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Abstract

Chemical exchange saturation transfer (CEST) is a magnetic resonance imag-

ing (MRI) acquisition technique that generates an image contrast based on

proton exchange processes between water molecules and metabolites. This

contrast depends on several parameters, for example metabolite concentra-

tion and exchange rate which can be used to characterize pathologies such as

stroke or cancer. The quantification of these parameters is important because

they fully describe the CEST processes and represent sequence and scanner

independent biomarkers.

However, in vivo the quantification of CEST parameters is difficult be-

cause of the high number of different CEST metabolites and their highly cor-

related model parameters, as well as confounding effects that contribute to

the measured signal. Furthermore, the general mathematical model that de-

scribes the exchange processes is computationally demanding and requires long

processing times.

The aim of this thesis was to develop methods for the improved quan-

tification of CEST parameters. To address both, the parameter correlations

and the long processing times, a Bayesian fitting algorithm was combined with

approximate analytical solutions of the general model equations. A significant

reduction of computational time was achieved when fitting continuous-wave

saturation data (about 50-fold) and pulsed saturation data (more than 100-

fold) with the analytical approximation while the estimated parameters were

largely consistent with the parameters from the general numerical solution. In

vivo the algorithm was evaluated based on healthy mouse data from a 9.4T
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animal scanner.

Furthermore, an acquisition technique called PRO-QUEST was translated

and optimized for a 3T clinical scanner based on a 3D readout. The aim of this

technique is to quantify CEST parameters based on signal acquisition during

the approach of the magnetization towards steady-state. Modifications of the

technique were suggested to correct for the enhanced direct saturation effect

at lower field strengths. The methods were evaluated and compared based on

measurements of healthy human volunteers.
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Chapter 1

Introduction

1.1 Chemical Exchange Saturation Transfer:

Background and Motivation
Historically, Magnetic Resonance Imaging (MRI) of the human body has

mainly been focussed on detecting the most abundant protons in human tissue

which are the protons bound in water molecules. Although the water proton

signal is by far the strongest nuclear magnetic resonance (NMR) signal, much

of human physiology is determined by other molecules and many diseases can

be characterized by measuring their properties such as molecule concentration.

Thus, much effort has been made to exploit MRI to gain information about

such molecules.

In the year 2000, Ward and Balaban [1] proposed an approach called

Chemical Exchange Saturation Transfer (CEST), which enables the detection

of molecules, also referred to as CEST agents, if they contain exchangeable

protons, i.e. if they continuously exchange their own protons with protons

from nearby water molecules. The CEST contrast is based on the selective

saturation of the agent protons, and their subsequent exchange with water

protons leads to a measurable reduction of the bulk water signal. This signal

reduction is known as the CEST effect. Its significance comes from the fact

that it can be several orders of magnitude larger than the direct NMR signal of

the agent, which means that the sensitivity of the technique is much enhanced.
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This is especially important for MRI, which usually requires high contrast

agent concentrations compared to optical and radioactive imaging modalities.

Moreover, a whole new range of MR agents became accessible through MR

imaging, many of which are endogenous in living systems and thus available

without injection and known to be non-toxic below certain concentrations.

Various endogenous as well as exogenous CEST agents have been utilised

in studies to investigate physiological parameters and their significance for

different pathologies [2, 3, 4]. Examples for endogenous agents are glycogen,

a primary storage form of glucose [5], glycosaminoglycans in cartilage and

intervertebral discs [6, 7, 8, 9], glutamate in the brain with applications for

epilepsy and Alzheimer’s disease [10, 11, 12, 13, 14, 15, 16] and proteins with

amide NH groups which the Amide Proton Transfer (APT) contrast is based

on [17, 18]. Prominent exogenous agents are glucose [19, 20] and its analogues

2-deoxy-D-glucose and of 3-O-methyl-D-glucose [21, 22, 23] for cancer imaging.

In addition to the dependence on the agent concentration, the CEST effect also

depends on the exchange rate, which has been shown to be pH-dependent and

thus allows for pH-weighted [17, 24, 25] or temperature-weighted [26] contrasts.

However, the CEST signal in vivo is often difficult to interpret due to

confounding effects such as the so-called "spill-over effect" (direct water sat-

uration) [27], contributions from other molecules exchanging magnetization

with water, especially macromolecules which cause the so-called magnetiza-

tion transfer (MT) effect [28], as well as Nuclear Overhauser Effects (NOE)

[29]. In addition, the signal also depends on the shape, duration and number

of saturation pulses, so that complex models are required for its description

and analysis.

Several approaches have been adopted to quantify the CEST effect, such

as the magnetization transfer ratio (MTR), the asymmetry ratio (MTRasym),

quantitative CEST (qCEST) [30], the Omega plot [31], QUEST and QUESP

(quantifying exchange rates using the saturation time and saturation power

dependencies) [32, 33], and QUEST with ratio-metric analysis (QUESTRA)
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[34]. MTR requires saturation only at a single offset frequency, followed by

a measurement of the water signal Ssat which is then compared to the water

signal without saturation S0.

However, MTR might be overestimated due to the direct saturation ef-

fect. This effect corresponds to the reduction of the water signal due to the

interaction of the water molecule protons with the saturation pulse field. It

can therefore confound the reduction of the water signal due to the CEST

effect, and its contribution needs to be separated from the latter. Since the

direct saturation effect is symmetric with respect to the water frequency it

can be eliminated by employing the MTRasym metric which requires an addi-

tional reference measurement at the negative offset frequency. On the other

hand, a bias is introduced if the reference measurement is influenced by non-

symmetric effects, e.g. due to additional proton exchanging molecules or the

Nuclear Overhauser Effect (NOE) [35].

Furthermore, these metrics quantify the magnitude of the CEST effect,

but do not give much insight about the underlying parameters such as agent

concentration or exchange rate. These parameters can be determined by

qCEST and Omega plot. In the Omega plot method, the exchange rate can be

deduced from the x-intercept of a plot of steady-state CEST intensity divided

by the reduction in signal caused by CEST irradiation versus the inverse of

the squared saturation pulse amplitude. The qCEST technique is based on the

Omega plot method, but additionally corrects for the direct saturation effect.

In contrast to MTR and MTRasym, many acquisitions with varying saturation

parameters are typically required which can result in long measurement times.

The most accurate mathematical model to describe the CEST effect is the

Bloch-McConnell model [36] which can accurately predict the measured NMR

signal even in systems with multiple CEST agents [37, 38]. However, especially

on clinical scanners where the saturation is typically performed in a pulsed

rather than continuous way, the evaluation of the Bloch-McConnell model is

computationally difficult. This is because the model consists of a number of
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coupled differential equations and does not have a general analytical solution

in the case of time-dependent saturation pulse envelopes. Instead, numerical

algorithms are required to solve the model which are often infeasibly time

consuming for image analysis.

In contrast, analytical models describing the CEST effect have been de-

veloped [32, 39, 40, 41, 42, 43]. These models are typically based on the

Bloch-McConnell model, but make additional assumptions about the model

parameters to simplify the required calculations, thus restricting the regime in

which the models are valid. They can be many times faster to compute and

can therefore be used to replace the numerical model, especially in applica-

tions in which repeated evaluations of the model are necessary, for example

data fitting.

This thesis focusses on the application of analytical models for the quan-

tification of the CEST effect in order to determine exchange rates and con-

centrations of different CEST agents. To this purpose, different analytical

models are assessed and further developed. Furthermore, new techniques for

the analysis of conventional CEST Z-spectra as well as new approaches for the

acquisition of CEST data are presented.

The first chapter of this thesis lays out the theoretical foundations of

NMR. Based on the equations of this part, the basics of CEST imaging, the

general mathematical description of CEST spectra and the main features and

challenges of current CEST techniques will be introduced.

In the second chapter, a Bayesian model-fitting approach [44] is combined

with analytical models to fit Z-spectra with the aim to estimate model pa-

rameters. In contrast to conventional least-squares fitting [45, 46], Bayesian

model-fitting provides a framework to combine prior information about the

model parameters with the information inferred from the measured data, also

referred to as the likelihood. The prior information reflects the expected values

and uncertainties for each model parameter such as information available from

previous experiments. Furthermore, this approach reduces the risk of over fit-
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ting which can arise when a large number of model parameters is estimated

from fitting data with a low signal-to-noise ratio (SNR). In this part of the

thesis, analytical models were further developed and applied to fit CEST data

and to achieve parameter estimates with the Bayesian model-fitting approach

in clinically feasible computation times. This chapter is based on numerical

simulations and in vitro measurements.

The third chapter deals with the application of the developed technique

to in vivo data. The algorithm was adapted and applied to fit Z-spectra from

healthy mice.

The fourth chapter presents the translation of a new MRI sequence for

the quantification of CEST parameters, PRO-QUEST (PROgressive satura-

tion for QUantifying Exchange rates using Saturation Times), to a 3T clinical

scanner. The sequence was originally developed for a 9.4T pre-clinical scanner

[47]. Its main advantage is to reduce the measurement time by avoiding the

time-consuming saturation period encountered in traditional CEST measure-

ments, during which no data is acquired until a steady-state magnetization is

reached. Instead, with PRO-QUEST one measures the approach of the magne-

tization towards the steady-state magnetization to quantify CEST parameters

by interleaving the saturation pulses with fast data acquisitions. This part of

the thesis contains an extensive analysis of the PRO-QUEST signal and the

complications encountered at 3T. Furthermore, methods to modify and im-

prove the PRO-QUEST approach for the application at 3T are investigated.

The fifth chapter describes suggested modification of the PRO-QUEST

technique aimed at the additional challenges faced with on a clinical MRI

scanner, most importantly the increased direct saturation effect. Further-

more a correction method for B1-inhomogeneities is suggested. Results of in

vitro measurements and estimated parameter maps of in vivo measurements

of healthy human volunteer brains are presented.
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1.2 Theoretical Background

The theoretical foundation of Nuclear Magnetic Resonance (NMR) will be

explained in this section. Building on these basics, the theoretical description

of CEST and the formation of the CEST signal will be presented.

1.2.1 Nuclear Magnetic Resonance

1.2.1.1 The Nuclear Spin in Thermal Equilibrium

In Nuclear Magnetic Resonance experiments (NMR), the quantum mechanical

spin of the atomic nucleus is the fundamental physical property that is mea-

sured. In classical mechanics, there is no corresponding quantity, but there

are many characteristics which the quantum mechanical spin shares with the

classical angular momentum, the only two differences being that the spin exists

only in discrete states and the fact that an angular momentum is intrinsically

related to the rotation of a mass. For any nucleus to have a spin, it must have

an odd number of protons or neutrons. Only if this condition is met is the

nucleus theoretically detectable in an NMR experiment.

In quantum physics, the wave function describes the quantum state of

the nucleus. The quantum mechanical spin operator ~̂I =
(
Îx, Îy, Îz

)
is applied

to the wave function of the nucleus to predict the result of a spin measure-

ment and its effect on the wave function. The spin operator has the following

commutation property: [
Îh, Îk

]
= ih̄εhklÎl (1.1)

where εhkl is the Levi-Civita symbol.

The spin quantum state of the nucleus’ wave function is defined by the

spin quantum number I and the magnetic quantum numberm. I is an intrinsic

property of the nucleus itself and cannot be changed. It adopts either half-

integer or integer values: I = 0, if the numbers of protons and neutrons are

both even. I is integer, if both numbers are odd. I is half-integer, if one

number is even and the other one is odd. The magnetic quantum number m
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can adopt values between −I and I:

m ∈ {−I,−I+ 1, . . . , I−1, I} (1.2)

Therefore, the spin state of the nucleus’ wave function is given by |I,m〉 (Dirac

notation), where I and m can be obtained by finding the eigenvalues of oper-

ators ~̂I2 and Îz:

~̂I2 |I,m〉= h̄2I (I+ 1) |I,m〉 (1.3)

Îz |I,m〉= h̄m |I,m〉 (1.4)

The reason why the nuclear spin is fundamental for NMR experiments is

given by the magnetic moment ~µ, which is an intrinsic property of any spin. If

a magnetic moment rotates in a plane perpendicular to the plane of a nearby

electrical coil, the magnetic moment induces an alternating current in the coil

by which the nucleus can be located and identified. The gyromagnetic ratio

γ is the constant, specific to each nucleus, that describes the proportional

relationship between the magnetic moment and the spin:

~̂µ= γ~̂I (1.5)

The so-called g-factor g, which is specific to each elementary particle and

can be precisely predicted only by the theory of quantum electrodynamics, is

necessary to obtain the gyromagnetic ratio:

γ = ge

2mp
(1.6)

where e is the elementary charge and mp is the proton mass. The proton’s

gyromagnetic ratio is γ
(

1H
)
≈ 2.675 ·108 rad

Ts .

It is observed in experiments that the application of an external magnetic

field ~B0 leads to a splitting of the energy eigenvalues of the states of the

nuclear spin. This is called the Zeeman Effect. The energy eigenvalues Em are
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obtained by applying the Hamiltonian to the wave function:

Ĥ =−~̂µ · ~B (1.7)

Ĥ |I,m〉= Em |I,m〉 (1.8)

Assuming an external magnetic field in the z-direction, ~B = ~B0 = (0,0,Bz),

one obtains the following by inserting equation 1.7 into equation 1.8 and using

equation 1.4:

Ĥ |I,m〉=−µ̂zBz |I,m〉=−γÎzBz |I,m〉=−γmh̄Bz |I,m〉 (1.9)

Therefore, the energy eigenvalues are dependent only on the magnetic quantum

number m and are given by:

Em =−γmh̄Bz (1.10)

The Larmor frequency is defined as the frequency corresponding to the energy

difference ∆E between adjacent energy states:

ωL = ∆E/h̄= γBz (1.11)

In NMR experiments, this is the frequency at which electromagnetic waves

are absorbed and emitted. To obtain a splitting in the radio-frequency (RF)

range, strong external magnetic fields, typically between 0.05T and 24T are

applied.

The superposition of N nuclear magnetic moments forms the magnetiza-

tion ~M :
~M = 1

V

N∑
i=1

〈
~̂µi
〉

(1.12)

V denotes the volume that contains the N spins and
〈
~̂µi
〉
represents the ex-

pectation value of ~̂µi. A single nuclear magnetic moment is not detectable

in typical NMR scanners, but if a large number of magnetic moments are
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aligned they form a magnetization that can induce a measurable current in

nearby inductors. Equation 1.12, therefore, serves as the transition between

the quantum mechanical quantity of magnetic moment and the classical quan-

tity of magnetization.

The tendency of any system to assume the lowest possible energy state,

which in this case means that all spins assume their lowest energy statem=−I

is counteracted by the thermal motion of all atoms in the sample leading to a

transfer of thermal energy to spin energy. In thermal equilibrium, the number

of spins in any energy state Em follows the Boltzmann distribution P (Em):

P (Em) = e−Em/kBT

Z
with Z =

∑
m
e−Em/kBT (1.13)

where T is the temperature and kB is the Boltzmann constant. For an external

magnetic field in z-direction, equation 1.12 yields the magnetization along the

same axis:

Mz = N

V

∑
m
P (Em)〈µ̂z〉mwith〈µ̂z〉m = γmh̄ (1.14)

Equation 1.13 in combination with 1.14 yields:

Mz = N

V
γh̄

∑
mme

−Em
kBT∑

m e
−Em
kBT

≈ N

V

γ2h̄2I(I+ 1)Bz
3kBT

(1.15)

This is a first-order approximation which is valid for kBT � Em. It is known

as the High-Temperature Approximation. One can see from the last equation

that magnetic moments of spins in energy statem are opposed to and cancelled

out by spins in energy state −m and vice versa. Hence, only excess spins in

one state can contribute to the NMR signal. According to the Boltzmann

distribution the number of excess spins increases at higher field strengths.

