG, Gd-T1 image of GBM, Gd-T1 image of an early GBM.
Bottom row: (left to right): Gd-T1 image of GBM, Gd-T1 image of GBM, T2-FLAIR
image of LGG.

6.2.2.1 Histological notes

The histology reports were kindly provided by the Queen’s Medical Centre’s (Notting-

ham University Hospitals NHS Trust) neurosurgery team.

Patient 1: Low grade glioma. Surveillance only. No biopsy samples taken.

Patient 2: Low grade glioma. Surveillance only. No biopsy samples taken.

Patient 3: Glioblastoma. Pieces of cerebral tissue including areas of glial tumour.

This is characterised by large pleomorphic astroglial cells with glassy cytoplasm. Mi-

tosis, microvascular proliferation and necrosis are all seen. Small cell areas are seen

around necrotic foci. No neuronal markers are expressed . IDH1 staining is negative.

Patient 4: Glioblastoma. Para�n section con�rmed the smear report of a dif-

fuse astrocytic neoplasm. Although some areas are bland, much of the tumour shows

mitotic activity, vascular proliferation and necrosis.

Patient 5: Glioblastoma. Para�n section con�rmed the smear report of a malig-

nant glioma. This cellular astroglial neoplasm shows mitotic activity, vascular prolif-
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eration and necrosis. Wild type IDH1 mutation is also con�rmed.

Patient 6: Glioblastoma. Para�n section con�rms the smear report of a malig-

nant glioma. The tumour shows mitotic activity, vascular proliferation and necrosis,

but it is also characterised eosinophil granular bodies and giant cells. The possibilities

of anaplastic variants of pleomorphic xanthoastrocytoma or ganglioglioma have been

considered, but the appearances are judged to be those of a glioblastoma.

Patient 7: Low grade glioma showing oligodendroglial di�erentiation. There is

no mitotic activity, microvascular proliferation or necrosis. The tumour shows patchy

expression of GFAP. The MIB1 labelling index is low. There is expression of the com-

mon mutation in IDH1.

6.2.3 7T scanning protocol

Research scans were performed on a 7T Philips Achieva system equipped with a 32

channel receiver coil. The sequences and scanning parameters implemented were as

follows: 1) 3D-Turbo �eld echo MT/CEST sequence (Figure 6.2) consisting of a pre-

saturation train of 30 Gaussian pulses (total duration = 1.8 sec) and power of B1=

2µT, TE/TR = 2.8/6 ms, FOV=192x186x50 mm and 1.5 mm isotropic image resolution.

For the calculation of the Z-spectra 24 o�set frequencies (including a reference im-

age) were acquired in a total scan duration of 8 min (coverage of 30 slices). 2) T*2

weighted MPRAGE sequence, TE/TR = 8/15 ms, FOV = 192x180x156 mm, TFE factor

= 8 and a total of 156 slices, 3) Di�usion weighted sequence at b = 0 and 1000 s/mm2,

FOV=230x119x230 mm, EPI factor =63 for a total of 24 slices.
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Figure 6.2: Schematic diagram of the CEST sequence (pulsed per-saturation module +
TFE readout) [145].

6.2.4 Data analysis

6.2.4.1 3T clinical data and ADC maps

All patients, as part of their clinical management, had undergone routine radiological

diagnostic multimodal MRI using a 3T Philips Achieva scanner. The clinical protocol

at 3T included: T2 - FLAIR (TE = 140 ms, TI = 2750 ms, TR = 10000 ms, voxel 0.9x0.9x3

mm), T1w MPRAGE pre and post Gd contrast (TE = 3.684 ms, TI = 960 ms, TR = 8.0486

ms, voxel 1x1x1 mm), T2w (TR = 3000 ms, TE = 80 ms, voxel 0.4x0.4x5 mm), DTI (16

directions, b = 1000 s/mm2, TE = 56.8 ms, TR = 8000 ms, voxel 2x2x3 mm) and perfusion

(TE = 23.796 ms, TR = 15.7 ms, voxel 1.8x1.8x3.5 mm). Subsequently, the 4D di�usion

data, were further processed in order to produce mean di�usivity (ADC [mm2/s]) maps

using the FSL di�usion toolbox [6]. An example, of a low and high grade ADC map is

presented in Figure 6.3.

Figure 6.3: ADC maps of a low grade left insular glioma (left) and a right temporal
GBM (right).
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The di�usion data processing pipeline consisted of: 1) correcting for eddy current

distortions induced by the gradients 2) registering all volumes to a reference volume

(typically the �rst volume of the stack where the di�usion gradient is zero) 3) creating

a brain mask 4) �tting the di�usion tensors on the corrected data voxelwise, to produce

the parametric ADC maps. Di�usion data processing was performed using the FDT

algorithm provided in FSL [6].

6.2.4.2 Registrations

In order to analyse data acquired at two di�erent �eld strengths (3T clinical and 7T

research scans) and also reduce motion artefacts, the analysed images were brought

to the same space. Since the analysed regions of interest (ROIs) were initially iden-

ti�ed on the clinical 3T images, all the 3T and 7T images were registered on the 3T

Gd-T1 data. First, as described in �gure 6.4, all the 3T images and the 7T MPRAGE

images, were registered on the 3T Gd-T1images. Second, all the subsequent 7T data

were registered on the 7T MPRAGE, in order to bring them to the common registration

space of the 3T Gd-T1.

Figure 6.4: Registering 3T - 7T images �owchart.

With the exception of registering the clinical di�usion data on the 3T Gd-T1 all
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other registrations were performed using the linear image registration tool (FLIRT)[77],

provided with FSL. The quality of the linear registration algorithm was visually as-

sessed, by examining the location of the lesion between the registered images. Due to

distortions on the di�usion data, the linear registration resulted in unacceptable mis-

alignment of the registered modalities. Therefore, a separate non-linear registration

(having more than 12 degrees of freedom) was performed using the locally developed

image analysis software NeuRoi [201].

Figure 6.5 shows an example of cross-�eld registration in the case of a GBM (pa-

tient #6). The 3T data were acquired using gadolinium, whereas for the research scans

no contrast was used. In Figure 6.5, a sequential overlay of the 7T linages onto the 3T

images demonstrates the spatial location of the lesion with respect to each modality.

The quality of registration was assessed visually and was based on the location of the

active tumour margins and brain edges. The guide for the latter was the enhancement

observed in the 3T dataset.