Applying equation 1.15 to the proton (spin quantum number of I = 1/2) yields

a measurable magnetization of:

Mz = N

V

γ2h̄2Bz
4kBT

= N

V
〈µ̂z〉 1

2

γh̄Bz
2kBT

(1.16)
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At room temperature and at typical field strengths, the fraction of excess

spins is only in the order of 10−6. Nevertheless, the large density of protons

in water/human tissue (in the order of 1025L−1) leads to a detectable signal

from excess spins.

1.2.1.2 Motion of Spins in a Static Magnetic Field

This section will describe the theory of the motion of spins in an external

magnetic field while interacting with each other (spin-spin interaction) and

interacting with surrounding atoms (spin-lattice interaction), based on the so-

called Bloch equations. However, to understand the theory of CEST, these

equations have to be extended to account for the transfer of magnetization

between different compounds. The Bloch-McConnell equations fulfil this re-

quirement and will be introduced in section 1.2.2.3.

The theoretical description of the motion of a nuclear spin corresponds to

the temporal evolution of the expectation value of the magnetic moment op-

erator. In quantum mechanics, this is achieved by means of the Ehrenfest the-

orem, which relates the expectation value of any operator to the Hamiltonian

of the system. For the magnetic moment operator the theorem is expressed

as:
d
dt
〈
~̂µ(t)

〉
= i

h̄

〈[
Ĥ, ~̂µ(t)

]〉
=
〈
~̂µ(t)

〉
×γ ~B (1.17)

Using equation 1.12, one obtains the classical magnetization, which is measured

in NMR experiments:
d ~M
dt = ~M ×γ ~B (1.18)

This equation shows how the magnetization vector moves if an external mag-

netic field ~B is applied, not accounting for any other forms of interaction. The

solution of this differential equation describes a precession of the magnetiza-

tion vector about the direction of the external magnetic field. The frequency

of this precession is called the Larmor frequency:

ωL = γ‖ ~B‖ (1.19)
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The precession motion of the spin is shown in figure 1.1. According to this

Figure 1.1: Precession of the magnetization vector ~M about the direction of the
magnetic field ~B. Its angular frequency is called the Larmor frequency
ωL = dφ/dt. Modified from [48].

equation, the magnitude of the magnetization is constant, however, one ob-

serves an exponential decay of magnetization in NMR experiments. One of the

reasons for this is the interaction of spins with each other, termed spin-spin

interaction, which causes initially aligned spins to dephase in the plane per-

pendicular to the external magnetic field, until their magnetic moments cancel

each other out completely. The exponential decay time of this process is called

the transverse relaxation time T2. The second reason is the interaction of spins

with the surrounding nuclei (spin-lattice interaction), which results in an ex-

ponential relaxation towards the thermal equilibrium magnetization, described

by the longitudinal relaxation time T1. These interactions were introduced by

Felix Bloch by extending equation 1.18 to:

dMx(t)
dt = ωLMy(t)−

Mx(t)
T2

(1.20)

dMy(t)
dt =−ωLMx(t)−My(t)

T2
(1.21)

dMz(t)
dt = M0−Mz(t)

T1
(1.22)
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The solution of the Bloch equations is given by:

Mx(t) =Mx(0)e−iωLte−t/T2 (1.23)

My(t) =My(0)e−iωLte−t/T2 (1.24)

Mz(t) =Mz(0)e−t/T1 +M0
(
1− e−t/T1

)
(1.25)

If the external magnetic field is inhomogeneous the dephasing of the spins will

be enhanced, therefore the relaxation time will become shorter. In this case

one writes T ?2 rather than T2 to indicate that the decay is not due to spin-spin

interaction only.

It is often convenient to define a complex number, the so-called transverse

magnetization, whose real and imaginary parts correspond to Mx and My,

respectively. It can be expressed as:

M⊥(t) = (Mx(0) + iMy(0))︸ ︷︷ ︸
M⊥(0)

e−iωLte−t/T2 (1.26)

1.2.1.3 Motion of the Magnetization in an RF Field

In thermal equilibrium, the magnetization vector is aligned with the external

magnetic field ~B0. Therefore, there is no induced current in nearby inductors

and hence no measurable NMR signal. To achieve a precessing motion, one

needs to tip the magnetization vector away from the z-axis. This is achieved

by superposing a circularly polarized electromagnetic RF field ~B1(t) with a

frequency close to the Larmor frequency:

~B1(t) = x̂B1(t)cos(ωRFt)− ŷB1(t)sin(ωRFt) (1.27)

To be able to observe the effect of the B1 field on the magnetization vector

without the fast precession motion about the z-axis due to B0, it is convenient

to define a coordinate system with axes x′,y′, z′ which rotates about its z-axis

at the frequency of the RF field ωRF. This frame is termed RF reference frame
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and the new coordinates are given by:

x′(t) = xcos(ωRFt)−y sin(ωRFt) (1.28)

y′(t) = xsin(ωRFt) +y cos(ωRFt) (1.29)

z′(t) = z (1.30)

In this frame, the ~B1(t) is aligned with the x′-axis such that the solution of

the Bloch equations simplifies to:

d ~M
dt


rot

= γ ~M ×
[
x̂′B1(t) + ẑ′

(
B0−

ωRF
γ

)]
︸ ︷︷ ︸

~Beff

(1.31)

Comparison of this equation to equation 1.18 shows that the external magnetic

field ~B0 in equation 1.18 has been replaced by an effective magnetic field ~Beff,

which has the difference between Larmor frequency and the frequency of the

RF pulse as its x′-component and the magnitude of the RF field as its z′-

component.

In combination with the relaxation terms introduced in section 1.2.1.2,

the Bloch equations in the RF reference frame are:

dMx(t)
dt = ∆ωMy(t)−

Mx(t)
T2

(1.32)

dMy(t)
dt =−∆ωMx(t) +ω1Mz(t)−

My(t)
T2

(1.33)

dMz(t)
dt =−ω1My(t) + M0−Mz(t)

T1
(1.34)

where ∆ω = ωRF−ω0 is the difference between the frequency ωRF of the RF

pulse and the precession frequency ω0 of a spin in the static field B0.
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1.2.2 Basics of Chemical Exchange Saturation Transfer

This chapter introduces the theory of chemical exchange and the origin of

the CEST effect in the NMR signal, followed by the Bloch-McConnell equa-

tions which represent an accurate model for saturation transfer. The following

sections will cover a confounding effect called Magnetization Transfer (MT).

Moreover, different RF pulse schemes for the saturation of the CEST agent and

analytical solutions for the mathematical description of these schemes under

special conditions are presented. In the last section, the limitations of current

CEST techniques will be discussed.

1.2.2.1 CEST Mechanism

The origin of the CEST contrast is explained in figure 1.2. A solution consisting

of water molecules and a relatively small number of solute molecules containing

exchangeable protons is assumed. The protons bound to water form pool a and

the protons in the solute form pool i (figure 1.2 a). Two conditions regarding

the solute molecule are crucial for CEST. Firstly, the solute molecule has

to have at least one labile proton that can exchange locations with protons

from water molecules at an adequate exchange rate. Secondly, the Larmor

frequencies of the protons in both pools have to be sufficiently different. This

frequency difference is due to a different chemical environment, which shields

the protons from the B0 field, and is called the chemical shift. According to

equation 1.19, a magnetic field difference of ∆Bia =Bi−Ba leads to a chemical

shift of:

∆ωia = γ∆Bia (1.35)

In NMR spectroscopy experiments, the signals from both pools can often be

measured directly. However, the solute pool concentration is often too small

to be utilized for imaging applications. CEST detects the solute indirectly

through an amplified effect on the water signal. To this purpose, an RF pulse

is applied at the frequency of the solute pool, leading to an equalization of the

proton population of energy states. This process is called saturation. Sub-
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Figure 1.2: (a) Visualization of the 2-pool model representing chemical exchange
of protons between the small solute pool i and the relatively large
water pool a. The forward exchange rate kia and backward exchange
rate kai are the inverse of the average time that a proton remains in
pool i and a, respectively. (b) Visualization of how chemical exchange
leads to an exponential decay of the water peak signal by application
of an off-resonance RF pulse at the solute’s Larmor frequency. (c)
The Z-spectrum visualizes the normalized water magnetization as a
function of saturation frequency. Modified from [49].

sequently, protons are exchanged between the saturated solute pool and the

initially unsaturated water pool, leading to a transfer of saturation and thus

a decrease of the water NMR signal. The reduction of water signal is counter-

acted by T1 relaxation, which strives to restore thermal equilibrium. Hence,

after a time in the order of T1 a steady-state will be reached, in which satura-

tion transfer is balanced by T1 relaxation. Importantly, the difference between
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this steady-state and thermal equilibrium of the water pool can be several or-

ders of magnitude larger than the direct NMR signal of the solute pool. This

signal enhancement makes CEST a very sensitive technique in detecting the

solute. The saturation exchange process is visualized in figure 1.2 b.

The feasibility of a CEST experiment is dependent on the exchange rate

of the protons. If the exchange rate is too small, no measurable CEST effect

will occur. If it is too fast the spectral lines of both pools will merge into a

single line, which makes it impossible to saturate one pool without affecting

the other. The ratio between exchange rate kia and chemical shift difference

∆ωia is used to classify the exchange into three regimes:

kia� |∆ωia| → slow exchange regime

kia ≈ |∆ωia| → intermediate exchange regime

kia� |∆ωia| → fast exchange regime

The spectral lines are well separated in the slow exchange regime, start merging

in the intermediate regime, accompanied by line broadening, and finally merge

in the fast exchange regime. This is depicted and explained in figure 1.3.

The first two columns of the figure show the signal decay in x-direction

of a single simulated spin vector initially in pool a (first column) or in pool

i (second column). When there is no exchange (first row), the protons stay

in their pool and their spin vectors rotate according to the pool frequencies,

which are 0Hz for pool a and 447Hz for pool i, while their amplitudes decay

with transverse relaxation rates R2a = R2i = 10s−1. At kia > 0, the proton

has a probability to jump to the other pool at each time point. The higher

the exchange rate, the more frequently the proton can jump between the two

pools, until in the fast exchange regime it jumps so often that it appears to

rotate at an average frequency.

Note, that pool a is about 3 times larger than pool i (M0i/M0a = 0.33)).

Hence a jump from pool i to a is 3 times more likely than a jump from pool a
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to i.

The actual NMR signal is the superposition of a large number of proton

signals. Hence 100000 proton signals were simulated, with 3 times more pro-

tons initially in pool a than in pool i. The third column represents the average

of these signals.

The fourth column is the Fourier transform of the third column and rep-

resents the spectral distribution of the NMR signal. It is clearly visible how

the initially separated peaks at kia = 0 coalesce at higher exchange rates, until

only a single peak at a weighted average frequency remains in the fast exchange

regime.

Therefore, CEST experiments are typically conducted in the slow or in-

termediate regime.

1.2.2.2 The Z-spectrum and Analysis of the CEST Signal
If the water pool signal amplitude Mz is visualized as a function of the fre-

quency offset ∆ωRF between the RF saturation pulse frequency and the water

resonance frequency and normalized by the water pool signal without satu-

ration M0, one obtains the so-called Z-spectrum (see figure 1.2 c), defined

as:

Z(∆ωRF) = Mz(∆ωRF)
M0

(1.36)

The large spectral line shown in the figure corresponds to the direct saturation

of the water pool. At the frequency offset of the solute pool, a small peak

appears in the Z-spectrum. This CEST peak is due to the indirect saturation

of the water pool via chemical exchange.

A simple metric to describe the size of the CEST effect in the Z-spectrum

is the Magnetization Transfer Ratio (MTR). It is given by the difference of the

Z-spectrum value at the centre frequency of the CEST peak with and without

saturation:

MTR = M0−Mz(∆ωRF)
M0

= 1−Z(∆ωRF) (1.37)

This metric assumes that the difference is solely due to the CEST agent,
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Figure 1.3: Intuitive explanation of coalescence of two spectral peaks under chem-
ical exchange. Each row corresponds to a different exchange rate
kia. The separation of peaks is 3.5ppm at 3T, which corresonds to
∆ωia = 447Hz. Hence, the first two rows can be attributed to the slow
exchange regime (kia� |∆ωia|), the two center rows to the intermedi-
ate exchange regime (kia ≈ |∆ωia|), and the last two rows to the fast
exchange regime (kia� |∆ωia|).

but if the chemical shift is small, the direct water saturation peak can over-

lap with the CEST peak, which complicates the detection and analysis of the

CEST signal. A simple method to correct for this so-called spillover effect is

based on the assumption that the direct saturation is symmetrical with respect

to the water pool frequency. From this assumption follows that differences be-

tween the measured signal at positive and corresponding negative frequencies

have to be due to the asymmetric signal contributions, such as chemical ex-

change. The metric called Magnetization Transfer Ratio Asymmetry consists
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only of these asymmetric signal contributions:

MTRasym(∆ωRF) = Mz(−∆ωRF)−Mz(∆ωRF)
M0

= Z(−∆ωRF)−Z(∆ωRF)

(1.38)

However, this metric can be inaccurate if non-symmetric contributions, e.g.

from other CEST pools, influence the measured values at either the positive

or the negative frequency offset.

1.2.2.3 Mathematical description of CEST: the Bloch-McConnell

equations

The Bloch equations introduced in section 1.2.1.2 (equations 1.23–1.25) can

be extended to account for saturation transfer, yielding the Bloch-McConnell

(BM) equations [50]. To this purpose, it is convenient to express the Bloch

equations in the RF reference frame (equations 1.32 –1.34) in matrix notation

for pool i:

dMi(t)
dt = Ai ·Mi(t) +Ci (1.39)

where Mi =


Mxi(t)

Myi(t)

Mzi(t)

 Ci =


0

0

R1iM0i


and

Ai =


−R2i ∆ωi 0

−∆ωi −R2i ω1

0 −ω1 −R1i

 (1.40)

The relaxation rates R1i and R2i are the inverses of T1i and T2i, respectively.

The RF pulse amplitude is given by ω1 = γB1 and is generally varying over

time: ω1 = ω1(t).

Two pools a and i, which do not exchange with each other, can therefore
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be described by:

dMa(t)
dt = Aa ·Ma(t) +Ca and (1.41)

dMi(t)
dt = Ai ·Mi(t) +Ci (1.42)

To introduce chemical exchange between the two pools, exchange terms can

be included:

dMa(t)
dt = Aa ·Ma(t) +Ca

exchange︷ ︸︸ ︷
+kiaMi−kaiMa and (1.43)

dMi(t)
dt = Ai ·Mi(t) +Ci+kaiMa−kiaMi︸ ︷︷ ︸

exchange

(1.44)

Thus, one obtains coupled differential equations, which can also be expressed

in matrix notation:

d
dt



Mxa

Mya

Mza

Mxi

Myi

Mzi


=



−ρ2a ∆ωa 0 kia 0 0

−∆ωa −ρ2a ω1 0 kia 0

0 −ω1 −ρ1a 0 0 kia

kai 0 0 −ρ2i ∆ωi 0

0 kai 0 −∆ωi −ρ2i ω1

0 0 kai 0 −ω1 −ρ1i


︸ ︷︷ ︸

A



Mxa

Mya

Mza

Mxi

Myi

Mzi



+



0

0

R1aM0a

0

0

R1iM0i


︸ ︷︷ ︸

C

(1.45)
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where

∆ωa = ωRF−ωa ∆ωi = ωRF−ωi

ρ1a =R1a+kai ρ2a =R2a+kai

ρ1i =R1i+kia ρ2i =R2i+kia

In vivo MRI experiments yield longitudinal relaxation rates in the order of a

few s−1 and transverse relaxation rates in the order of 10–100ms−1.

The treatment of additional pools that exchange protons with the water

pool or with each other is straightforward in this framework: exchange terms

can be added to the independent differential equations in the same manner.

The solution of the BM equations can be calculated numerically [46], or under

certain conditions analytically [51], as shown in sections 2.2.1, 2.2.2 and 2.4.1.

1.2.2.4 Semi-Solid Magnetization Transfer
The semi-solid macromolecular magnetization transfer (MT) manifests in the

in vivo Z-spectrum as a broad peak that overlaps with the CEST peaks. The

origin of MT are protons at the surface of macromolecules and water molecules

that are bound to macromolecules and are therefore highly restricted in their

motion. These semi-solid components experience strong spin-spin interaction

which leads to very short T2 relaxation times (in the order of 10−6s). There-

fore, their direct NMR signal is suppressed. However, saturation transfer

between these protons and free water protons is prominent and results in a

Z-spectrum peak which is significantly larger in amplitude and width than the

CEST peaks. The mathematical description of the MT peak has been achieved

with a Lorentzian line shape [52, 53], but better modelling results followed from

the assumption of a super-Lorentzian line shape [54]. The equations describing

this line shape are shown in chapter 3.2.1.

1.2.2.5 Saturation Schemes
One of the important challenges faced with when applying CEST on clini-

cal MRI scanners is to achieve an efficient saturation of the metabolite pool.
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Continuous-wave (CW) saturation (see figure 1.4a), which is often applied in

phantom and pre-clinical studies, leads to two problems in a clinical set-up.

Firstly, the RF amplifiers in clinical scanners are limited to RF pulses of a

few 100ms and delay times are necessary between individual pulses. Further-

more, strong saturation can result in a high specific absorption rate (SAR) for

humans, which measures the rate of energy absorption of human tissue in an

RF field. Certain SAR levels must not be exceeded to prevent damage due

to heating of human tissue. A remedy for these problems is pulsed saturation

(see figure 1.4 b) , which introduces delay times of duration td between pulses.

The advantages of CW saturation comprise a narrow frequency response,

which in turn leads to a reduction of the confounding spillover effect, which

can overlap with CEST peaks in the Z-spectrum. Furthermore, compared to

pulsed sequences with similar average power, the saturation efficiency of CW

radiation is usually higher, leading to a stronger CEST effect. CW satura-

tion is also less prone to causing imaging artefacts, whereas pulsed saturation

can lead to undesired stimulated echoes, which are caused by refocusing of

magnetization after three or more RF pulses. With respect to the analysis of

the CEST signal, CW saturation data is often easier and faster to evaluate,

since fewer parameters have to be considered: where CW saturation is fully

defined by its pulse duration tp, amplitude B1 = ω1/γ and carrier frequency

ωRF, pulsed saturation requires the additional consideration of delay times td,

number of pulses n and pulse shape, such as Gaussian or Half-Sinc shapes.

However, the advantage of pulsed saturation is its flexibility. Additional pa-

rameters can be optimized to enhance the signal of a certain metabolite of

interest [55]. More sophisticated saturation schemes exist that reduce the in-

fluence of confounding effects and artefacts or enhance the specificity of CEST

experiments by separating signal contributions from metabolites with small

and large T2 [56].
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Figure 1.4: Continuous-wave vs. pulsed irradiation CEST. Continuous-wave ir-
radiation (a) typically consists of a long block pulse, followed by the
readout. Pulsed irradiation (b) consists of a series of saturation pulses,
separated by delay times. Gradient spoilers are applied to reduce resid-
ual transverse magnetization that can cause image artefacts.

1.2.2.6 Steady-State and Transient-State Experiments

This section focusses on the differences between steady-state and transient-

state CEST experiments. The steady-state is achieved when forward exchange

and back exchange are in equilibrium such that no net magnetization is trans-

ferred between different pools. This is the case at the end of a saturation pulse

or pulse train which is much longer than the longitudinal relaxation time of

water: tp�T1a. As a rule of thumb, saturation times greater than 5T1a are suf-

ficient. In steady state and under the assumption of complete saturation of the

solute pool (ensured by the full saturation condition that the exchange rate kia
and the transverse relaxation rate R2i, which increase the width of the CEST

peak, are negligible against the saturation pulse amplitude: ω1 � kia +R2i)

and a negligible spillover effect (i.e. no direct water saturation when the solute

pool is saturated, which is ensured by the large shift condition: ∆ωia� ω1),

the CEST effect at the frequency of the solute is given by:

MTRSS = 1−Mza

M0a
= kai
kai+R1a

(1.46)
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The superscript indicates that this equation is valid for the MTR in the steady-

state. In terms of the solute parameters this is expressed as:

MTRSS = fikia
fikia+R1a

(1.47)

where fi = M0i
M0a

. According to this equation, the CEST effect can be enhanced

by increasing solute concentration or exchange rate.

If the saturation time is shorter than approximately 5 ·T1a, the exponential

decay of water towards steady-state is interrupted and one performs a so-called

transient-state experiment. In this case, the CEST effect additionally depends

on the duration of the saturation pulse tp. Again assuming complete saturation

of the solute and no spillover effect, the transient-state solution is given by:

MTR(tp) = MTRSS
(
1− e−(R1a+kai)tp

)
(1.48)

This means that the CEST effect builds up towards the steady-state value with

a rate R1a+kai.

If the assumption of complete saturation is not fulfilled, an additional

parameter, the saturation efficiency α which represents the proportion of sat-

urated protons of the CEST pool can be included into the mathematical de-

scription. In the large shift regime it is given by:

α = ω2
1

ω2
1 +k2

ia

(1.49)

The CEST effect can then be expressed as:

MTR(tp) = kaiα

kaiα+R1a

(
1− e−(R1a+kaiα)tp

)
(1.50)

Hence, the consequence is that the steady-state CEST effect as well as the rate

at which the steady-state is approached are reduced, if the saturation efficiency

is suboptimal (α < 1).

More sophisticated solutions describing the CEST effect as a function
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of frequency offset and for different types of saturation will be presented in

chapter 2.2.1 and 2.2.2.

1.2.2.7 Techniques for quantification of CEST parameters
In this section, the techniques for the quantification of CEST parameters which

are most common and which are referred to in this thesis are explained.

1.2.2.7.1 QUEST and QUESP

The two methods introduced here are called Quantification of Exchange

rates using the Saturation Time and Power (QUEST and QUESP) [32]. Typ-

ically, these methods employ a CW saturation.

In the case of QUESP, a series of CEST measurements is conducted under

variation of the power, which is proportional to the square of the RF pulse

amplitude and is therefore achieved by changing the amplitude of the CW

saturation. The measured data points can be fitted with equation 1.50 to

estimate the CEST pool proton concentration fi and exchange rate kia. Most

data points should be acquired outside the full saturation limit to obtain a

dependence of the CEST effect on the power.

On the other hand, with QUEST the CEST data is acquired with different

saturation times. Hence, QUEST experiments have to be performed in the

transient-state and equation 1.50 can be applied to fit the backward exchange

rate kai. Unlike QUESP, where the explicit dependence of the saturation

efficiency (equation 1.49) on the forward exchange rate kia allows kia and fi

to be estimated separately, with QUEST only their product kiafi = kai can be

estimated.

Note that the given equations can only be applied to simple 2-pool systems

and when the direct saturation effect can be neglected. Variations of the

original QUEST and QUESP methods employ pulsed saturation and fitting

with the full BM equations [33].

1.2.2.7.2 QUESTRA

A variant of QUEST is a method called Quantification of Exchange rates

using Saturation Time dependent Ratiometric Analysis (QUESTRA) [34].
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The aim of this method is to correct for the direct saturation effect by means

of an additional reference measurement at the negative offset frequency of the

CEST pool. By calculating the following ratio, the backward exchange rate

kai can be obtained:

QUESTRA(tp) =
1− MTRlabel(tp)

MTRSS
label

1− MTRref(tp)
MTRSS

ref

(1.51)

where the indices "label" and "ref" indicate the saturation offsets at the CEST

pool frequency and the negative reference frequency, respectively. Using equa-

tion 1.50, this simplifies to:

QUESTRA(tp) = e−(R1a+kaiα)tp

e−R1atp
= e−kaiαtp (1.52)

Hence, in the full saturation limit one obtains the backward exchange rate as:

kai = ln(QUESTRA(tp))
tp

(1.53)

Same as with QUEST, only by measuring QUESTRA at more than one power

can kia and fi be separated.

1.2.2.7.3 The Omega plot method

The Omega plot method was originally developed for measuring the ex-

change rates of paraCEST agents by fitting Z-values collected at a single fre-

quency offset with various irradiation powers [31]. In this method, the ratio
Mza/M0
MTRSS is plotted against 1/ω2

1. According to equations 1.49 and 1.50 the ratio

can be written as:

Mza/M0

MTRSS =

(
R1a

R1a+kaiα

)
(

kaiα
R1a+kaiα

) = R1a
kaiα

= R1akia
fi

1
ω2

1
+ R1a
fikia

(1.54)

From this equation it can be seen that the x-intercept of a line fitted to the

data points is given by ω1 =−kia and therefore directly provides the forward

exchange rate.
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Several variants of the Omega plot method have been developed, e.g.

qCEST (quantitative CEST) [30], which corrects for direct saturation by means

of an reference measurement at the negative offset frequency. Furthermore, the

Omega plot method has also been adapted for CEST data obtained with pulsed

saturation [57].

1.2.2.8 Challenges of CEST imaging

Although the principle of CEST leads to a great signal enhancement there are

several challenges regarding specificity to different metabolites and the influ-

ence of hardware imperfections, which can lead to strong biases in the CEST

signal. Moreover, measurement time is often a concern, especially for 3D ac-

quisition, since the whole imaging volume has to be acquired for each frequency

offset of the Z-spectrum. In this section, these challenges and existing solu-

tions will be discussed. B0-inhomogeneities are caused by imperfect hardware

as well as susceptibility differences of different tissue types and can therefore

not be prevented. In the Z-spectrum, B0-inhomogeneity corresponds to a shift

of the measured points along the x-axis which has to be corrected for if metrics

based on reference values are calculated such as MTRasym, which assumes the

minimum of the water peak to be located at 0ppm. With the help of modern

shimming coils, B0-inhomogeneities can be reduced to a few ppm. However,

CEST effects in vivo appear in the range between -5 and 5 ppm, therefore this

is still a relatively large error. Post-processing correction methods of the Z-

spectrum have been proposed, for example Water Saturation Shift Referencing

(WASSR) [58], which requires an additional scan with dense sampling of the

Z-spectrum at the minimum of the water peak. An alternative method is to

acquire B0-maps separately, for example by measuring the temporal evolution

of the signal phase [59].

Another challenge for CEST imaging are inhomogeneities of the RF field.

These become more prominent at higher B0 field strengths, when the RF

wavelength is in the order of the measurement objects and can lead to elec-

tromagnetic resonances. According to equations 1.49 and 1.50, the saturation
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efficiency and therefore the CEST effect are dependent on B1, and equation

1.49 shows that large exchange rates are more affected by B1 inhomogeneities.

To correct for B1 inhomogeneities, post-processing methods require separate

B1 maps [60, 61]. An interesting technique that provides B0 and B1 at the

same time is called WASABI [62]. It is based on the analysis of oscillations

visible in the Z-spectrum, if a very short saturation pulse is applied.

With regards to the relatively long acquisition time, much progress has

been made since the discovery of the CEST signal. Fast readout sequences,

optimized sampling and reconstruction techniques have made it possible to ac-

quire Z-spectra of the whole brain in 2-3 minutes [63]. Such short measurement

times can facilitate the translation of CEST into clinical routine.



Chapter 2

Bayesian fitting of CEST

spectra with analytical models

Parts of this chapter were published in the Journal of Magnetic Resonance [64].

2.1 Introduction to Bayesian fitting
The Bayesian approach is a framework that provides the means to incorpo-

rate the probabilistic nature of noise into the fitting algorithm and therefore

provides additional information such as uncertainty measures about the esti-

mated parameters. Furthermore, classical fitting approaches tend to not be

that robust, especially when a high number of model parameters has to be

determined from the fit. The Bayesian approach makes it possible to incor-

porate prior knowledge about model parameters, for example from previous

experiments which may lead to increased robustness. A Bayesian algorithm

for CEST has recently been developed [65] which has potential to quantify

pH differences between tumour and normal tissue in vivo without the need

for exogenous contrast agents [66]. The CESTR* (chemical exchange satura-

tion transfer ratio) metric is calculated based on parameters estimated by a

Bayesian model-fitting method [44] to determine the effect of a CEST pool on

the Z-spectrum. The metric is obtained by using the Bloch-McConnell equa-

tions (see section 1.2.2.3, equation 1.45) to simulate the difference between two

Z-spectra at the CEST pool frequency with and without inclusion of the CEST
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pool. CESTR* has previously been shown to permit the quantification of the

APT effect in vivo, even in the presence of asymmetries in the Z-spectrum

arising from Magnetization Transfer (MT) or NOE contributions [65].

One of the main limitations of the current Bayesian model-fitting approach

for CEST [65] is the long processing time which can be up to several hours per

slice. Especially in the clinic such long processing times would not be feasible.

The bottleneck of the algorithm is the evaluation of the model itself which

requires a numerical approach to solve the BM equations [67, 36].

However, analytical approximations of the BM equations which were

shown to be valid for a wide range of physiological parameter values have

been developed [51, 42, 39, 68, 40, 69, 70, 43]. In this part of the thesis it

is shown that the processing time of the Bayesian model-fitting approach can

be reduced considerably by replacing the BM equations with analytical ap-

proximations [51, 42] without significantly affecting the resulting parameter

estimates or the convergence of the algorithm. In this chapter, the modi-

fied algorithm was implemented and tested with analytical approximations for

the cases of continuous-wave (CW) saturation and pulsed saturation based on

simulated data and data obtained from phantom experiments.
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2.2 Approximate analytical solutions of the

Bloch-McConnell equations
In order to simulate a CEST experiment or fit experimental CEST data to ob-

tain model parameter estimates, the BM equations described in chapter 1.2.2.3

generally require to be solved numerically. This, however, can be time con-

suming. For example, algorithms based on the Runge-Kutta formula split the

saturation time into several small time intervals and directly evaluate the BM

equations for each interval [71]. Furthermore, a closed form solution for the

special case of constant saturation field amplitude B1 exists (see section 2.4.1),

however, it involves the numerical computation of a matrix exponential and a

matrix inverse [46]. Especially for model fitting these algorithms can lead to

infeasibly long computation times, because it is necessary to repeatedly simu-

late the full experiment with varying model parameters. Analytical solutions

of the BM equations are usually much faster to evaluate. Several analytical

solutions exist in literature, whose validity is restricted to specific experimental

regimes, such as the slow exchange regime or the large shift (far off-resonance)

regime. In this chapter, two analytical solutions will be presented for the cases

of CW saturation and pulsed saturation. In the subsequent chapters, these

solutions will be applied for the Bayesian fitting analysis of CEST data.

2.2.1 Derivation of an analytical formula for CW satu-

ration

The simplified analytical formula, which approximates the BM equations for

the case of CW saturation is derived here according to [51], starting from the

two-pool BM equations 1.45. The approach is based on the solution of the

BM equations in the eigenspace of matrix A. The eigenspace is the space

defined by the eigenvectors ~νn (n = 1, . . . ,6) of matrix A. Here, I will show

that under certain conditions the eigenspace approach allows to easily derive a

one-dimensional equation which describes the CEST effect. In the coordinate

system of the eigenvectors the general solution for equations of the form of
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equation 2.47 is given by:

~M(t) =
6∑

n=1
eλnt~νn+ ~MSS (2.1)

where λn are the eigenvalues corresponding to the eigenvectors ~νn. The sta-

tionary solution is designated by ~MSS.

It was shown in [51] that, subject to the condition R2a−R1a� ωeff and

kia�ωeff where ωeff = γBeff represents the angular frequency of the magnetiza-

tion vector rotating about the effective magnetic field direction, the following

observations can be made:

• Three eigenvectors approximately describe the direction of the magne-

tization vector of the water pool a, while the other three eigenvectors

approximately describe the direction of the magnetization vector of the

CEST pool i.

• The presence of pool i has negligible influence on the eigenvectors that

describe the direction of the magnetization of pool a. This means that

the magnetization of pool a can still be described by a longitudinal com-

ponent along the direction of ~Beff and a perpendicular component which

is rotating about this direction (as in section 1.2.1.3). The corresponding

rates of change of each component are called R1ρ and R2ρ.