Figure 6.5: Example of assessing the registrations: In this case: 7T MPRAGE to Gd-
T1 3T. Image #1 is the base Gd-T1and the subsequent images sequentially reveal the
registered MPRAGE on the base image.
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6.2.4.3 ROI de�nitions

All ROIs were drawn on the clinical 3T images, using NeuRoi [201]. Since none of the

low grade gliomas showed any Gd enhancement, the active part of the tumour was

de�ned as hyper-intense regions on the T2 FLAIR images. For the GBMs, the tumour

ROIs were drawn on the Gd-T1enhancing regions. Any haemorrhagic components

were identi�ed on high resolution 7T SWI and were subsequently subtracted from the

Gd enhancing ROIs, in order to remove haemorrhagic susceptibility contamination, on

the active tumour signal. For all cases, contralateral control regions of healthy white

matter, were also acquired.

Figure 6.6 shows an example of two 7T SWI images for a GBM (patient #5) and

the ROIs drawn indicate haemorrhage. Even though other conditions, such as multiple

sclerosis and stroke, do bene�t from a sensitive detection of the amount of iron in the

brain (e.g deoxyhemoglobin, hemosiderin and ferritin), the presence of deoxygenated

blood in tumours is detrimental for the frequency speci�c detection of amides in CEST

MRI. This is because blood products introduce undesirable susceptibility artefacts and

thus magnetic �eld inhomogeneities due to a reduction in T∗2 and phase di�erences

between the blood products and the tissue of interest. Considering that the concen-

tration of endogenous amides is in the milli-mollar region, signal losses due to sus-

ceptibility changes across voxels, reduce the detection sensitivity of CEST. As such,

the haemorrhagic components identi�ed on the SWI images were subtracted from the

subsequent CEST analysis.
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Figure 6.6: Haemorrhagic tumour components on 7T SWI images. Top row: Original
images. Bottom row: ROIs of haemorrhagic components.

6.2.5 Quantitative APT and NOE maps

In order to produce quantitative APT and NOE maps, the data were �tted voxelwise,

using a Lorentzian line-shape, representing each endogenous proton pool (bulk water,

amide and aliphatic protons). The Lorentzian line-shape is described by the following

equation [244]:

L(A, Γ ,∆ω) =
AΓ 2/4

Γ 2/4 + ∆ω (6.2.1)

where:

A: the amplitude

Γ : the line-width

∆ω: the centre frequency of each proton pool.
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The area under each Lorentzian curve was calculated using numerical trapezoidal

integration. Before the �t, all Z-spectra were interpolated voxelwise in order to correct

for B0 inhomogeneities. After �nding the minimum of each interpolated Z-spectrum,

the spectra were shifted so as the minimum intensity to correspond to zero o�set

(water centre frequency). This correction was done by using the Z-spectrum itself

(internal correction). The �tting algorithm for localising the minimum of the spectrum

was a smoothing spline (part of Matlab library functions). A brain mask was manually

drawn on each slice at the start of this analysis.

The B0 corrected data were then normalised using the unsaturated CEST image.

Subsequently, the data was �tted using the Levenguard-Marquard algorithm. Each

proton pool was �tted with equation 6.2.1. The amplitude, width, centre frequency

and �tting bounds for each pool were chosen as indicated in Appendix D. The number

of �t iterations for our acquisition (B1 = 2µT ) was 40.
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6.3 Results

6.3.1 APT and NOE maps in tumours and controls

6.3.1.1 Quality of �tting

The following two �gures are indicative of the quality of information obtained by

showing the Z-spectra in grey matter (GM), white matter (WM), tumour and control,

for 2 patients. The data show Lorentzian �tted Z-spectra and the respective magnitude

of the APT and NOE peaks (dotted lines at the bottom of the spectra). The e�ects were

calculated as means of the ROIs shown on the images. The �tting seems to perform

well and shows a more pronounced APT and NOE e�ects in WM. Furthermore, the

tumour has an increased APT/decreased NOE when compared to the control. In both

cases, the ADC map is also shown. Only greyscale images are presented here for visual

clarity of the ROIs. The APT and NOE colour-maps, for all patients, are shown in the

next section.

Figure 6.7: Z-spectra in white, grey matter, tumour and control for the ROIs shown on
the images.
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Figure 6.8: Z-spectra in white and grey matter for the ROIs shown on the images.

6.3.1.2 APT and NOE colour-maps for all patients

This section contains the APT and NOE colour-maps for all patients (n=7, Figure 6.9,

Figure 6.10, Figure 6.11, Figure 6.12). The results are presented in the same order as

indicated in Figure 6.1. The colour-maps demonstrate the magnitude of the respective

APT and NOE e�ects in tumour and control ROIs that are indicated on the corres-

ponding greyscale maps. The statistical analysis (next section) was done in all ROIs of

our multi-slice acquisition. For demonstration purposes however, this section contains

only single slice maps.
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Figure 6.9: APT and NOE maps for #1 (LGG) and #2 (LGG).

Figure 6.10: APT and NOE maps for #3 (LGG) and #4 (GBM).
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Figure 6.11: APT and NOE maps for #5 (GBM) and #6 (GBM).

Figure 6.12: APT and NOE maps for #7 (LGG).
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6.3.1.3 Statistical analysis of all ROIs

The mean control, tumour APT and tumour NOE values reported here were calculated

by averaging the respective values of the ROIs of all controls, all low grades and all

GBMs. For example, the mean tumour APT value, in low grade gliomas, was calculated

by �nding the mean of all tumour ROIs on the APT maps, of all low grades. The mean

NOE value was calculated in a similar way.

Note: The mean values were multiplied by 100 and are reported as % in the stat-

istical analysis. For example, the single slice result in Figure 6.12 was used in the

calculations as ~5% APT and ~15% NOE signal.

Figure 6.13 summarises the results for tumour and control mean APT values in

low grade gliomas and GBMs. The error bars indicate the standard deviation. The

results for APT indicate an increased mean APT signal in both low grades and GBMs,

as compared to normal appearing white matter. In addition, the APT signal increase is

higher for GBMs (~8%) than low grades (~2%). Due to non-normal distribution of the

data, a non-parametric test (Wilcoxon rank-sum test) was used to test the signi�cance

of the di�erence between tumour and control APT values. Both di�erences were found

as signi�cant, with p<0.01.

248



CHAPTER 6. GLIOMA CHARACTERISATION WITH CEST MRI AT 7T 6.3. RESULTS

Figure 6.13: Mean APT values and standard deviation of controls, low grade gliomas
(LGG) and GBMs. The mean di�erence and 95% con�dence interval is also provided.
The non-parametric Wilcoxon test indicated that both mean di�erences of low grade
gliomas and GBMs and controls, were signi�cantly di�erent (p<0.01).
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Figure 6.14 summarises the results for tumour and control mean NOE values in

low grade gliomas and GBMs.