• While the eigenvectors describing the direction of magnetization of pool

a are not much affected by the presence or saturation of pool i, their

corresponding eigenvalues and therefore the rates R1ρ and R2ρ can be

affected by the saturation of pool i. This change in rates due to satura-

tion of pool i is sufficient to model the CEST effect in systems that fulfil

the above conditions.

In order to obtain a simple analytical expression describing the CEST effect,

a further assumption can be made, which is that the transverse component

decays much faster than the longitudinal component along the effective mag-
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netic field, i.e. R2ρ� R1ρ. One thereby assumes that the transverse magne-

tization disappears instantaneously (R2ρ →∞) at the beginning of the CW

saturation pulse such that the remaining longitudinal normalized magnetiza-

tion Zeff(t = 0) is given by the projection of the normalized magnetization

vector prior to the saturation pulse ~ZI = ~M I

M0
onto the longitudinal direction

(see figure 2.1). Immediately after the onset of the saturation pulse the mag-

nitude of the remaining water pool magnetization is given by ZI
eff = PzeffZ

I,

where Pzeff = cos(α) is the projection factor defined as the cosine of the angle

α between the effective magnetic field and ~ZI. Two typical cases for α are:

1. If ~ZI is initially aligned with the z-axis then α is given by θ, which is the

angle between the effective magnetic field and the z-axis (see figure 2.1

b).

2. If ~ZI is initially aligned with the effective magnetic field, e.g. due to a

suitable spin-lock pulse then α = 0 and Pzeff = 1 (see figure 2.1 c).

Subsequently to the alignment of the magnetization vector with the effective

magnetic field, the magnetization vector is driven by the CEST saturation

from ZI
eff towards a steady-state magnetization ZSS

eff along the same direction

at an exponential rate of change R1ρ. This decay can be described with the

simple 1-dimensional equation:

Zeff(t) = (ZI
eff−ZSS

eff )exp(−R1ρt) +ZSS
eff (2.2)

One has to keep in mind that the quantity of interest for the Z-

spectrum is the z-component of the normalized water pool magnetization

Z(t) =Mz(t)/M0. Therefore, the projection of the magnetization vector along

the effective magnetic field onto the z-axis has to be calculated, which is ex-

pressed by the second projection factor Pz = cos(β), where β is the angle

between the magnetization vector at the end of the saturation module and the

z-axis. Similarly as above, a second spin-lock pulse aligns both directions, so

that Pz = cos(β = 0) = 1. Without spin-lock pulse one can set β = θ. Hence,
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Figure 2.1: Projection factors under different experimental conditions. The red
arrows indicate the path of the normalized magnetization vector ~Z.
The general case, in which the initial magnetization ~ZI has an ar-
bitrary direction is shown in plot (a). At the beginning of the CW
CEST pulse, the component parallel to ~Beff is projected by Pzeff onto
~Beff, while the perpendicular component dephases instantly with R2ρ.
Under the influence of the CEST irradiation, the magnetization then
approaches ZSS

eff with rate R1ρ. Since the measured signal is given by
the magnetization in z-direction, only the projection of ZSS

eff onto the
z-axis given by Pz is relevant.
The typical case of a CEST experiment in which the initial magnetiza-
tion is aligned with the z-axis is showin in (b). Note, that α= β = θ.
Hence, Pzeff = Pz = cosθ.
The case of a spin-lock experiment is shown in (c). Since the spin-lock
pulses are designed to flip the full initial magnetization onto ~Beff and,
after the decay to steady-state, back onto the z-axis, the projection
factors are given by Pzeff = Pz = 1.

Z(t) = PzZeff(t), which can be written as follows using equation 2.2:

Z(t) = (PzPzeffZ
I−PzZSS

eff )exp(−R1ρt) +PzZ
SS
eff (2.3)

Z(t) = (PzPzeffZ
I−ZSS)exp(−R1ρt) +ZSS (2.4)

where ZSS = PzZ
SS
eff .

It remains the task to find expressions for the variables R1ρ and ZSS

in terms of the same parameters that are used by the BM equations, i.e. the

relaxation rates, concentration, resonance frequency, and exchange rate of each

pool, as well as sequence parameters, i.e. saturation frequency offset ∆ω, B1

and B0. As shown in more detail in [72], under the condition that the solute

pool proton concentration M0i is much smaller than the water pool proton

concentration M0a, i.e. fi = M0i
M0a
� 1, R1ρ can be expressed as a sum of two
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components:

R1ρ =Reff +Rex (2.5)

where Reff represents the expected relaxation rate along the magnetic field

direction without any exchange effects, and Rex represents the increase of R1ρ

in the case of exchange, or in other words, the CEST effect. In [73], the

first component Reff was shown to be given by the negative of the smallest

eigenvalue of Aa (equation 1.40) which is associated with the decay along

the effective magnetic field direction. This eigenvalue is named λeff, therefore

Reff =−λeff. One obtains:

Reff ≈R1a (cos(θ))2 +R2a (sin(θ))2 (2.6)

The exchange-dependent contribution, Rex, can be determined by application

of perturbation theory, i.e. by treating the influence of the exchange between

pool a and pool i as a perturbation of the unperturbed system. In this approach

λex = −Rex can be written as the smallest eigenvalue of the matrix A′ai =

Aai− I ·λeff. It can be shown that this eigenvalue can be obtained to good

approximation by λ′ex =−c
′
0
c′1
, where c′0 is the constant coefficient and c′1 is the

linear coefficient of the characteristic polynomial of A′ai [51]. The expression for

λ′ex obtained is complex and expensive to calculate. The following assumptions

are made to obtain a simplified expression for Rex,i:

1. The influences of rates R1a and R2a on Rex,i are negligible: R1a → 0,

R2a→ 0

2. The relaxation rate R1i is negligible relative to kia: R1i→ 0

3. Rex can be linearized in fi

In the limit of these approximations the exchange induced relaxation rate can

be written as:

Rex(∆ωi) =
Rmax
ex

Γ2

4
Γ2
4 + ∆ω2

i

(2.7)
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where

Rmax
ex = fikia sin2(θ)

(ωi−ωa)2 + R2i
kia

(ω2
1 + ∆ω2) +R2i(kia+R2i)

Γ2
4

(2.8)

and

Γ = 2
√
kia+R2i
kia

ω2
1 + (kia+R2i)2 (2.9)

The expressions Rmax
ex and Γ represent the maximum value and the full width

at half maximum (FWHM) of the distribution Rex(∆ωi).

For the case that multiple CEST pools have to be considered in the model,

it has been suggested in [69] that the exchange-dependent relaxation rates Rex,i

of each CEST pool i = b,c,d, ... can be summed in equation 2.5 to obtain the

combined effect on the Z-spectrum:

Rex→
∑
i

Rex,i (2.10)

With this expression for Rex, the steady-state Z-value of equation 2.4 can be

expressed as:

ZSS = cos(θ)Pz
R1a
R1ρ

(2.11)

The Z-value Z(t) approaches this expression for long saturation times tp� T1a.

2.2.2 Derivation of an analytical formula for pulsed sat-

uration

For pulsed saturation, this work employs a solution termed ISAR2 derived in

[42] for a series of n rectangular pulses of duration tp, interleaved with delays

of duration td and for 2 pools, i.e. the water pool and one CEST pool. This

model assumes that the temporal evolution of the Z-spectrum is determined

by an exponential decay with rate R1ρ during the rectangular pulse (according

to equation 2.4), and by the biexponential dynamics of the free BM-equations

during the inter-pulse delay. To extend the model for multiple CEST agent

pools, it is assumed that R1ρ comprises the sum of contributions from each
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CEST pool to the exchange-dependent relaxation rate Rex =∑
iRex,i. During

the inter-pulse delay, the N -exponential dynamics of the free BM-equations are

assumed, where N is the number of modelled pools. The following derivation

is analogous to the derivation of the 2-pool model as published in Appendix

A of [42]. The operators Hpulse and Hpause describe the evolution of the water

pool magnetization during the RF pulse and during the delay, respectively.

The assumption is that during the pulse the magnetization Z(t) decays with

relaxation rate R1ρ (equation 2.5) towards the steady-state ZSS
CW as described

by equation 2.4:

Z(tp) =Hpulse [Z(t= 0)] =
(
PzPzeffZ(t= 0)−ZSS

CW
)

exp(−R1ρtp) +ZSS
CW

(2.12)

Assuming a multi-exponential recovery of pool a during the pause with one

exponential component per pool, and furthermore assuming negligible mag-

netization exchange between any two CEST agent pools, the evolution of the

water pool z-magnetization is given by (Appendix A) :

Z(td) =Hpause [Z(t= 0)] = daa (Z(t= 0)−1) +
∑
i

(daiΨiZ(t= 0)−fi) + 1

(2.13)

Expression for daa and dai are given in Appendix A. Note, that the only dif-

ference compared to the 2-pool model equation (equation A2 in [42]) is the

summation over all CEST agent pools i.

The combined effect of the delay and the pulse is thus expressed by:

Z(tp + td) =Hpulse [Hpause [Z(t= 0)]]

= PzPzeff

(
daa+

∑
i

(daiΨi)
)

exp(−R1ρtp)︸ ︷︷ ︸
η

Z(t= 0)

+PzPzeff

(
1−daa−

∑
i

(fidai)
)

exp(−R1ρtp) +ZSS
CW (1− exp(−R1ρtp))︸ ︷︷ ︸

κ

(2.14)
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Since the magnetization at the end of this pause-pulse module corresponds

to the initial magnetization of the consecutive pause-pulse module, one can

formulate the following recursive relationship for the magnetization after n

pause-pulse modules:

Z(n) = ηZ(n−1) +κ (2.15)

Using the formula for the geometrical series, this relationship is simplified as:

Z(n) = ηn
(
Z(t= 0)− κ

1−γ

)
+ κ

1−γ (2.16)

By interpreting ZSS
pulsed = κ

1−γ as the steady-state magnetization and defining

ZI = Z(t= 0), one obtains:

Z(n) = ηn
(
ZI−ZSS

pulsed
)

+ZSS
pulsed (2.17)

where

η = PzPzeff

(
daa+

∑
i

(daiΨi)
)

exp(−R1ρtp) (2.18)

and

ZSS
pulsed = PzPzeff(1−daa−

∑
i fidai)exp(−R1ρtp) +ZSS

CW(1− exp(−R1ρtp))
1−PzPzeff(daa+∑

i daiΨi)exp(−R1ρtp)
(2.19)

The parameters Ψi represent the ratios of z-magnetizations of pools i and a

at the end of the rectangular saturation pulse and can be approximated in the

large-shift limit as:

Ψi = Mzi(t= tp)
Mza(t= tp) = fi(1−αlab,i) (2.20)

where αlab,i is the labelling efficiency of pool i:

αlab,i(∆ω) = Rex,i(∆ω)
fikia

(2.21)

The functions daa and dai represent the N -exponential decay of the magnetiza-
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tion during the inter-pulse delay. However, full expressions for these functions

are very long. Thus, in analogy to the 2-pool model approximation given in

Appendix D of [42] for kia� R1a, these expressions are approximated by ne-

glecting the quickly decaying exponential components for kia�R1a using the

following simplifications of equations 2.18 and 2.19 (see Appendix A):

η = PzPzeff exp(−R1atd)
(

1−
∑
i

αlab,ifi

)
(2.22)

and

ZSS
pulsed = PzPzeff (1− exp(−R1ρtp))exp(−R1ρtp) +ZSS

CW(1− exp(−R1ρtp))
1−PzPzeff exp(−R1atd)(1−∑iαlab,ifi)exp(−R1ρtp)

(2.23)

2.2.2.1 Extension to Gaussian-shaped pulses

In the previous section, equation 2.17 was derived for a train of rectangular

pulses. In the following, it is assumed that Gaussian-shaped pulses can be

treated in a similar manner as the integration of adiabatic spin-lock pulses [74,

75]. To extend the ISAR2 approach for shaped pulses, reasonable assumptions

for the parameters Pz and Pzeff , the effective R1ρ and the initial relative pool

magnetizations after the pulse given by Ψi have to be found.

The first assumption is that the Gaussian pulses can be treated as adia-

batic pulses. This is given if the pulse changes the direction of the effective

magnetic field described by the angle θ(t) = atan
(
ω1(t)
∆ωa

)
slowly compared to

the angular frequency of the magnetization vector about that direction [56]:
dθ(t)

dt � ωeff. Especially at the offset frequency of the CEST pool, when ∆ωa
is often large compared to the pulse amplitude ω1(t), the angle θ(t) remains

small, so that the adiabatic condition is fulfilled. Hence, the complete initial

magnetization along the z-direction is adiabatically transferred to the effective

magnetic field axis and the projection factors reduce to Pz = Pzeff = 1. How-

ever, this approximation might break down for saturation close to the water

peak, when ∆ωa→ 0.
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The second assumption is that R1ρ can be replaced by an effective R1ρ

given by the average over the pulse shape:

R̄1ρ = 1
tp

∫ tp

t=0
R1ρ(ω1(t))dt (2.24)

The third assumption introduces a heuristically chosen value αstart, which

corrects for the reduced labelling efficiency at the end of a Gaussian-shaped

pulse compared to a rectangular pulse. The parameters Ψi represent the ratio

of magnetizations of pool i and a at the end of the pulse and are given by

equation 2.20 when rectangular pulses are considered. However, if the envelope

of the RF pulse varies slowly with respect to kia, the magnetization of pool

i is determined by the last B1-value of the pulse, which is approximately 0

for a Gaussian shape. This corresponds to a labelling efficiency of αlab,i = 0.

Thus, for fast exchange, Ψi should be replaced by fi. If the changes in the

RF envelope are comparable to kia the state of pool i becomes complicated,

however Ψi must be somewhere between the upper bound Ψi,max = fi and

a lower bound given by the value predicted for a block pulse with the same

average R̄ex,i which is Ψi,min = fi−
R̄ex,i
kia

. As a first guess, Ψi is replaced

by Ψ̄i = fi−
R̄ex,i
kia

αstart, where αstart is introduced as a heuristic parameter

(0 < αstart < 1) that determines Ψ̄i subject to Ψi,min < Ψ̄i < Ψi,max. For the

Gaussian pulses employed in the following experiments, the value of αstart = 0.5

was chosen based on numerical simulations of the Bloch-McConnell equations

(see Appendix B).
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2.3 Basics of Bayesian Model-Fitting
As discussed in previous chapters, CEST data is often impaired by confounding

effects, such as the MT and spillover effect, is sensitive to field inhomogeneities

and has a relatively low SNR. This makes it difficult to reliably determine

model parameters, e.g. exchange rates or solute concentration. Classical least-

squares approaches of fitting a model to the measured Z-spectrum can result

in convergence towards local optima. Furthermore, parameter correlations in

the model can result in parameter estimates which are highly influenced by

noise.

Bayesian fitting offers a probabilistic framework to mitigate these prob-

lems. Rather than returning a single point estimate for each parameter,

Bayesian fitting yields a probability distribution for each parameter, which

makes it possible to estimate the effect of noise and parameter correlations on

the estimated parameter. Moreover, Bayesian fitting makes it possible to in-

corporate prior knowledge about fit parameters, such as an expected range of

feasible parameter values. This can prevent the convergence of the algorithm

towards local optima and can thus increase the robustness of the algorithm.

Another benefit of Bayesian fitting is the possibility to combine information

from different modalities to increase the accuracy of the parameter estimates.

This section will cover the basic theory of Bayesian model-fitting and focus

on an algorithm called Variational Bayes that makes it possible to obtain an

approximate solution of the estimated parameter distribution in a feasible time.

However, this algorithm is confined to models from the exponential family. As

many models, such as the BM equations, are not from the exponential family

additional approximations are necessary which will be described in the last

section about Variational Bayes for non-linear forward models.

2.3.1 Bayesian Inference
The fundamental equation of Bayesian inference is Bayes Rule:

p(Θ|Y,M) = p(Y|Θ,M)p(Θ|M)
p(Y|M) (2.25)
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where Y is the measured data, Θ is the vector of parameters andM is the as-

sumed generative model. The probability distribution p(Y|Θ,M) is called the

likelihood, which represents the probability to obtain the measured data, given

a generative model and a set of model parameter values. The generative model

is the mathematical description of the relationship between model parameters

and noise, and the measurement data. The probability distribution p(Θ|M)

represents the prior belief in certain values of the model parameters. The

probability distribution in the denominator p(Y|M) is the so-called marginal

likelihood or evidence. Combining these three terms determines the posterior

probability distribution of the model parameters p(Θ|Y,M).

A common assumption is that the data measured in one voxel of an im-

age is independent from data in other voxels, which is also called conditionally

independent. Mathematically, this corresponds to a factorization of the likeli-

hood term over all voxels :

p(Y|Θ,M) =
∏
i

p(Yi|Θi,M) (2.26)

The difficulty in evaluating Bayes Rule lies in the evaluation of the marginal

likelihood, which involves an integration over all model parameters:

p(Y|M) =
∫

Θ
p(Y|Θ,M)p(Θ|M)dΘ (2.27)

Depending on the model, this integral is often impossible to calculate analyti-

cally. Similarly, marginal distributions on subsets ΘI of parameter values can

often not be obtained analytically, as an integration over all parameters Θ−I
which are not included in the subset ΘI is required:

p(ΘI |Y,M) =
∫

Θ−I
p(Θ|Y,M)dΘ−I (2.28)

However, different techniques have been developed to solve these integrals. The

methods can be classified into two groups: numerical integration methods and
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methods that apply parametric approximations of the posterior distribution.

The so-called full evaluation approach is a numerical method, which is based

on the evaluation of the marginal likelihood for a finite number of points in

parameter space. This approach, though accurate, is only suitable for models

with few parameters, as the computation time increases exponentially with the

number of model parameters.

Other approaches are known as rejection sampling and importance sam-

pling, which require the drawing of samples from the joint posterior distribu-

tion. These methods also become much slower, if the number of model param-

eters increases. Markov Chain Monte Carlo (MCMC) sampling reduces the

computation time significantly by sampling the posterior distribution mostly

for parameters of high probability. MCMC is a very common technique, but

techniques that approximate the posterior distribution analytically can be sig-

nificantly faster.

As opposed to the numerical integration techniques, posterior approxi-

mation methods make assumptions about the posterior distribution with the

purpose to enable analytical solutions of the integrals in equations 2.27 and

2.28. The disadvantage of these methods is that they can be less accurate

than sampling methods, if the assumptions about the posterior are too strong.

Variational Bayes [76] is one of these methods, which will be introduced in the

next section.

2.3.2 Variational Bayes

Attias [76] published the Variational Bayes (VB) framework in 1999 [76] as

a generalization of the commonly used Expectation Maximization (EM) algo-

rithm [77], whose purpose it is to find the maximum likelihood (ML) or the

maximum a posteriori (MAP) of model parameters in an iterative process.

VB yields the posterior distribution of the parameters to be estimated, rather

than just returning a single point estimates of ML or MAP. The algorithm is

confined to generative models for which conjugate priors exist, i.e. the prior

has the same parametric form as the posterior distribution.
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VB approximates the true posterior distribution p(Θ|Y,M) with a pos-

terior of a simpler form q(Θ). In order to find the distribution q(Θ) which

best approximates the true posterior distribution, one has to maximize the

free energy which is given by [44]:

F =
∫
q(Θ)log

[
p(Y|Θ)p(Θ)

q(Θ)

]
dΘ (2.29)

The approximation of the posterior is given by:

q(Θ) =
∏
I

qΘI (ΘI) (2.30)

which means that VB makes the assumption of the posterior distribution fac-

torising over separate sets of parameters ΘI . In other words, this assumption

means that parameters in one set are independent from parameters in all other

sets.

It can be shown that the qΘI (ΘI) which maximize the free energy are

given by:

logqΘI (ΘI)∝
∫
qΘ−I (Θ−I) logp(Y|Θ)p(Θ)dΘ−I (2.31)

where Θ−I corresponds to all parameters which are not included in set I.

As the equation for qΘI (ΘI) is dependent on the other qΘI (ΘI) an iterative

approach is necessary: after initialising all distributions qΘI (ΘI), the distribu-

tions are optimized and updated successively until convergence.

In the VB algorithm, the prior distributions p(ΘI) are confined to those

distributions which are conjugate with the data likelihood p(Y|ΘI). In other

words, the posterior distribution qΘI (ΘI) has to have the same parametric

form as the prior distributions. In this case, the updates during each iteration

correspond to a simple update of the hyper parameters of the distributions.

Generally, for a likelihood distribution to have a conjugate prior, its generative

model has to be part of the exponential family such that equation 2.31 becomes

tractable. In the next section, an extension of the VB algorithm is going to be
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presented for cases in which the model is not from the exponential family and

therefore does not necessarily have a conjugate prior.

2.3.3 Variational Bayes for non-linear forward models

In the previous section, it was explained that the generative model has to

be from the exponential family to allow for tractable VB updates. However,

generally models, and in particular the BM equations, do not fulfil this re-

quirement. Hence, such models have to be treated differently. Chappell et al.

[44] introduced a linearization step in the VB algorithm by applying a first

order Taylor expansion to the generative model. As linear models are from

the exponential family, the linearization makes the application of the VB al-

gorithm possible. The mathematical implications of this modification and the

resulting equations for the iterative parameter updates of the VB algorithm

will be described in the following according to [78]:

The non-linear model can be expressed as a function of its model param-

eters g(θ) and additive Gaussian noise e∝N(0,φ−1) with variance φ−1:

Y = g(θ) +e (2.32)

The likelihood can be expressed as:

p(Y|Θ) = φ
N
2 e−

1
2φeTe (2.33)

where N is the number of observations and Θ = {θ,φ}. Therefore, the logarithm

of the likelihood of the data is given by:

logp(Y|Θ) = N

2 logφ− 1
2φ(Y−g(θ))T(Y−g(θ)) (2.34)

Assuming that the model parameters and the noise parameter are independent,

the factorization of the approximate posterior can be expressed as:

q(Θ|Y) = q(θ|Y)q(φ|Y) (2.35)
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The multi-variate normal (MVN) distribution and the gamma function (Ga)

are suitable conjugate priors:

p(θ)∝MVN(θ;m0,Λ−1
0 ) (2.36)

p(φ)∝Ga(φ;s0, c0) (2.37)

where the hyperparameters m0, Λ0, s0 and c0 define the shape of the prior

distribution. The posterior distributions are conjugate and are therefore of the

same parametric form:

q(θ|Y)∝MVN(θ;m,Λ−1) (2.38)

q(φ|Y)∝Ga(φ;s,c) (2.39)

The true posterior can be expressed by Bayes theorem and is given by:

L=− 1
2(Y−g(θ))T(Y−g(θ)) + N

2 logφ

− 1
2(θ−m0)TΛ0(θ−m0)(c0−1) logφ− 1

s0
φ+ const{θ,φ}

(2.40)

If g(θ) is not from the exponential family the VB updates might become in-

tractable. Therefore, the first order Taylor expansion of the model is calculated

and applied instead of the original model:

g(θ)≈ g(m) +J(θ−m) (2.41)

J denotes the Jacobian:

(J)j,k = d(g(θ))j
dθk

∣∣∣∣∣
θ=m

(2.42)

After this linearization of the model, the updates of the hyper-parameters are
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given by the following equations [78]:

Λ = scJTJ+ Λ0 (2.43)

Λmnew = scJT(k +Jmold) + Λ0m0 (2.44)

c= N

2 + c0 (2.45)
1
s

= 1
s0

+ 1
2kTk + 1

2Trace(Λ
−1JTJ) (2.46)

where k = y−g(m). The parameters mold and mnew denote the value of m

before and after each update.

In the case of CEST the generative model g(θ) is a solution of the BM

equations corresponding to the multi-pool model described in section 1.2.2.3.

Hence, g(θ) can be either a numerical solution such as the solution given by

equation 2.47 (see section 2.4.1) or an analytical solution such as described by

equations 2.4 or 2.17. The measured data Y corresponds to the Z-spectrum

measured in the CEST experiment. The spectrum does not have to be nor-

malized, as the water pool equilibrium magnetizationM0a, which serves as the

normalization constant, can be treated as a free parameter. The set of model

parameters θ in the case of CEST consists of all parameters to be estimated

from the fit. These can be various parameters that describe the measurement

object, such as exchange rates kij between pool i and j, relative pool concen-

trations M0i, relaxation times T1i and T2i and pool frequencies ωi, but can

also include unknown parameters describing the experimental set up, such as

field inhomogeneities ∆ω0 and ∆ω1.
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2.4 Methods
The Variational Bayesian algorithm introduced in section 2.3 was combined

with the analytical equations 2.4 for CW saturation and 2.17 for pulsed sat-

uration. The convergence of the algorithm and accuracy of the determined

fit parameters were investigated by fitting the simplified model equations to

simulated as well as phantom data. In this chapter, the details regarding the

implementation of the algorithm and the experimental set-up for the simula-

tion study and acquisition of phantom data will be presented. I would like to

acknowledge and thank Dario Longo1 and Annasofia Anemone2 for the acqui-

sition of the Iodipamide data and Eleni Demetriou3 for the acquisition of the

taurine data.

2.4.1 Simulation experiments

Calculated Z-spectra were obtained by numerical simulation of the BM equa-

tions. For a constant B1, the BM equations are composed of coupled homoge-

neous differential equations with an additional inhomogeneous term, therefore

the solution is given by [46]:

M =
(
M0 +A−1C

)
exp(A · tsat)−A−1C (2.47)

where tsat is the time during which an RF pulse with constant amplitude B1 is

applied. For the case of CW saturation, this solution was evaluated in Matlab

(vR2016b). When shaped pulses are considered, the pulse amplitude B1 and

therefore the matrix A vary over time. Equation 2.47 can still be applied, if

the shaped pulse is approximated by a step-wise constant pulse, i.e. a pulse

which is split into short time intervals during which the pulse amplitude and

therefore A can be assumed to be approximately constant. Here, each shaped

pulse was approximated by splitting it into 200 equally long time intervals,

each of which was assigned a constant amplitude corresponding to the B1 of

1Institute of Biostructure and Bioimaging, University of Torino, Turin, Italy
2Molecular Biotechnology and Health Sciences, University of Torino, Turin, Italy
3Brain Repair and Rehabilitation, University College London, London, United Kingdom
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the original pulse at the beginning of each time interval.

The simulation parameters describing the sample were chosen to represent

a CEST agent with a labile amide proton in water. A 2-pool model was

assumed with one pool b describing the CEST agent and the other pool a the

water molecules with the following parameters: equilibrium magnetization of

water M0a = 1, equilibrium magnetization of amide M0b = 0.007, longitudinal

relaxation time of water T1a = 3s, transversal relaxation time of water T2a =

1.5s, longitudinal relaxation time of amide T1b = 1s, transversal relaxation time

of the amide protons T2b = 0.015s and forward exchange rate kba = 30Hz. The

spectra were sampled at saturation frequency offsets ∆ω from -6ppm to 6ppm

in steps of 0.1ppm. White Gaussian noise with a standard deviation of σ= 0.02

was added to all simulated spectra before the fitting procedure as this level of

noise was observed in Z-spectra of individual 27mm3 voxels on a 3T clinical

scanner, acquired with the snapshot-CEST technique [79].

For the implementation of the fitting algorithm the Variational Bayesian

algorithm available in the FMRIB Software Library (v5.0) was used. The

software comprises the tool FABBER [44] for Bayesian fitting of non-linear

forward models and BayCEST [65], which is a tool for fitting the full BM

equations in the FABBER framework. Here, in order to replace the full BM

forward model, the library was extended by the simplified forward models

described by equations 2.4 and 2.17. In addition to the simplified model,

fits with the numerical solution of the BM equations were performed using

the unmodified BayCEST tool for the purpose of evaluating the accuracy of

obtained parameter estimates and improvements in processing durations. All

prior distributions were assumed to be the same as in the analytical fit.

Systematic biases and the robustness of the algorithm with either model

were examined by repeating each fit 1000 times with different realizations of

the Gaussian noise. If the algorithms failed to converge to any solution (re-

turning Not-a-Number (NaN) upon encountering operations with undefined

numerical results) or rendered negative parameter estimates they were classi-
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fied as outliers and excluded from the subsequent analysis.

The simulated scanner and sequence parameter values for the CW ex-

periment were: main magnetic field B0 = 7T, B1 = 3.2µT and pulse duration

tp = 10s. The pulsed saturation Z-spectrum data was simulated with: B0 = 7T,

n = 50 Gaussian pulses of duration tp = 0.1s, standard deviation σp = 0.1s
5.84 ,

and an average amplitude of B1 = 3.2µT. The duty cycle was DC = 0.98. The

means and precisions (defined as the inverses of the variances) of the prior

distributions are shown in table 2.1.

Note, that the chosen concentration M0b is much larger than the physi-

ological concentrations of amide protons in human tissue. Furthermore, the

chosen B1 for the saturation pulse would typically be lower to reduce the

spillover effect. However, the primary aim of the simulation was to assess the

speed and accuracy of the algorithm, hence an experimental set-up resulting

in a Z-spectrum with a prominent and relatively broad CEST effect were cho-

sen. This ensures that the CEST peak is sampled sufficiently at a reasonable

frequency offset spacing. To evaluate the fit algorithm the parameters T2b and

kba were assumed to be unknown and set as free fit parameters. In order to

simulate the general case in which no prior information about the parameters

is available, approximately uniform priors were assumed for these parameters

by setting their precisions to a marginal value. All other model parameters

were fixed to the ground truth by setting their prior means to the ground truth

and their precisions to very large values.

Furthermore, data sets of multiple Z-spectra with varying saturation pow-

ers were simulated for CW and pulsed saturation. The (average) amplitude

values were B1 = 0.5,1.0,2.0,5.0 and 10.0µT. All other parameter values were

the same as for the single Z-spectra. The availability of multiple Z-spectra at

different B1 allows to simultaneously estimate exchange rate and concentration

of CEST pools [31, 32, 65, 80, 81]. Hence, the free fit parameters were chosen

to be T2b, kba and M0b. The applied prior information can be found in table

2.1.
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A further simulation was performed to investigate the performance of the

algorithm for Z-spectra with two CEST pools. The simulation parameters

were chosen to represent a solution of taurine and creatine, whose resonance

peaks overlap in the experimentally acquired Z-spectra: T1a = 3s, T2a = 2.2s,

M0b = 0.00056,M0c = 0.0022, T1b = T1c = 1s, T2b = T2c = 0.015s, kba = 1800Hz,

kca = 80Hz, ωba = 3.0ppm , ωca = 1.9ppm. The spectral sampling and the

noise properties were the same as in the previous simulation. Scanner and

pulse sequence parameters were: B0 = 9.4T, n = 151, tp = 0.1s, DC = 0.98

and B1 = 0.78,1.17,1.57,1.96,2.35,2.74,3.13,3.52,3.91,4.31µT. Using differ-

ent realizations of the added noise, these fits were repeated 1000 times with

the analytical model and due to the long processing time 100 times with the

numerical model.

2.4.2 Phantom experiments

For CW saturation a 15mM Iodipamide (Sigma-Aldrich, Milan, Italy) in

phosphate-buffered saline (PBS) was measured on a 7T MRI scanner Bruker

Avance 300 (Bruker, Ettlingen, Germany), B1 = 1.5,2.0,3.0,6.0µT and tp = 5s.