Figure 6.14: Mean NOE values and standard deviation of controls, low grade gliomas
(LGG) and GBMs. The mean di�erence and 95% con�dence interval is also provided.
The non-parametric Wilcoxon test indicated that both mean di�erences of low grade
gliomas and GBMs and controls, were signi�cantly di�erent (p<0.01).

The error bars indicate the standard deviation. The results for NOE indicate a

decreased mean NOE signal in both low grades and GBMs, as compared to normal

appearing white matter. Furthermore, the NOE signal decrease is higher for GBMs

(~35%) than low grades (~5%). These di�erences were also found to be signi�cant by

the Wilcoxon rank-sum test (p<0.01).

6.3.2 APT and NOE signal correlation with ADC

Joint scatter-plots of the quantitative APT and NOE maps with the calculated apparent

di�usion coe�cient maps (ADC) were plotted to investigate the correlation between

the measured APT or NOE signal with tissue cellularity. The analysis compares the

acquired signal of APT or NOE with the ADC values between tumour and healthy

control ROIs pixel by pixel. The scatter-plots and the statistical analysis were per-

formed using the locally developed software ImViw and Matlab. Each result includes
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the computed Pearson correlation coe�cient r, the p value and also a linear regression

line, showing the type of the relationship.

6.3.2.1 APT - ADC correlations in low grades

Figure 6.15 shows the joint scatter-plots of the APT signal (x axis) and ADC (y axis)

in tumour (red) and control (blue) regions of interest in three low grade gliomas. The

correlation coe�cients and their respective p values are presented below the graphs.

The results show that in the �rst two cases there is a negative correlation between

the APT - ADC in tumours whereas in the third case the correlation is positive. On

the contrary, all three cases show a positive correlation between the APT - ADC in

healthy controls regions. All correlations were signi�cant.

The negative correlations in Figure 6.15, in tumours, indicate an inverse relation-

ship between cellularity and APT signal. Even though LGGs are less cellular than

GBMs

Figure 6.15: Joint scatter-plots of APT - ADC between tumour and healthy control
regions in low grade gliomas. Red indicates tumour and blue indicates controls.

6.3.2.2 APT - ADC correlations in high grades

Figure 6.16 shows the joint scatter-plots of the APT signal (x axis) and ADC (y axis) in

tumour (red) and control (blue) regions of interest in the four GBM cases.
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Figure 6.16: Joint scatter-plots of APT - ADC between tumour and healthy control
regions in high grade gliomas. Red indicates tumour and blue indicates controls.

Cases one, three and four show a positive correlation between the APT - ADC

signals, while the second case shows a negative correlation. For the APT - ADC in

controls, all correlations are positive with the exception of the �rst case. The p values

found indicate that all correlations are signi�cant.

6.3.2.3 NOE - ADC correlations in low grades

Similarly with the previous analysis, �gure 6.17 summarises the joint scatter-plots of

the NOE signal (x axis) and ADC (y axis) in tumour (red) and control (blue) regions of

interest in the three low grade gliomas. The correlations between the NOE e�ect and

ADC are negative in both tumour and controls for the �rst two cases, while in the last

case the correlation in tumours is positive and in controls negative.
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Figure 6.17: Joint scatter-plots of NOE - ADC between tumour and healthy control
regions in low grade gliomas. Red indicates tumour and blue indicates controls.

6.3.2.4 NOE - ADC correlations in high grades

Finally, 6.18 presents the results of the correlation analysis between NOE - ADC for

the four GBM cases. While all the NOE - ADC correlations where negative for the

control ROIs, the tumour ROIs showed three positive and one negative correlation.

+

Figure 6.18: Joint scatter-plots of NOE - ADC between tumour and healthy control
regions in high grade gliomas. Red indicates tumour and blue indicates controls.
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Just like in the low grades, all correlations between NOE - ADC in tumours and

controls of GBMs were found to be signi�cant.

6.3.2.5 Summary of correlations

In summary, (Figure 6.19) no particular trend in the relationships between the meas-

ured APT-ADC and NOE-ADC in tumours was observed, with the exception of the

NOE-ADC and APT-ADC signals in controls, which show a weak negative and pos-

itive, correlation, respectively. The large variation of correlations between CEST and

di�usion metrics in tumours may be driven by spatial heterogeneity, perhaps even er-

rors in co-registration (7T vs 3T) and individual factors (e.g. age and partial volume

e�ects of free water). It is thus not surprising that no consistent trend was observed.

Nevertheless, we would have expected to see an anti-correlation between APT and

ADC, at least in HGGs, as more cellularity would lead to lower ADC and higher APT.

This is borderline true only in one case shown here (Figure 6.16, middle graph), so this

hypothesis cannot be con�rmed without further investigation. In any case, the result

reported here is limited to the enhancing subtype and not really the tissue subtype.
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Figure 6.19: Summary of the APT - ADC and NOE - ADC correlations in tumours and
controls for all glioma cases.
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6.4 Discussion

In this study, we obtained quantitative APT and NOE maps, of low grade glioma (n=3)

and glioblastoma (n=4) patients, at 7T. We used a 3D-Turbo �eld echo sequence, that

allowed full brain coverage (30 slices). Due to the small number of patients, mean APT

and NOE signals were calculated by averaging the respective APT and NOE intensities

over all same grade cases. Regions of interest (ROIs) were identi�ed on the clinical

3T patient scans. Tumour ROIs were de�ned on the Gd-T1 images, for GBMs and

on the T2- FLAIR images, for low grades. Any haemorrhage was identi�ed on the

7T susceptibility weighted images and was subsequently subtracted from the tumour

ROIs.

The mean APT signal, in both low grades and GBMs, was signi�cantly higher,

than in normal appearing white matter (Wilcoxon rank-sum test). Furthermore, there

was a 3-4 fold increase of the mean APT signal in GBMs, as compared to low grade

gliomas (Figure 6.13), which indicates a correlation of the APT signal with tumour

grade. The APT tumour hyper-intensity, spatially agrees, with Gd enhancement, in

glioblastoma. In addition, the APT de�ned tumour regions seem to extend, outside of

the Gd enhancement. This shows that, not only APT imaging can provide useful ra-

diological information without contrast injection, but also identify active parts of the

tumour, where no blood-brain-barrier has occurred. Roughly 10% of glioblastomas

and 30% of anaplastic astrocytomas show no Gd enhancement [171]. The latter is also

true in low grades. In our study, none of the low grade glioma cases showed any Gd

enhancement. However, the measured APT intensity was capable of identifying the

active parts of the tumour, even in the non Gd-enhancing cases. Patient 4, in particular,

was suspected of having a glioblastoma (later con�rmed from biopsy), at the time of

the research scan and his clinical Gd-T1 images show a small intensity enhancement.