The pH was adjusted to pH = 7.4 and the temperature to T = 37◦C. Fre-

quency offsets were between -10ppm and 10ppm in steps of 0.1ppm. Sat-

uration was followed by a fast spin-echo sequence with centric encoding

(TR/TE/number of excitations NEX/RareFactor = 10s/3.5ms/2/64). T1-

relaxation times were measured using a Rapid Acquisition with Relaxation

Enhancement (RARE) sequence with eleven repetition times in the range 50-

10000ms. T1–measurements were performed in a central axial plane with the

following parameters: TE/NEX/RareFactor = 11ms/3/2, matrix = 128×128,

field of view FOV = 30×30mm2, slice thickness = 3mm, total acquisition time

= 1h 7min. The assumed prior information for the fit is shown in table 2.3.

To obtain pulsed saturation data, 12.5mM, 25.0mM, 50.0mM and

100.0mM taurine in water solutions were measured which consisted of titrated

0.1% PBS with pH = 6.2 and temperature T = 23℃. The data set was

acquired on a 9.4T Agilent MRI scanner using a transmit/receive RF coil
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with 33mm inner diameter (Rapid Biomedical, Germany). The saturation

consisted of 151 Gaussian pulses of duration tp = 0.05s, standard deviation

σp = 0.05s
5.84 and duty cycle of DC= 0.98. The average saturation amplitudes were

B1 = 0.78,1.17,1.57,1.96,2.35,2.74,3.13,3.52,3.91,4.31µT. Each spectrum was

sampled at 77 equally spaced frequency offsets between−6ppm and 6ppm. The

readout sequence was a single-slice 2D-GRE sequence with a field of view of

20×20mm2, matrix size of 64×64, TR = 5s, TE = 1.3ms and slice thickness of

4mm. An inversion recovery EPI sequence was used to quantify T1. A global

adiabatic inversion pulse (flip angle of 180◦, duration 2ms) was applied at the

frequency of water followed by 20 equally spaced inversion times from 8.10ms

to 7.5s. The other parameters were as follows: TR = 15s, TE = 25.5ms, slice

thickness of 2mm, field of view of 20×20mm2 and matrix size of 64×64. For

the quantification of T2a the Carr Purcell Meiboom Gill (CPMG) sequence

was used. It consisted of a 90° excitation pulse (sinc pulse with duration of

2ms) in x-direction, followed by 15 refocusing pulses in y-direction (flip an-

gle of 180°, sinc shape and duration of 1.6ms). The other parameters were:

TR = 3s, τCPMG = 8.33ms, slice thickness of 2mm, field of view of 20×20mm2

and matrix size of 64×64.

To present an application with 2 CEST agent pools whose peaks overlap

in the Z-spectrum, a solution consisting of 0.1% PBS with 25mM taurine

(resonance around 3.0ppm) and 50mM creatine (resonance around 1.9ppm)

was prepared. 5 different levels of acidity (pH = 6.18,6.44,6.62,6.82,7.06) were

realized by adding sodium hydroxide (NaOH) and hydrochloric acid (HCl)

to the solution. To acquire the Z-spectra the same sequence settings as in

the taurine only experiment were used, but with slightly different saturation

amplitudes of B1 = 0.39,0.78,1.57,1.96,2.35,2.74,3.13,3.52,3.91,4.31µT.

For each phantom, mean Z-spectra at various saturation powers were ob-

tained by averaging the measured intensities in a circular region of interest

(ROI) covering the phantom vials’ cross sections. Additionally, pixel-wise fits

were performed on the taurine data. The Z-spectra were normalized by the
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average signal of the 5 most negative frequency offsets in order to reduce the

impact of noise.

In order to compare the fit quality and estimated parameters, all phantom

data was fitted with the analytical model and with the numerical model.
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2.5 Results
This chapter presents the results of the simulations and phantom experiments

devised to investigate the feasibility of the analytical models when combined

with the Variational Bayesian algorithm.

2.5.1 Simulations

In the first simulation experiment, fits based on the analytical models de-

scribed by equations 2.4 and 2.17 for CW and pulsed saturation, respectively,

were performed on Z-spectra which were simulated by numerically solving the

Bloch-McConnell equations. This allowed for a comparison between a known

simulation ground truth and the estimated parameters to quantify the accu-

racy and precision of the data analysis method. Furthermore, the influence of

noise on the parameter estimates was investigated by repeating the fits with

different realizations of noise added to the Z-spectra. Examples of simulated Z-

spectra under CW or pulsed saturation and with a single or multiple saturation

powers are shown in figure 2.2 together with the Bayesian fits obtained with

the analytical models. The Z-spectra simulated assuming CW saturation (fig-

ure 2.2a and 2.2c) are well described by the fitted spectra as confirmed in the

standard deviation of the fit residuals (σres = 0.019 for a single and σres = 0.020

for multiple saturation powers), which are dominated by the added Gaussian

white noise of standard deviation σ= 0.02. Z-spectra simulated with the pulsed

saturation scheme (figure 2.2b and 2.2d) are also well described by the fitted

model, though larger residuals are observable at higher B1 (σres = 0.029 and

σres = 0.05, respectively), especially close to on-resonance.

Repeating these fits 1000 times with different realizations of added white

Gaussian noise led to estimated parameter distributions whose means and

standard deviations are visualized in figure 2.3. In the case of CW saturation,

no significant biases are observable with respect to the ground truth, and

standard deviations are comparable between the two algorithms. This is also

the case for a single pulsed Z-spectrum except that the numerical model leads

to a small underestimation of kba. In the case of multiple pulsed Z-spectra
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Figure 2.2: Fit results of simulated data sets obtained with the simplified analyt-
ical equations for a 2-pool model of an amide proton in water solu-
tion: (a) single B1 CW saturation, (b) single B1 pulsed saturation, (c)
multiple B1 CW saturation, and (d) multiple B1 pulsed saturation.
The single B1 Z-spectra were simulated with an average amplitude
of B1 = 3.2µT. For multiple B1 Z-spectra B1 = 0.5,1.0,2.0,5.0 and
10.0µT was employed. White Gaussian noise was added. Average
estimated parameters are shown in table 2.1.



Table 2.1: Summary of the results obtained from 1000 repetitions of the Bayesian fitting algorithm with numerical and analytical models
applied to simulated Z-spectra with a single CEST pool. Each repetition was run with a different realization of white Gaussian
noise. The values in brackets correspond to the standard deviation of the estimated means. The credibility columns contain the
standard deviation of the Gaussian posterior distribution obtained by a single representative fit. The error columns contain
the relative absolute difference to the ground truth. In addition, the CESTR* values are given for an average saturation
amplitude of B1 = 3.2µT. The two values listed under truth correspond to the CW case and pulsed case, respectively. The
processing times were measured on a 2.9GHz Intel Core i5 processor.

prior CW saturation pulsed saturation

parameter truth mean prec. analytical credibility error numerical credibility error analytical credibility error numerical credibility error
single B1
kba[Hz] 30 90 10−12 29.9(8) 0.8 0.5% 30.0(8) 0.8 0.2% 29.3(9) 1.3 2.3% 28.6(8) 1.2 4.6%
T2b[s] 0.015 0.005 10−12 0.0161(14) 0.0014 7.3% 0.0151(14) 0.0013 0.6% 0.0140(15) 0.0022 6.7% 0.0155(13) 0.0020 3.3%
CESTR* 0.367/0.351 - - 0.366(3) - 0.1% 0.366(2) - 0.1% 0.346(7) - 1.5% 0.343(6) - 2.5%
converged - - - 100% - - 100% - - 94.7% - - 99.9% - -
proc. time [s] - - - 0.039 - - 2 - - 3 - - 382 - -
multi B1
M0b 0.007 0.01 10−12 0.0072(21) 20 2.9% 0.0078(24) 19 11.4% 0.0059(10) 17 15.7% 0.0129(45) 47 84.2%
kba[Hz] 30 90 10−12 30.8(7.1) 7.2 2.7% 28.7(7.0) 6.0 4.3% 37.7(7.1) 10.6 25.7% 16.8(6.0) 1.8 44.0%
T2b[s] 0.015 0.005 10−12 0.0164(47) 0.0041 9.3% 0.0165(45) 0.0030 10.0% 0.0109(20) 0.0039 26.7% 0.0271(82) 0.0080 80.0%
CESTR* 0.367/0.351 - - 0.366(3) - 0.3% 0.366(3) 0.2% 0.343(6) - 2.4% 0.374(23) 6.3%
converged - - - 99.6% - - 99.7% - - 97.7% - - 100% - -
proc. time [s] - - - 0.17 - - 8.22 - - 18.3 - - 1974 - -
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fitted with either the analytical or the numerical model all estimates are biased,

however, the biases when fitting with the numerical model are larger. Outliers,

as defined in the methods section, were excluded from the subsequent analysis.

Table 2.1 shows the proportion of converged fits, with the numerical ap-

proach generally performing equally well or better than the analytical one. The

Figure 2.3: The means and standard deviations of estimated parameter distribu-
tions and the CESTR* metric (table 2.1) obtained from 1000 repeti-
tions of the fitting algorithms. Outliers were removed in the analy-
sis for this figure. Numerical and analytical models were applied to
fit simulated Z-spectra with different realizations of white Gaussian
noise. The following saturation schemes were investigated: single B1
CW saturation (sCW), single B1 pulsed saturation (sP), multiple B1
CW saturation (mCW), and multipleB1 pulsed saturation (mP). Note,
that M0b was kept fixed for the single B1 saturation schemes and is
therefore only shown for the multiple B1 saturation schemes.

equilibrium magnetizations and exchange rates of overlapping CEST pools es-

timated in the second simulation are visualized in figure 2.4 (values shown

in table 2.2). With respect to the fast exchanging pool b, both algorithms

resulted in underestimations of the equilibrium magnetization of about 10%.

The numerical algorithm also led to a similar underestimation of the exchange

rate kba, whereas the analytical algorithm had no significant bias. With re-

spect to the slowly exchanging pool c, the analytical algorithm underestimated

the equilibrium magnetization and overestimated the exchange rate by 19.1%

and 33.8%, respectively, whereas the numerical algorithm resulted in estimates

with no significant biases.

Large differences in processing times between analytical and numerical

algorithm were observed when a single CEST pool was fitted (table 2.1). For

CW saturation, the algorithm based on the simplified analytical forward model
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Table 2.2: Summary of the results obtained from 1000 repetitions of the fitting
algorithm with the analytical model and 100 repetitions with the ana-
lytical model applied to simulated Z-spectra with 2 overlapping CEST
pools. Each repetition was run with a different realization of white
Gaussian noise. The values in brackets correspond to the standard de-
viation of the estimated means. The credibility columns contain the
standard deviation of the Gaussian posterior distribution obtained by a
single representative fit. The error columns contain the relative abso-
lute difference to the ground truth. The processing times were measured
on a 2.9GHz Intel Core i5 processor.

prior pulsed saturation

parameter truth mean prec. analytical credibility error numerical credibility error
multi B1
M0b 0.00056 0.0011 10−12 0.00051(1) 0.000009 8.9% 0.00050(1) 0.000008 10.7%
M0c 0.0022 0.0044 10−12 0.00178(25) 0.00032 19.1% 0.00233(29) 0.00027 6.1%
kba[Hz] 1800 3600 10−12 1785(35) 46 0.8% 1588(26) 37 11.8%
kca[Hz] 80 160 10−12 107(21) 21 33.8% 76(12) 21 5.0%
converged - - - 100% - - 100% - -
proc. time [s] - - - 33 - - 61200 - -

was processed 51 times faster than the numerical forward model when a single

B1 Z-spectrum was fitted and 48 times faster for the fitting of multiple B1

Z-spectra. For pulsed saturation, the analytical solution led to a 127-fold

decrease in processing time for the single Z-spectrum data set and a 108-fold

decrease for the multiple B1 Z-spectra data set. When two CEST pools were

fitted the relative differences in processing times were even larger, i.e. for

pulsed saturation the analytical fit was obtained about 1800 times faster than

Figure 2.4: The means and standard deviations of estimated parameter distribu-
tions (table 2.2) obtained from 100 repetitions of the numerical algo-
rithm and 1000 repetitions of the analytical algorithm for pulsed sat-
uration based on simulated Z-spectra with 2 overlapping CEST pools.
Each repetition was run with a different realization of white Gaussian
noise.
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the numerical one (table 2.2).

2.5.2 Phantom experiments
The CW saturation Z-spectra of Iodipamide and the corresponding fits ob-

tained with analytical and numerical models are shown in figure 2.5. The fits

were obtained with a fixed relaxation time T1a = 3.3s as determined by the

inversion-recovery sequence. The estimated probability distributions for M0b,

kba, ωb, ∆ω0,off and T2a are shown in table 2.3, where ∆ω0,off is the frequency

shift of the Z-spectrum due to B0-inhomogeneity. Both algorithms led to

matching estimates for M0b, kba and ωb, but ∆ω0,off and T2a are significantly

different, i.e. the mean of one estimated distribution is not included in the

credible interval of the other estimated distribution. The credible interval is

defined here as the standard deviation of the Gaussian posterior distribution

obtained by the Bayesian fit.

Figure 2.5: Z-spectra of a 15mM Iodipamide in PBS solution at pH = 7.4 and T =
37℃, acquired at average saturation amplitudes ofB1 = 1.5,2.0,3.0 and
6.0µT. The fit was obtained with the simplified analytical equations
(a) and the numerical model (b).

The averaged Z-spectra of the taurine phantoms and the corresponding

fits are shown in figure 2.6. The modelled Z-spectra describe the measured

data reasonably well and residuals are negligible, except close to on-resonance

and at small concentrations. Assuming fixed relaxation times of T1a =

3.05,3.04,3.00,2.96s for taurine concentrations of 12.5,25.0,50.0,100.0mM, re-

spectively, the fit based on the simplified analytical equations yielded the pa-



2.5. Results 78

Table 2.3: Estimated parameters corresponding to the fits in figure 2.5 of an Iodi-
pamide solution analysed with the analytical and numerical models.
The values correspond to the means of the Gaussian posterior distribu-
tions of the estimated parameters.

prior estimates (CW)
parameter mean precision Analytical Numerical
M0b [10−4] 4.00 1.00E-12 2.63(26) 2.87(39)
kba[Hz] 900 1.00E-12 321(38) 300(47)
ω0,off[ppm] 0 1.00E-12 -0.153(2) -0.16720(2)
ωb[ppm] 5.5 1.00E-12 5.42(1) 5.43(2)
T2a[s] 0.211 1.00E-12 1.59(2) 1.81(3)
T2b[s] 10 1.00E-12 10(1000000) 10(1000000)

rameter estimates shown in table 2.4. The estimates forM0b and kba are plotted

against the taurine concentration in figure 2.7. Linear relationships were ob-

served in both cases. The exchange rates calculated with the QUESP analysis

were: kba = 1.05,2.01,3.27,5.58kHz from low to high taurine concentration.

The T2a values estimated by the fit show small differences of the transverse

relaxation time of water between the phantoms and larger credible intervals

at higher concentration. The increased credible intervals can be explained by

a stronger correlation between kba and T2a at higher concentrations, as both

parameters influence the width of the water peak in a similar way. At large

exchange rates, as observed in the phantoms with high taurine concentration,

kba dominates the width of the water peak and makes the estimation of T2a

more difficult. On the other hand, when kba is small, the width of the water

peak is dominated by T2a, which can therefore be estimated more accurately.

The influence of T2b on the Z-spectra is negligible under the chosen experimen-

tal settings, which means that an accurate estimation of this parameter is not

possible.

The resulting parameter maps of pixel-wise fits of the taurine Z-spectra

are shown in figure 2.8. For M0a, M0b, kba, ω0,off and ωb smooth parameter

maps were obtained in each phantom, except from a few pixels at the edges

of the plastic tubes. In accordance with the fit results of the averaged Z-

spectra, kba and M0b increase with the taurine concentration. The T2a map
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Figure 2.6: Z-spectra of 12.5mM (a), 25.0mM (b), 50.0mM (c), 100.0mM
(d) taurine in PBS solutions at pH = 6.2 and T = 23℃.
The saturation pulse average amplitude was varied with B1 =
0.78,1.17,1.57,1.96,2.35,2.74,3.13,3.52,3.91,4.31µT. The fits were ob-
tained with the simplified analytical equations for a 2-pool model.