However, the presence of an APT enhancement before any signi�cant appearance of

the Gd-enhancing region, indicates that, the APT enhancement could be a precursor
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to blood-brain-barrier disruption . Thus, APT imaging can provide complementary in-

formation, to the widely used Gd-T1 imaging. Except grading, APT imaging can also

provide invaluable information regarding tumour recurrence and pseudo-progression.

More importantly, APT intensity changes occur before any morphological alternations

[132, 155]. Ultimately, such detection of true tumour recurrence has a signi�cant im-

pact on a patient’s e�ective course of treatment.

Signi�cantly lower tumour NOE signals were found in both low grades and glio-

blastomas (Figure 6.14). These signals arise from lipid molecules and are coincidentally

centred at -3.5 ppm, in the Z-spectrum. Their range however can extend from -2 ppm

to - 5 ppm. Lower tumour NOE e�ects can be attributed to increased tumour water

content [148, 8], protein denaturation [245] and reduced mobile lipid content [247]. A

comparison with clinical spectroscopy results would con�rm or refute the NOE reduc-

tion shown here, but such information was not available at the time of this analysis.

Regarding the correlation of the APT and NOE signal with apparent di�usion

coe�cient (ADC), no particular trend was found in the correlation of the Gd-T1 de�ned

tumour regions of APT and NOE with ADC. This suggests that, these MRI contrasts

provide di�erent information about low grade gliomas and GBMs and that the mag-

netisation transfer metrics are most likely independent from cell density. In controls,

the NOE-ADC and APT-ADC signals showed a weak negative and positive, correla-

tion, respectively. Overall, the extend and direction of correlations is highly variable

and the association between the imaging markers used here appears highly complex.

A more detailed analysis is required to explore and understand these relationships

further, perhaps through machine learning based classi�cation/prediction tasks or tu-

mour �ngerprinting. At the time of this study, there was only one report in the literat-

ure that has also found no trend between CEST and di�usion metrics [154]. However,

the latter study investigated the correlation between, MTRasym, instead of Lorentzian

�tting, and ADC, in glioblastomas.

By using a 3D sequence to acquire whole brain volumes, we expect that our data
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are minimally in�uenced by motion artefacts. Moreover, we have corrected for B0 in-

homogeneities. Nevertheless, the e�ects of T1 variation and RF inhomogeneity, have

not been compensated for. However, it was suggested that, for non-steady state ac-

quisitions, such as ours, Lorentzian �tting yields, T1 compensated contrast [246]. Fur-

thermore, the chosen RF power was such that, APT and NOE signals are less sensitive

to B1 inhomogeneities [123]. Further analysis of the data could include comparison of

the APT, NOE and also MT signals, from necrotic, haemorrhagic and oedematous com-

partments, with solid tumour signal. Finally, identi�cation of an intensity threshold,

capable of distinguishing, between low and high grades. The latter would be useful in

cases where low measured signal is inadequate for tumour classi�cation.
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6.5 Conclusion

In conclusion, using an advanced ultra-high CEST protocol, in a series of cerebral glio-

mas, we were able to show that APT, unconfounded by NOE, is several-fold elevated in

glioblastoma. Furthermore, no particular trend was observed between magnetisation

transfer and di�usion metrics. APT maps show promise in providing added diagnostic

value with impact on patient management, as they may support more accurate plan-

ning of biopsy targets, surgical excision and radiotherapy.

259



Chapter 7

Discussion

Imaging biomarkers are essential tools of clinical imaging that, not only guide clinical

decision making, but also facilitate further research in oncology and beyond.

An imaging biomarker is de�ned as a biological characteristic that serves as an in-

dicator of normal or pathological nature and is derived/measured from medical images.

All imaging biomarkers must ful�l two needs: the need to answer clinical questions

and the need of being easily applicable in clinical practice.

A biomarker is distinct and separate from the modality used to derive it and can

either provide qualitative (categorical) or quantitative measurements. For example, a

clinical decision can be based upon the relevant biomarker being above or below a

certain cut-o� point. Even though imaging biomarkers provide cost e�ective, non-

invasive and readily available tools, they must be comprehensively tested before be-

ing adopted into the scope of routine healthcare. As such, every new biomarker has

to pass through a series of stages before being integrated into clinical practice. These

stages include, discovery and data collection, validation (reproducibility, consistency,

strength, speci�city) and �nally quali�cation (can the biomarker improve diagnosis

or predict outcomes?) [151]. Ultimately, new biomarkers should address unmet dia-

gnostic needs and meet their burden of proof against already established ones.
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MRI is the gold standard in screening, diagnosing, staging, targetting treatments

and monitoring the response of brain gliomas. Gliomas originate from the glial cells

of the central nervous system. These cells do not conduct electrical impulses and

their main function is to support and protect neurons. Gliomas are the most common

primary brain tumours and are classi�ed into circumscribed and di�use tumours, with

the latter category being subdivided into grades II, III and IV, in adults [98]. There is a

plethora of already established MRI glioma biomarkers routinely used in the manage-

ment of this type of cancer.

First, there are the relaxation based biomarkers. These biomarkers utilise the re-

laxation properties and their di�erences in tissues and their measurement produces

T1w, T2w, T2-FLAIR and Gd-T1 images. Each one of these modalities carries a unique

diagnostic value. For example, T1w images are useful for viewing blood products,

micro-calci�cations, fat and melanin levels. T2w images for visualising gliosis, oed-

ema and non-enhancing parts of tumours. Gd-T1 images report on blood-brain-barrier

disruption and are used in assessing treatment response (by measuring the size of en-

hancement), grading (positive correlation with enhancement [70]) and de�ning tu-

mour boundaries of high grade gliomas. The pitfalls associated with the relaxation

based biomarkers are that these markers only provide structural information and do

not consistently report cases of pseudo-responce and pseudo-progression (e.g. nec-

rosis appears hyper-intense on Gd-T1). Also, not all high grade gliomas enhance after

gadolinium injection.

A second category of MRI glioma biomarkers are the di�usion based ones. Dif-

fusion re�ects water mobility and is measured as �ux through a surface over time

(mm2

sec
). Examples of biomarkers related to di�usion include the apparent di�usion

coe�cient (ADC) and fractional anisotropy (FA). The former measures the magnitude

of di�usion and the latter the degree of di�usion asymmetry within a voxel. Typically

these measures are used in separating LGG from HGG [20], in assessing in�ltration

[25] and guiding surgery (using tractography) [11]. Di�usion pulse sequences utilise
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strong gradients in order to encode this microscopic phenomenon. This results in un-

wanted eddy-currents that compromise the homogeneity of the main magnetic �eld,

necessitating the need for distortion corrections [13]. Another issue associated with

characterising gliomas with di�usion is the lack of standardisation among centres. Dif-

ferent institutes use di�erent sequence parameters to derive cut-o� points separating

the various tumour grades and that makes it hard to establish a common reference.

Perfusion reports on blood �ow over mass ( ml
g/min

) and is typically used to meas-

ure angiogenesis (dynamic susceptibility contrast MRI) and vascular permeability/leakiness

(dynamic contrast enhanced MRI). The former modality measures susceptibility re-

lated signal losses, due to the paramagnetic e�ects of gadolinium, by quantifying

measures such as CBF, CBV and MTT. Being a susceptibility based technique, dy-

namic susceptibility contrast MRI su�ers from drop in SNR in bone/air boundaries

and in the presence of blood products. Moreover, an over/underestimation of CBV is

possible, when gadolinium leaks into the extracellular space, shortening the longitud-

inal and transverse relation times of water. Furthermore, the pharmacokinetic models

used in dynamic contrast enhanced MRI are highly complex and require a number of

assumptions (e.g. de�ning ktrans in high vs low permeability situations). Overall, per-

fusion has been proven e�ective in glioma grading [39] and treatment response [40]

but is unreliable in di�erentiating radiation necrosis from recurrent a tumour [112]

and pseudo-progression from true early progression [14].

Even though not an imaging method, magnetic resonance spectroscopy (MRS), is

routinely used for characterising brain gliomas, as it measures the metabolic pro�les

of tissues. For example, choline is associated with cell membrane turnover, NAA with

neuronal viability, creatine with cell metabolism, myo-inositol with astrocytic integ-

rity and lipids/lactate with hypoxia or necrosis. MRS is highly sensitive in detecting

brain tumours but it lacks speci�city. For example, higher levels of choline have been

reported in HGG [46, 72] but the result is not consistent [73] (perhaps because of the

presence of necrosis) and so is the reliability of MRS in di�erentiating neoplastic from
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non-neoplastic pathologies [71] or progression from pseudo-progression [200]. Other

limitations of spectroscopy include the need for manual input (in selecting the voxel

of interest) and its lower spatial resolution as compared to imaging methods (cm3 vs

mm3).

CEST is a promising, non-invasive molecular MRI technique that ampli�es the

detection of molecular entities containing exchangeable proton groups, like amides

(APT CEST). As a new glioma biomarker, APT CEST has been shown to consist-

ently di�erentiate tumour regions from normal appearing white matter and oedema

[88, 259, 223], to positively correlate with tumour grade [266, 164], and to reliably

di�erentiate between tumour recurrence and pseudo-progression [132, 267]. Finally,

successful response to TMZ treatment was also associated with reduction in APT in-

tensities [162]. Proteomic analysis of tumour biomarkers has con�rmed that the APT

signal arises from mobile tumour proteins [239] which are also found, at high concen-

trations, in tumours [73, 268]. Initially, APT signals where quanti�ed via asymmetry

analysis [263], but this simplistic treatment was soon replaced by more sophisticated

methods such as model [116, 137] and Lorentzian [244, 242, 30] �tting. This change

was necessary as it was realised that the CEST contrast is a complex mix, arising from

multiple species (especially in-vivo), that except from mobile proteins (amides), in-

clude, semi-solid macromolecules (responsible for the broad conventional magnetisa-

tion transfer, MT [29]), aliphatic protons (responsible for the down�eld NOE e�ects

[247, 249]) and a plethora of other metabolites (e.g. glutamate [10, 107], creatine [62],

glycogen [212], myo-inositol [63], glucose [12] and lactate [24]). That is not to say that

the APT asymmetry analysis is erroneous, for in-vivo applications. It must however

be stated that the quanti�ed APT contrast possibly contains contributions from other

sources and that the derived images/maps are APT-weighted [195, 196, 269].

In chapter 3, the aspects of optimising a CEST experiment, were discussed. Typic-

ally, the experimental parameters under consideration are those that can be explicitly

determined/tested. Here, an in-silico optimisation procedure was presented and the

263



CHAPTER 7. DISCUSSION

e�ects of B1 power, APT pool size, saturation time and SNR were investigated. The

latter parameter is a result of an actual MRI experiment, but in the scope of a sim-

ulation it can be included among the parameters that we can be explicitly set. The

results shown in Figures 3.1 - 3.6, inform on the optimal parameters for the model

under investigation. The e�ects of saturation power, length and pool size on the APT

CEST signal have been well documented in the literature, mostly in-silico and in-vitro

[188, 170, 242, 185]. In-vivo, it was also shown that the saturation power can be used to

suppress/enhance APT and NOE contributions. For example, an irradiation power less

than 1µT results in the suppression of the APT contribution and to a NOE-dominated

signal [90, 153]. Unfortunately, so far there is a lack of consensus when it comes to

optimal irradiation power and duration and before a standardisation, across centres, is

possible, issues like hardware limitations and B1 inhomogeneity should be addressed.

Another important point to consider here is also the lack of a standard method of quan-

tifying CEST e�ects. Asymmetry analysis, model �tting and Lorentzian methods have

all been used throughout the literature. Even though asymmetry analysis is preferred

for simpler pool systems, quanti�cation of the CEST e�ects in-vivo relies on either

model or Lorentzian �tting. Fitting a multi-pool model on experimental data is tedi-

ous (e.g. a 4-pool model contains twelve di�erential equations [116]) and the �tting of

4D CEST images (x, y, slices, o�sets) pixel-wise, is extremely time consuming on con-

ventional workstations. Nevertheless, model �tting allows for the determination of

unknown system parameters and it could be preferred in certain studies. On the other

hand, Lorentzian �tting, is faster, straightforward and also allows for entangling the

complex CEST signal. The study described in chapter 3 also investigated the e�ects of

SNR on the accuracy of quanti�cation of the APT peak by using a 2-pool model �tting.

An SNR of ~70 was shown to result in about 10% error in measuring the CEST e�ect.