Table 2.4: Estimated parameters corresponding to the fits in figure 2.6 of taurine
solutions at different concentrations, obtained with the analytical solu-
tion.

parameter 12.5mM 25.0mM 50.0mM 100.0mM
M0a [1] 0.998(1) 0.999(1) 0.994(1) 1.004(1)
M0b [10−4] 2.90(6) 5.84(2) 12.34(3) 24.93(12)
kba[103Hz] 1.08(4) 1.79(1) 3.26(4) 6.07(3)
ω0,off[ppm] -0.023(1) 0.005(1) -0.036(1) 0.030(1)
ωb[ppm] 2.96(1) 2.95(1) 2.95(1) 2.96(1)
T2a[s] 1.96(3) 2.17(3) 2.21(5) 1.74(9)
T2b[s] 20(316) 20(316) 20(316) 20(316)

is smooth only for the low concentration phantom, but more erroneous esti-

mates were observed the higher the concentration. The parameter maps of

M0a, M0b, kba and ωb agree with the fit results obtained from the fit of the

averaged Z-spectra. The map of ω0,off corresponds to a B0 map and reveals
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Figure 2.7: The linear dependencies between Taurine concentration and the means
of the distributions of the equilibrium magnetization of the Taurine
pool M0b (a) and the exchange rate kba (b), respectively as estimated
by the fit. The error bars in a) correspond to the σ-credible intervals.
The linear regression lines are weighted least squares lines where the
weights are inverse variances of the estimated parameter distributions.
As a comparison, the exchange rates measured with the PRO-QUEST
approach in [33] and with the QUESP analysis are shown.

inhomogeneities of up to ±0.15ppm. In this way, an additional acquisition of

a B0 map and pre-processing of the Z-spectra can be avoided. The T2a map

confirms the interpretation that a large exchange rate reduces the accuracy of

the T2a estimation, leading to unrealistic parameter estimates of more than 4s

for many pixels.

The averaged Z-spectra with overlapping creatine and taurine peaks are

shown in figure 2.9. The parameters M0b, kba, kca, ω0,off were fitted with pool

b and c representing the taurine and creatine pools, respectively. T1a = 2.5s

was fixed according to the inversion recovery measurement and T2a = 2.2s was

set according to the values estimated in the previous experiment (table 2.4).

The creatine parameters T2c = 27ms (according to [32]) andM0c = 0.0018 were

fixed, assuming 4 exchanging protons per creatine molecule. Furthermore, the

taurine and creatine peaks were located at ωb = 2.96ppm and ωc = 1.85ppm, re-

spectively. The estimated parameters are shown in table 2.5 and the measured

relationship between exchange rates and pH was plotted in figure 2.10.
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Figure 2.8: Parameter maps obtained from pixel-wise Bayesian fits of Z-spectra at
multiple B1 of taurine in PBS solutions at pH = 6.2 and T = 23℃: a)
M0a, b) M0b, c) kba in Hz, d) ω0,off in ppm, e) ωb in ppm, f) T2a in
s. The taurine concentrations from the bottom tube to the top tube
are: 12.5mM, 25.0mM, 50.0mM, 100.0mM. The maps were masked to
include only those pixels showing the taurine phantom vials.

Table 2.5: Estimated parameters corresponding to the fits in figure 2.9 of a taurine
and creatine solution at varying acidity, obtained with the analytical
model.

parameter pH=6.18 pH=6.44 pH=6.62 pH=6.82 pH=7.06
M0b [10−4] 5.87(3) 5.93(2) 6.07(3) 5.81(3) 6.24(3)
kba[103Hz] 1.95(20) 2.75(17) 4.55(34) 5.85(49) 7.48(67)
kca[103Hz] 32(2) 38(2) 63(2) 78(2) 103(2)
ω0,off[ppm] 0.0231(9) 0.0082(7) 0.0442(10) 0.0458(10) 0.0456(9)
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Figure 2.9: Z-spectra of a 25mM taurine and 50mM creatine in PBS
solution at T = 20℃ and varying acidity: a) pH = 6.18,
b) pH = 6.22, c) pH = 6.62, d) pH = 6.82, e) pH = 7.06.
The saturation pulse average amplitude was varied with B1 =
0.39,0.78,1.57,1.96,2.35,2.74,3.13,3.52,3.91,4.31µT. The fits were ob-
tained with the simplified analytical equations for a three-pool model.
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Figure 2.10: The figures show the estimated exchange rates of a) taurine and b)
creatine in the same solution, depending on acidity. The values cor-
respond to the estimates obtained from the fits presented in figure
2.9 and table 2.5. Two metrics, CESTR* (c) and MTRasym (d) were
calculated at the creatine resonance. CESTR* correlates with the cre-
atine exchange rate at all saturation amplitudes, whereas MTRasym
is skewed by the overlapping taurine peak, especially at higher satu-
ration amplitudes.
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2.6 Discussion

In this part of the thesis, a Variational Bayesian algorithm for fast Bayesian

inference [44] has been applied to fit CEST data. In contrast to a previous

approach based on a general solution of the BM equations [65], simplified

analytical models were used with the aim to reduce processing time. To assess

the processing times as well as the convergence and accuracy of this evaluation,

the algorithm was applied to Z-spectra obtained from simulations as well as

phantom experiments under both CW and pulsed saturation. The results show

that the simplified algorithm converges to a solution that describes the data

well and thus allows to estimate parameters with an accuracy and precision

that is comparable with the previous algorithm.

With this approach, it was however possible to considerably reduce pro-

cessing time. The approximately 50-fold reduction of computational time for

CW saturation can largely be attributed to the reduced complexity of the

applied analytical solution. In more details, the numerical solution requires

the relatively time-consuming calculation of a matrix exponential, whereas

equation 2.4 comprises only basic arithmetic operations. As the Variational

Bayesian algorithm iteratively updates the parameter estimates until conver-

gence, the respective solutions are evaluated for each update.

For pulsed saturation, the reduction of processing time was even greater

(up to 127-fold for a 2-pool model and about 1800-fold for a 3-pool model),

although the analytical formula for pulsed saturation (equation 2.17) is more

complex than the analytical formula for CW saturation. This significant re-

duction was possible because the numerical solution requires a separation of

the pulse shape into multiple intervals with approximately constant amplitude,

each of which requires the numerical evaluation of a matrix exponential. In

contrast, with the simplified model the averaging of R1ρ over the pulse shape

makes it possible to obtain the parameter update for each iteration with only

one evaluation of equation 2.17.

Assuming the processing times observed in the simulations, the time re-
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quired for fitting a single slice of 100×100 pixels can be reduced from 5.6 hours

to 6.5 minutes in CW saturation. Fitting a slice of these dimensions with

pulsed saturation would be infeasible with the numerical solution (~44 days)

and would take 8.3 hours with the analytical approximation. Such improve-

ments in processing time might be crucial when quantitative CEST methods

are considered for clinical routine. Further reductions on such processing times

can be expected by using implementations on computer graphics cards.

The repetition of fits with different instances of added Gaussian white

noise allows to draw conclusions about the accuracy and robustness of the

algorithms. The observed biases and standard deviations of the obtained dis-

tributions suggest that in most cases the Bayesian algorithm does not yield

more accurate results with the numerical model than with the analytical ones.

While the biases of the estimates obtained with the analytical models are at-

tributed to the approximating assumptions made in their derivation, especially

the application of effective parameters averaged over the pulse shape, and the

choice of the heuristic value αstart, no such assumptions are made in the nu-

merical model. Hence, it is probable that the biases observed in the numerical

model approach are a result of the algorithm converging towards other local

optima in the solution space, which exist due to a strong correlation between

the estimated parameters. This interpretation is supported by the observation

that the residuals of the numerical approach are always determined by the

noise rather than systematic deviations. It is likely that the probability of

converging towards a particular minimum is dependent on the means of the

prior distributions and that therefore the observed biases will vary depending

on the choice of these priors. The problem of parameter correlations is inherent

in all CEST data and can therefore only be mitigated by different sampling

or acquisition techniques. Another approach to this problem offered only by

the Bayesian technique is to specify more specific prior distributions, if prior

knowledge is available.

In order to fit the Iodipamide Z-spectrum, 6 model parameters were es-
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timated by the analytical and numerical algorithms (table 2.3). The compar-

ison shows deviations of the posterior distribution which are included in the

σ-credible intervals and are therefore not significant for M0b, kba and ωb. On

the other hand, the differences of ∆ω0,off (≈ 0.014ppm) and T2a (≈ 22ms)

don’t fall within the credible intervals. As discussed in regard to the devia-

tions in the simulated study, these discrepancies can be explained either by

convergence issues (local optima) or by the limited range of validity of the

assumptions of the analytical model. The latter is less likely, since equations

2.4 and 2.17 were in good agreement with the numerical solution of the BM

equations in [51] for the parameters estimated here. The increased asymme-

try of the residuals with respect to the water peak in the numerical solution

(figure 2.5b) suggests that the B0 correction by estimating ω0,off was not suc-

cessful, resulting in a local optimum and the observed significant biases in

ω0,off and T2a. The determined relative Iodipamide equilibrium magnetiza-

tions (M0b = 2.6(3) ·10−4 and M0b = 2.9(4) ·10−4 for analytical and numerical

solutions, respectively) are in agreement with the expected value of a 15mM

solution, assuming that both Iodipamide and water molecules have 2 exchang-

ing proton sites (M0b = 15mM·2protons
55M·2protons ≈ 2.7 ·10−4 ). The transverse relaxation

time of Iodipamide T2b was determined with large uncertainty by both nu-

merical and analytical algorithm. This is due to the small influence of T2b on

the shape of the Z-spectrum. The increased magnitude of residuals close to

the water peak was also observed in the simulation experiments and can be

attributed to the breakdown of the model assumption of negligible rotation

of the water magnetization about the effective magnetic field. This effect be-

comes more important for shorter pulse duration tp, higher B1 and longer T2a.

Furthermore, it is also possible that the fixed value for T1a deviates sufficiently

from its true value to contribute to the larger residuals at the water peak.

In the taurine experiment, the linear increase of the measured exchange

rate with taurine concentration was unexpected, since both pH and buffer

concentrations were maintained constant. However, an alternative analysis
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of the same data set with the QUESP method, as well as a different CEST

sequence, PRO-QUEST, which was applied to the same phantoms (results

published in [47]), confirmed the exchange rates determined by the Bayesian

fits. Furthermore, a similar increase of exchange rates with concentration was

measured with the PRO-QUEST and QUESP techniques on a glutamate in

PBS solution in chapter 5. Thus, it can be concluded that the increase of

exchange rates was determined correctly. However, the question by which

mechanism the exchange rate is influenced by the CEST agent concentration

remains open. A possible explanation related to the phosphates in the buffered

solution is given in the discussion of chapter 5.

One of the major challenges with analysing in vivo Z-spectra is the pres-

ence of multiple overlapping peaks. The simulations show that analysing Z-

spectra containing a fast exchanging taurine pool which overlaps with a slowly

exchanging creatine pool using either the analytical or the numerical algorithm

can result in biased parameter estimates. Nevertheless, an expected increase

of estimated exchange rates with pH in the taurine phantom (figure 2.10a and

2.10b) can be attributed to a systematic deviation of estimates which main-

tains the correlation between pH and estimated exchange rates. Additionally,

the assumption of a fixed creatine concentration reduces the uncertainty of

the other fit parameters and thus leads to an increased precision. The inter-

pretation of simple metrics such as MTRasym can be difficult for overlapping

CEST pools (figure 2.10c) while CESTR* allows for an unbiased interpreta-

tion of such data, and correlates with the changes of the creatine exchange

rate (figure 2.10d).

To date, the Variational Bayesian algorithm on which this study is based

[44] is the only Bayesian algorithm that incorporates the BM equations to fit

Z-spectra. The main limitation of this study is that the assumptions of the

employed analytical solution is valid only for slow and intermediate exchange

regimes. Therefore, agents at high pH or high kia might yield different es-

timates due to violation of the assumptions of the analytical solutions. For
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different exchange regimes, a few publications have reported alternative ana-

lytical solutions [32, 39, 40, 41, 42, 43, 82] . Problems related to the correlation

between model parameters such as agent concentration and exchange rate are

not mitigated by employing improved analytical solutions, as the correlation

stems from the data acquisition itself. Instead, improving the sampling strat-

egy can lead to a smaller degree of correlation in the data. An improved sam-

pling strategy can also be advantageous to reduce the measurement time [83]

since sampling the full Z-spectrum might not be feasible in a clinical setting.
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2.7 Conclusion
A Bayesian fitting algorithm based on approximate analytical solutions of the

BM equations has been employed to fit Z-spectra. A considerable reduction of

processing times was observed, while the accuracy of estimated parameters was

maintained in both simulation and phantom data. This method is expected

to be beneficial for quantification of CEST effects within clinically acceptable

data processing time. Therefore, future directions include a wide range of in

vivo applications utilizing endogenous CEST agents with slow and intermediate

exchange regimes, such as patients with cancer or stroke.



Chapter 3

Bayesian fitting in vivo

3.1 Introduction

The quantification of the parameters of the Bloch-McConnell equations in

vivo is the ultimate goal of CEST experiments, since they fully characterize

all exchange processes. As observed in the previous chapter, only the full,

densely sampled Z-spectrum contains enough information to separate exchange

contributions from overlapping CEST pools.

While the previous chapter shows that it is in principle possible to disen-

tangle the CEST contributions from different pools, additional difficulties are

expected in the fitting of in vivo data. Most problematic is the high number

of different metabolites characterized by their relaxation rates T1i and T2i,

their concentration, exchange rate and chemical shift, each of which has to

be described by an additional CEST pool. Knowledge of these parameters is

limited in many cases, which means that they cannot be fixed in the fit or

require assumptions about their values that might bias the fit results if they

are inadequate. Additional free fit parameters increase the processing time

and increase the risk of over-fitting especially considering the lower metabolite

concentrations and reduced SNR compared to the in vitro experiments.

Thus, in vivo it is required to make assumptions about which metabo-

lites will be most relevant for the fit and which ones can be neglected. With

Lorentzian-line-fit analysis [52], up to 7 pools have been used simultaneously
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in the literature to fit in vivo data, i.e. water, amides (3.5ppm), intermediate

and fast amines (2.0ppm), NOE (-1.6ppm and -3.5ppm) and MT [84]. Often,

fewer pools are considered, e.g. three pools (solute, water and MT) [52], four

pools (amide, amine, NOE and water) [85], or five pools (water, amide, amine,

NOE and MT) [86].

Another difficulty arises from the presence of metabolites in the interme-

diate to fast exchange regime. The corresponding peaks may coalesce with the

water peak, which makes the separation of the CEST contribution from the

water signal and their modelling more complicated. This applies in particular

to the fast exchanging amine groups for which exchange rates of up to 50000Hz

have been reported [87, 88, 15], and, due to their proximity to the water peak

the exchanging hydroxyl groups of D-Glucose at 1.39ppm which exchange at

about 2560Hz under in vivo conditions.

For these reasons, not many quantitative in vivo parameter estimates

from fits of Z-spectra with the Bloch-McConnell equations or their analytical

solutions have been reported. Heo at al. [89] fitted Z-spectra of glioma-bearing

rat brains acquired at 4.7T using a 4-pool model (water, MT, amide and

NOE). Z-spectra of healthy human brains at 7T were fitted by Liu at al.

[53] using the same 4-pool model. Chappell et al. [65] used a 3-pool model

(water, MT, amide) for fitting of healthy human brains at 3T. Tee et al. [90]

applied the same 3-pool model to quantify the amide effect in hyperacute stroke

patients. Msayib et al. [91, 92] found improvements of contrast-to-noise ratio

and repeatability if a 4-pool model was used to quantify the APT effect in

acute ischemic stroke.