In order to determine which method of quanti�cation is more robust, Lorentzian �t-

ting should also be tested under di�erent SNR conditions, against an ideal spectrum

and its accuracy should be compared to that of model �tting. Perhaps, once such a

264



CHAPTER 7. DISCUSSION

comparison is performed then CEST e�ects would be consistently quanti�ed with a

single approach.

The APT signal is pH dependent (in fact it is base catalysed [264]) and could

potentially be used for in-vivo pH mapping. Such mapping is important in gliomas

as acidic pH levels have been associated with increased radio/chemo-resistance, in-

creased metastatic behaviour and invasion and inhibition of DNA repair mechanisms

[48]. The challenges of in-vivo pH mapping with CEST revolve around the knowledge

of the amide exchange rate and concentration, in-vivo. Even though both of these

parameters can be worked out through various methods [32, 116, 276], an additional

derivation is required and that is, knowing the relationship between the exchange rate

(pH is re�ected though it) and the measured APT CEST signal. To achieve the latter,

separate experiments (1H [264] or 31P MRS [198]) must be performed before the ac-

tual CEST study. A somewhat more simple approach for pH mapping is based on a

ratiometric method [129, 221]. This method requires an exogenous agent, that either

exhibits two CEST e�ects, or a single e�ect, which has to be measured twice (at dif-

ferent B1 powers) [127]. Chapter 4 discusses the feasibility of three such agents in

measuring pH, in-vitro, at 7T, for the �rst time. All agents are clinically approved for

CT scanning (iodinated agents), but contain exchangeable proton groups and are thus

suitable for CEST imaging. The agents were scanned at various pH levels and calibra-

tion curves along with prediction intervals were derived. One agent, namely, Iodixanol

(Visipaque) was found unsuitable for ratiometric CEST pH mapping, while Iopamidol

(Niopam) and Iopromide (Ultravist) were found to exhibit a log-linear dependence of

their peak ratio on pH. Considering the optimisation procedure described in chapter 3,

an in-silico optimisation for ratiometric pH mapping would require a minimum modi-

�cation on the existing code. This modi�cation simply replaces the exchange rates

of the model with their equivalent expression, containing pH as a variable, like so:

ksw = k0 + kb ∗ 10pH−pkw [264]. An optimised acquisition scheme would allow for

accurate derivation of calibration curves in-vitro. To test this method further, patients
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could be scanned with CEST MRI directly after their contrast enhanced CT brain scans.

One of the agents tested here, (Niopam), was detected in the bladder of patient [139],

before. In the case of gliomas however, it is unclear if such an approach would succeed,

mainly because of the agent’s half-life properties and also its uncertain penetration of

the blood-brain-barrier and accumulation in the tumour.

Translating a CEST study at a lower �eld is challenging not only because the

shortening of the longitudinal relaxation of water is detrimental for the CEST con-

trast (equation 2.2.4 and [99]) but also because the chemical shifts between the CEST

pools are reduced. One of the iodinated contrast agents that was scanned at 7T (Ul-

travist, chapter 4) was also studied at 3T, among other compounds. Two sequences

were compared for their ability to measure CEST e�ects at 3T: a 2D sequence that was

programmed locally and a 3D sequence that was programmed at King’s College. Both

sequences were gradient echo based sequences. Besides the apparent di�erence in the

allowed coverage of each sequence, the 3D sequence o�ers another advantage, namely,

centric elliptical k-space �lling. Since the centre of k-space determines the signal to

noise ratio, the 3D sequence should generate images of higher signal. Chapter 5 de-

scribes the performance of each sequence and even though stronger CEST signals were

measured with the 3D vs 2D sequence, Ultravist did not show the second CEST peak

that was detected at 7T (chapter 4). This is attributed to the fact that the phantom

was prepared at physiological pH, at which the CEST peak in question has its min-

imum magnitude (this peak is pronounced for acidic pH). Furthermore, based on the

results described in chapter 3, the 3D sequence is expected to allow for a more robust

quanti�cation of CEST e�ects, in the presence of noise, even though this hypothesis

cannot be con�rmed at this point. The biggest drawback of the 3D sequence was the

maximum allowed pulse duration that could be used at the time of the study. 20ms is

simply not an adequate time for e�cient saturation and also results in large RF band-

widths. The latter bandwidths cause distortions in the Z-spectra and this was some-

thing that was consistently observed in the results presented in chapter 5. Although
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most CEST studies are performed at 7T (for the obvious gains in SNR), a few in-vivo

glioma studies have been successfully performed at 3T [88, 258, 259, 266]. Despite

obvious shortcomings in the length of saturation, the 3D sequence showed potential

for translating CEST studies at 3T. As an extension to the work done at 7T (chapter 4)

the pH dependence of the iodinated agents could have been investigated at 3T. In any

case, an optimised CEST sequence on a research scanner is a great opportunity to in-

vestigate the APT contrast at a clinically relevant �eld, on healthy volunteers, at �rst,

and in glioma patients next. For example, it would be interesting to know whether the

novel exchange peak at -1.6 ppm, detected at high �eld [273, 254], can also be detected

at 3T. This peak has been attributed to phospho-cholines and is associated with in-

creased tumour perfusion. Perhaps, then CEST allows for accessing tumour perfusion

characteristics [251].

In the �nal study on this thesis (chapter 6), a series of cerebral gliomas were char-

acterised using an advanced ultra-high �eld CEST protocol, allowing for full brain

coverage. At the time of this study there was only one report in the literature, where

a 3D sequence was used to characterise gliomas, in-vivo [270]. Lorentzian �tting,

as opposed to asymmetry analysis, was used to produce APT maps, unconfounded

by NOE, and the other way around and CEST metrics were correlated with di�usion

metrics. Because of the small number of patients, the ROI analysis was performed on

all tumour ROIs, on the APT maps, of all low and high grades, respectively. A sim-

ilar procedure was followed for calculating the NOE signals. It was known from the

literature that the APT signal correlates with tumour grade [266, 164] and here we re-

ported a similar trend: the APT signal was several-fold elevated in glioblastoma, when

compared to low grades and controls. This possibly re�ects a higher mobile protein

content in GBMs (and in Gd-enhancing regions), a result which agrees with proton

spectroscopy [73]. On the other hand, the opposite was observed for NOE (in the same

Gd-enhancing regions): NOE signals decreased in both LGGs and GBMs and more so

in GBMs. It is believed that the NOE signals arise from mobile aliphatic protons [30]
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and that they build up slower than the APT e�ects [90]. Therefore, a pulsed acquis-

ition, with increased inter-pulse delay allows for their expression. NOE signals have

also been correlated with the structural state of proteins and particularly with protein

folding [245]. The reduced NOE signals reported here perhaps then re�ect the loss of

protein folding mechanisms in tumours and particularly in GBMs. Large variations

were observed in the correlation of CEST with di�usion metrics and overall no partic-

ular trend was found. Thus, di�usion and CEST biomarkers report on di�erent aspects

in gliomas. A similar result was reported in [154] even when the CEST e�ects were

quanti�ed by asymmetry analysis. From a clinical perspective, what would be useful

to do further, is to identify an intensity threshold (cut-o�), capable of distinguishing

low and high grades. This would bene�cial in cases where low measured signal is inad-

equate for tumour classi�cation. Finally, a study could be designed where patients are

scanned before and after treatment and their progress is monitored. Cases of pseudo-

progression can then be compared with true progression with the hypothesis being

that the former exhibit low (if any) APT signal when compared to the latter.

CEST is an emerging molecular MRI technique that shows promise in character-

ising gliomas. APT signal correlates with tumour grade, di�erentiates tumour recur-

rence from radiation necrosis and can possibly monitor treatment e�ects. CEST can

be performed without the use of additional hardware and does not require administra-

tion of contrast agents. Its added value is still under investigation and this work tried

to illustrate of few of its advantages and pitfalls.
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Matrix exponential solution to Bloch

equations

From reference [146] the matrix A for a two pool system is:

A =



−(R2a+ ka) kb da(i) 0 0 0 0

ka −(R2b+ kb) 0 db(i) 0 0 0

−(da(i)) 0 −(R2a+ ka) kb w1 0 0

0 −(db(i)) ka −(R2b+ kb) 0 w1 0

0 0 −w1 0 −(R1a+ ka) kb R1a ∗M0a

0 0 0 −w1 ka −(R1b+ kb) R1b ∗M0b

0 0 0 0 0 0 0



For the three pool system A is de�ned as:

A =



−k2a cb cc −(da(i)) 0 0 0 0 0 0

cab −k2b 0 0 −(db(i)) 0 0 0 0 0

cac 0 −k2c 0 0 −(dc(i)) 0 0 0 0

(da(i)) 0 0 −k2a cb cc −w1 0 0 0

0 (db(i)) 0 cab −k2b 0 0 −w1 0 0

0 0 (dc(i)) cac 0 −k2c 0 0 −w1 0

0 0 0 w1 0 0 −k1a cb cc M0a/T1a

0 0 0 0 w1 0 cab −k1b 0 M0b/T1b

0 0 0 0 0 w1 cac 0 −k1c M0c/T1c

0 0 0 0 0 0 0 0 0 0


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Simulation parameters

The simulation parameters for the two-pool system described in Figures 2.11, 2.12 and

2.13 were as follows:

T1a = 1.1; % water T1, T2a = 0.07; % water T2, R1a = 1/T1a; R2a = 1/T2a; T1b =

1.1; % cest T1, T2b = 0.015; % cest T2, R1b = 1/T1b; R2b = 1/T2b; kb = 50; % cest –>

exchange rate, ka =(M0b/M0a)*kb; % water –> cest exchange rate, M0a =1, Field –>3T.

The simulation parameters for the three-pool system described in Figures 2.14

and 2.15 were as follows:

T1a = 1.1; % T1 water relaxation time [s], T2a = 0.07; % T2 water relaxation time

[s], R1a = 1/T1a; R2a = 1/T2a; T1b = 1.1; % T1 of labile protons [s], T2b = 0.015; % T2 of

labile protons [s], R1b = 1/T1b; R2b = 1/T2b; T1c = 1; % sec, T2c = 0.015; % sec, R1c =

1/T1c; R2c = 1/T2c; cc = 6*cb; % exchange rate 3rd pool–>bulk water [1/sec], M0a = 1;

% thermal equilibrium Mag of water, M0b = 0.005; % thermal equilibrium Mag labile,

M0c = M0b; Field –>3T.

The simulation parameters for the three-pool system described in Figure 2.16 were

as follows:

T1a = 1.7; T2a = 0.048; R1a = 1/T1a; R2a = 1/T2a; T1b = 1.7; T2b = 0.033; R1b =

1/T1b; R2b = 1/T2b; T1c = 1.7; % sec for MT, T2c = 0.01*(10^-6); % sec for MT, R1c =

1/T1c; R2c = 1/T2c;
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M0a = 1; M0b = 0.0006; M0c = 0.06; kba = 100; %CEST–>water, kca = 4.6; %MT–>water,

kab =(M0b/M0a)*kba; % water –> cest, kac =(M0c/M0a)*kca; % water –> cest, MT line-

shape –>superLorentzian, Field –>3T.

The simulation parameters for the two-pool system described in Figure 2.17 were

as follows:

T1a = 3; % water T1, T2a = 0.1; % water T2, R1a = 1/T1a; R2a = 1/T2a; T1b = 1; %

cest T1, T2b = 0.015; % cest T2, R1b = 1/T1b; R2b = 1/T2b; M0a = 1; % water equilibrium

magnetisation, M0b = 0.002; % cest equilibrium magnetisation, kb = 50; % cest –> water

exchange rate, ka =(M0b/M0a)*kb; % water –> cest exchange rate, f = 200; % 4.7T, tg

= 15*10^(-3); % gauss pulse duration in [s], td = tg; % equal to tau_g for 50% dc, N =

64; % steps, c = tg/(2*(sqrt(-log10(tl)))); theta = pi; % �ip angle, B1 = (theta/g)*((exp((-

(((i*tg/N) - tg/2).^2)/c.^2)))/(sum(exp((-(((i*tg/N) - tg/2).^2)/c.^2))*tg/N)));
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Patient recruitment documents
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 Patient Consent Form – v1.5 – 23/03/09 
3 Copies – Participant / Medical Notes / Dept of Academic Radiology Page 1 of 1 

 
Study Number: 

Patient Identification Number for this study: 

CONSENT FORM 

Title of Project: “Imaging anatomical and physiological characteristics of Brain 
Tumours using Ultra High-Field Magnetic Resonance Imaging.” 

Name of Researchers: Prof. Dorothee Auer; Dr Tilak Das 

Please tick 

1.  
I confirm that I have read and understood the information sheet dated 23 Mar 2009 
(version 1.5) for the above study. ☐ 

2.  
I have had the opportunity to consider the information, ask questions and have had 
these answered satisfactorily. ☐ 

3.  
I understand that my participation is voluntary and that I am free to withdraw at any 
time, without giving any reason, without my medical care or legal rights being affected. ☐ 

4.  

I understand that sections of any of my medical notes and clinical diagnostic images 
may be looked at by investigators and responsible individuals from regulatory 
authorities or from Nottingham University Hospitals NHS Trust where it is relevant to 
my taking part in research. I give permission for these individuals to have access to 
my records. 

☐ 

5.  
I agree to the consultant clinician (Neurosurgeon / Neurologist / Oncologist) looking 
after me being informed of my participation in this study and of the result of my brain 
scan, should they wish to see this. 

☐ 

6.  
I agree that samples of my brain tissue, if taken during a biopsy or operation at any 
stage, may be stored and used in ethically approved future biological research 
studies. 

☐ 

7.  I agree to take part in the above study. 
☐ 

 

Name of Patient Named Investigator 

Signature Signature 

 

Date 

Date 



Imaging of Focal Brain Pathology using Ultra High-Field Magnetic 
Resonance Imaging (MRI)

You are being invited to take part in a research study. Before you decide, it is important for you 
to understand why the research is being done and what it will involve. Please take time to read 
the following information carefully. Talk to others about the study if  you wish. Please ask us if 
there is anything that is not clear or if you would like more information. Take time to decide 
whether or not you wish to take part.

The Study

What is the purpose of the study?
The purpose of the study is to find out whether Ultra High-Field MRI, an MRI scanner that uses 
a stronger magnetic field (7 Tesla) than used in hospitals routinely (1.5 or 3 Tesla), can help us 
to better define the characteristics of brain lesions that have already been detected using a 
regular MRI scanner.

Taking Part

Why have I been invited to take part?
Your consultant has referred you to us because an MRI scan that was organised for you 
previously has shown that you may have a brain lesion.

Do I have to take part?
This study is entirely voluntary. It is up to you to decide whether or not to take part. If you do 
decide to take part you will be given this information sheet to keep and be asked to sign a 
consent form, a copy of which you will get to keep. If you decide to take part you are still free to 
withdraw at any time and without giving a reason.  This will not affect the standard of care you 
receive.

What will happen to me if I take part?
If you consent to take part, we will ask you to answer some questions to ensure it is safe for 
you to have an MRI scan. You will then undergo an MRI scan very similar to MRI scans that 
you may have already had. This scan will take place at the Sir Peter Mansfield Magnetic 
Resonance Centre within the University of Nottingham. If you are an outpatient, we will 
organise a date and time for you to attend the scan. If you are an inpatient, we will organise a 
date and time and transport to the MRI scanner, ensuring that you do not miss any of the tests 
or meetings that your doctors may have organised on the ward. With your consent, the MRI 
scan may involve the use of intravenous contrast (‘dye’) that is injected into your veins in 
exactly the same way as your previous MRI scans.
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MRI Scanning

What is an MRI scan?
You will likely already have experienced an MRI scan. MRI stands for Magnetic Resonance 
Imaging. An MRI scan uses a magnetic field rather than x-rays to take pictures of your body. 
The MRI Scanner is a hollow  machine with a tube running horizontally through its middle. You 
will lie on a bed that slides into the tube. The scan lasts from 30 to 60 minutes and will provide 
detailed pictures of your brain. It can be noisy and some people find it claustrophobic, but it is 
completely painless.

What am I expected to do in the scanner?
You will be required to lie still during the scan, and move your head as little as you can.

What are the possible disadvantages and risks of taking part?
Disadvantages can include temporary dizziness or a strange taste in your mouth and minor 
bruising from the insertion of a ‘venflon’ or line for the injection of the contrast (‘dye’). The main 
risk from MRI is if you have any metallic foreign objects in your body, but you will not have had 
the regular hospital MRI scan if this were the case.

What are the possible benefits of taking part?
There will not likely be a direct benefit to you. The benefit will be in improving the care of 
patients like yourself in the future. It is possible, but unlikely, that we find something that we 
should tell your consultant about in case he or she feels this may change how you are currently 
managed, and we ask for permission to do this on the consent form.

Confidentiality

Will my taking part in this study be kept confidential?
Yes, all information which is collected about you during the course of the research will be kept 
strictly confidential.  Any information about you which leaves the hospital will have your name 
and address removed so that you cannot be recognised from it. With your permission the 
consultant looking after your case will be informed of your participation. These points are 
included on the consent form you will be asked to sign.  

What will happen to any tissue samples that are taken?
If you have had or may have a biopsy or an operation for the brain lesion, we would like to be 
able to access the records and the tissue sample from the procedure in the future, so that we 
can relate what we see on the scans to the tissue that is obtained. We will ask for your 
permission to access your medical records as well as the tissue samples for future research 
studies.

What will happen to the results of the research study?
The results of the study will hopefully be published in specialist medical journals and related 
conferences. They may also be sent to health authorities. Of course, you will not be identified 
in any report or publication arising from this research.
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Questions or Problems

What if something goes wrong?
A qualified medical doctor from the project team will always accompany you. If you 
experience feelings of panic or distress at any time during the study, the examination 
will be stopped immediately. In a medical emergency, the research team are competent 
to provide prompt first aid treatment and will call an ambulance team if necessary.
If taking part in this project harms you, there are no special compensation 
arrangements. As mentioned above, we do not anticipate significant risks to you by 
participation in this study, but in the unlikely event that you are harmed you can take 
legal action but may have to pay for it.  Regardless of this, if you wish to complain about 
any aspect of the way you have been approached or treated during the course of this 
study, you may contact anyone on the research team (contact details below). In 
addition, you may contact the NHS Patient Advice and Liaison Service (PALS) for 
further assistance by calling 0800 1830204.

Who has reviewed the study?
This study is being conducted by the Academic Radiology Department of the University of 
Nottingham, and is being sponsored by the University of Nottingham. This study has been 
approved by the Nottingham Research Ethics Committee and by the Research and 
Development Department of the Queen’s Medical Centre, Nottingham. 

Contact for further information
For more information or if you have any concerns, questions about this study or complaints, 
please contact the Chief investigator, Prof. D. Auer via Ms. Sharon Forman (Research 
Administrator) - Tel. 01158 231179.
If you have any complaints about the way the investigator has carried out the study, you may 
contact the Patient Advice and Liaison Service (PALS) at Nottingham - Tel. 0800 1830204.
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Appendix D

Lorentzian pool �tting parameters

Water APT NOE

A 0.9 (bounds: 0.02-1) 0.025 (bounds: 0-0.4) 0.02 (bounds: 0-0.5)

Γ 1.4 (bounds: 0.3-10) 0.5 (bounds:0.2-3) 3 (bounds: 1-5)

O�set (ppm) 0 +3.5 -3.5
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