All these studies have in common that they assume a continuous-wave

saturation in the analysis of the data. In the studies that use a pulsed sat-

uration sequence [65, 53], the continuous-wave power-equivalent saturation is

assumed. This is in contrast to the model applied in this thesis, which ex-

plicitly considers the pulse shape and exchange effects during delays between

pulses, which have been shown to be especially important when exchange rates
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are small, which is the case for amide, NOE and MT exchange rates [42].

In this chapter, the algorithm developed in the previous chapter is applied

to fit Z-spectra of mouse brains that were acquired under pulsed irradiation

with Gaussian-shaped pulses. In addition, a Lorentizan-line-fitting model was

combined with the Bayesian fitting algorithm to compare to the results of the

Bloch-McConnell fits. To increase the SNR of the Z-spectra, a Principal Com-

ponent Analysis (PCA) based denoising approach was adopted [93, 94]. The

aim was to assess the quality of the in vivo parameter maps and to investigate

whether the parameters estimated under pulsed irradiation differ significantly

in gray matter (GM) and white matter (WM) regions and how they compare

to values found in the literature.
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3.2 Theory

3.2.1 Extension of the analytical model by an MT pool

In the simplest case, the MT pool can be included in the Bloch-McConnell

equations by treating it as a CEST pool, which corresponds to the assumption

of a Lorentzian shape. This approach was chosen, for example in [95], but can

result in an overestimation of the transverse relaxation time of the MT pool.

This is because the actual shape of the MT pool was shown to be closer to a

super-Lorentzian shape [54], which can be described by:

g(∆ωMT) =
∫ π/2

0
dθ sinθ

√
2
π

T2
|3cos2θ−1| exp

−2
(

∆ωMTT2
|3cos2θ−1|

)2 (3.1)

where ∆ωMT = ωRF−ωMT is the difference between the RF pulse frequency

ωRF and the centre frequency of the MT line shape ωMT.

If one introduces pool c as the MT pool, the Bloch-McConnell equations

presented in chapter 1.2.2.3 are modified as follows:

d
dt



Mxa

Mya

Mza

Mzc


=



−R2a ∆ωa 0 0

−∆ωa −R2a ω1 0

0 −ω1 −R1a−kac kca

0 0 −kca −R1c−Rrfc





Mxa

Mya

Mza

Mzc



+



0

0

R1aM0a

R1cM0c


(3.2)

where Rrfc incorporates the line shape function:

Rrfc(∆ωMT) = ω2
1πg(∆ωMT) (3.3)

Note, that Mxc and Myc are assumed to be zero for pool c, as the proton spins

are assumed to dephase instantly due to a very short T2c (<ms).
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To incorporate the super-Lorentzian line shape into the framework pre-

sented in chapter 2 without losing the computational efficiency, an analytical

approximation of equation 3.2 is required. Here, the solution developed by

Zaiss et al. [96] for the exchange-dependent relaxation rate due to the MT

pool Rex,c is applied. It is given by:

Rex,c =
[
(∆ω2

a+ r2
2a)(kcar1a+ r1c(kac+ r1a)) +ω2

1r2a(kca+ r1c)
]
/[

(∆ω2
a+ r2

2a)(kac+kca+ r1a+ r1c) + 2r2a(kcar1a+ r1c(kac+ r1a))

+ω2
1(r2a+kca+ r1c)

]
(3.4)

where r1a =R1a−Reff, r2a =R2a−Reff and r1c =R1c+Rrfc−Reff.

This equation was derived with the same eigenvector approach as the

equation for Rex,i of the CEST pools 2.7, with the difference that R1a and R2a

were not neglected in the final expression.

Here, the above approximation was found to be invalid and diverge for

certain parameter combinations in the vicinity of the water peak, i.e. ∆ω2
a ≈ 0,

which makes a divergence of the fit towards the global minimum difficult. This

is because r1a and r1c can be negative which allows for the possibility of the

denominator of equation 3.4 to approach 0, resulting in extremely large values

for Rex,c. To avoid these diverging values equation 3.4 was linearly interpolated

between ∆ωa =−0.1ppm and ∆ωa = 0.1ppm. This is justified, because in this

range changes in the Z-spectrum are dominated by the direct water saturation.

3.2.2 Lorentzian-line-fit analysis

The Lorentzian-line-fit analysis described here is based on the theoretical ob-

servation that each CEST effect can be approximated by a Lorentzian line

shape in the Z-spectrum in the weak-saturation-pulse limit [39, 69]. Hence,

the Z-spectrum can be described as a superposition of these Lorentzian line

shapes:

Z(ωRF) = 1−
∑
i

Li(ωRF) (3.5)
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with

Li(ωRF) = Ai
Γ2
i /4

Γ2
i /4 + (ωRF−ωi)2 (3.6)

where Ai and Γi are the amplitude and width of the Lorentzian describing

pool i.

This method has been successfully applied, e.g. in [85] for the fitting of

amide, amine, and aliphatic peaks in Z-spectra of mice and in [86], where a

5-pool Lorentzian model was used to fit Z-spectra of human volunteers.

For this thesis, the model was combined with the the same Bayesian fit-

ting algorithm [44] used for the fitting with the analytical solution of the

Bloch-McConnell equations, and obtained parameter maps were used as a

reference. In contrast to the analytical solution of the Bloch-McConnell equa-

tion, which can be used to fit several Z-spectra at different saturation powers

simultaneously, the Lorentzian-line-fit analysis can only be applied to a single

Z-spectrum at a time, since the saturation power is not an explicit parameter

of the model. In this work, the Z-spectrum was acquired at the lowest power,

i.e. 0.6µT, to fulfil the weak-saturation-pulse limit and because the individual

peaks were most clearly visible at this power.
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3.3 Methods

3.3.1 Image acquisition
The mouse data presented in this chapter was acquired and kindly provided

by Eleni Demetriou1.

3.3.1.1 CEST images
7 mice were scanned on a 9.4T Agilent system with a 33-mm-diameter trans-

mit/receive coil (Rapid Biomedical). They were anaesthetized using 1.5-1.8%

isoflurane in 1.5% oxygen. The parameters of the CEST sequence were: 80

Gaussian saturation pulses of 50ms duration at 71 equally spaced frequency

offsets (range: -5.6 to 5.6ppm, and additional reference offsets for normaliza-

tion at ±749, ±198 and ±144ppm and for MT fitting at ±20ppm), with an RF

duty cycle of 99%, B1 = 0.6, 1.2, 2.0 and 3.6µT and a gradient-echo sequence

readout (matrix size 64×64, TR = 2.11ms, TE = 1.07ms,FOV = 20×20mm2).

A single slice of 2mm thickness centered on the thalamus was acquired.

3.3.1.2 Quantitative T1, T2 and T2-weighted images
Quantitative T1 and T2 values were necessary as prior information for the

Bayesian fitting algorithm. To quantify T1, an inversion-recovery EPI sequence

was used with the following settings: global adiabatic inversion pulse with

flip angle of 180° and duration of 2ms, followed by 6 inversion times TI =

0.35,0.6,1.0,2.0,5.0,9.0s. Further sequence parameters were: TR = 15s, TE =

25.5ms, slice thickness 2mm, FOV = 20×20mm2, matrix size 64×64.

T2 values were quantified with a CPMG sequence using the following set-

tings: 90° sinc-shaped excitation pulse of duration 2ms along the x-direction,

and 15 sinc-shaped refocusing pulses with flip angles of 180° and duration

1.6ms along the y-direction. Further sequence parameters were: TR = 3s,

τCPMG = 8.33ms, slice thickness 2mm, FOV= 20×20mm2, matrix size 64×64.

High resolution anatomical T2-weighted scans were acquired to segment

gray and white matter, using a fast spin-echo sequence (matrix 256× 256,
1Brain Repair & Rehabilitation, Institute of Neurology, University College London,

United Kingdom



3.3. Methods 97

TR = 3000ms, TE = 20ms, FOV = 20×20mm2).

3.3.2 Data analysis

3.3.2.1 PCA denoising of Z-spectra

To improve the signal-to-noise ratio of the acquired Z-spectra, a PCA denoising

approach was applied. Breitling et al. [93] have achieved an SNR gain compa-

rable or even superior to an averaging of 6 measurements using this approach

on human brain Z-spectra at 7T. The technique reduces the dimensionality

of the Z-spectra data while retaining the most important information. It is

based on the identification of linear correlations in the Z-spectra data in order

to express the data in terms of new uncorrelated variables. These are called

principle components (PCs). When the PCs are ranked with respect to their

contribution to the variability of the Z-spectra, the first PCs contain most of

the desired features of the Z-spectra, whereas the other PCs contain mostly

noise and can be discarded in order to increase the SNR. The PCA algorithm

described in the following is applied separately to the CEST datasets acquired

at different saturation powers.

The first step to obtain the PCs is to construct the Casorati matrix C of

size m×n, where m is the number of voxels that are considered in the image,

each of which is associated with a Z-spectrum of n saturation frequency offsets

{∆ω1, . . . ,∆ωn}. The number m might be smaller than the total number of

voxels in the image, since regions outside the brain are typically excluded.

Thus, the Casorati matrix contains one Z-spectrum in each of its m rows:

C =



z1(∆ω1) z1(∆ω2) . . . z1(∆ωn)

z2(∆ω1) z2(∆ω2) . . . z2(∆ωn)
... ... . . . ...

zm(∆ω1) zm(∆ω2) . . . zm(∆ωn)


(3.7)

The second step is to obtain the covariance matrix cov(C), which is given
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by:

cov(C) = 1
n−1C̃TC̃ (3.8)

where C̃ is the column-wise mean-centred Casorati matrix, i.e. the matrix

which is obtained when the average Z-spectrum is subtracted from each row

of C.

In the next step, the covariance matrix is decomposed into three matrices

by eigendecomposition:

cov(C) = VTDV (3.9)

where V is the eigenvector matrix consisting of one eigenvector in each column

and D = diag(λ1, . . . ,λn) is the diagonal eigenvalue matrix with λ1≥ λ2≥ ·· · ≥

λn.

Finally, the denoised Z-spectra are obtained by projecting C̃ onto the k

highest-ranked PCs, i.e. the k eigenvectors with the largest eigenvalues

C̃(k) = C̃V(k)VT
(k) (3.10)

and by adding the previously subtracted average Z-spectrum to each row of

C̃(k).

The optimal number k of PCs to be retained depends on the measurement

noise. Different criteria exist to find the optimum. As described by Deshmane

et al. [94], here, Malinowski’s empirical indicator function [97] was applied.

This function is based on the real error RE, which depends on the eigenvalues

associated with the neglected PCs. The optimal number of components was

shown to minimize the value of the indicator function. Applied to the mouse

data the function suggested retaining the first 7 PCs.

3.3.2.2 Gray matter and white matter segmentation

Based on the high resolution anatomical T2-weighted images, manual segmen-

tation of gray matter and white matter regions were performed. Similarly to

the segmentation described in [98], the gray matter region was aimed at in-
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cluding the parts of the brain belonging to the isocortex. The white matter

region included the fibre tracts of the corpus callosum, the fornix system and

the corticospinal tract, which were identified as lower intensity regions in the

T2-weighted images. Subsequently, the obtained masks were downsampled by

bicubic interpolation using Matlab’s imresize function to match the acquisition

matrix of 64 × 64 of the CEST data.

3.3.2.3 Prior means and standard deviations
In contrast to the application of the algorithm in vitro, the high number of fit

parameters in vivo required the standard deviations of the prior distributions

to be restricted to allow for a convergence to a reasonable solution. The applied

prior means and standard deviations of the Gaussian prior distributions for the

analytical Bloch-McConnell fit and the Lorentzian line shape fit are shown in

table 3.1. The standard deviations were chosen based on the Z-spectrum of

a single pixel (25,25) located in the gray matter of mouse 7, to be as wide as

possible without leading to a failure of the fit.
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Table 3.1: Means and standard deviations of prior distributions of the Bayesian in
vivo fits with the analytical solution of the Bloch-McConnell equations
and the Lorentzian line shape model. If the standard deviation column
contains a " - ", the model parameter was fixed to the value shown
under mean. The priors shown in this table were optimized using the
Z-spectrum of pixel (25,25) of mouse 7 which is located in the gray
matter. Except for the value of T1a, they were used as priors for all
other fits. T1a was obtained on a pixel-by-pixel basis from the measured
T1 maps.

parameter mean standard deviation
analytical solution of BM equations
M0a 1 -
M0b 0.02 0.03
M0c 0.05 0.03
M0d 0.0002 0.03
M0e 0.00025 0.03
log(kba[Hz]) log(30) log(30)/2
log(kca[Hz]) log(30) log(30)/8
log(kda[Hz]) log(30) log(30)/3
log(kea[Hz]) log(1000) log(1000)/2
T1a[s] 1.92 -
T1b[s] 1 -
T1c[s] 1 -
T1d[s] 1 -
T1e[s] 1 -
T2a[s] 0.0345 1.00E12
T2b[s] 0.0004 1.00E12
T2c[s] 1.00E-6 1.00E5
T2d[s] 0.03 1.00E12
T2e[s] 0.02 1.00E12
ωa[ppm] 0.0 -
ωb[ppm] -3.5 -
ωc[ppm] -1 -
ωd[ppm] 3.5 -
ωe[ppm] 2.0 -
ω0,off[ppm] 0 0.3
Lorentzian line shapes
Aa 0.9 1
Ab 0.0 1
Ac 0.1 1
Ad 0.0 1
Ae 0.0 1
Γa[ppm] 2.3 10
Γb[ppm] 4.0 1
Γc[ppm] 10.0 1
Γd[ppm] 2.0 0.5
Γe[ppm] 2.0 0.5
ωa[ppm] 0.0 -
ωb[ppm] -3.5 -
ωc[ppm] 0.0 1
ωd[ppm] 3.5 -
ωe[ppm] 2.0 -
ω0,off[ppm] 0 1
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3.4 Results
The quantitative T1 and T2 maps, the high resolution T2-weighted images,

and the downsampled GM and WM segmentations of all 7 mice are shown

in figure 3.1. The T1 maps show slight differences between mice. Mouse 1

and 2 have particularly high and low values, respectively. These differences

might be caused by imperfect inversion of the magnetization due to B1 or B0

inhomogeneities. In contrast to that, the T2 maps and T2-weighted images do

not differ as much between mice. The isocortical GM and fibre tracts making

up the WM were visible in the T2-weighted images and could be segmented

manually in all mice.

Figure 3.1: Quantitative T1 (1st row) and T2 (2nd row) maps, high resolution T2-
weighted images (3rd row), and GM and WM segmentations (4th row)
of 7 mice. The GM and WM regions are indicated with a darker and
a brighter grey color, respectively. The T1 map was obtained with an
inversion-recovery EPI sequence, the T2 map with a CPMG sequence
and the T2-weighted images with a fast spin-echo sequence.

The effect of denoising the Z-spectra of the mouse brain with the PCA

algorithm are shown in figure 3.2. Based on Malinowski’s empirical indicator

function, the first 7 principal components of the Z-spectra were kept, while the

other components were assumed to describe mostly noise and were discarded.

This is visually confirmed by the projections of the data onto the principal

components shown in figure 3.3. The parameter maps of mouse 7 obtained

from the pixel-wise Bayesian fitting of the denoised Z-spectra are shown in
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Figure 3.2: Comparison of measured Z-spectra of a single voxel at different av-
erage saturation field strengths B1 (data points) and the correspond-
ing noise-corrected Z-spectra using a principal component denoising
(PCA) approach (solid lines). The first 7 principal components were
combined to generate the noise-corrected Z-spectrum.

Figure 3.3: Projection of the data onto the first 14 principle components. The first
7 components (first row) contain structural and experimental infor-
mation, whereas the higher components (second row) contain mostly
noise. The denoising of Z-spectra was performed by discarding all
principal components higher than 7. Note, that the projections onto
principal components 15 to 79, which, similarly to the last 7 projec-
tions contain mostly noise, are not shown here.

figure 3.4. Most maps contain many outlier pixels, indicating that the fit did

not converge to the correct solution. The maps with the fewest outliers are

the NOE pool concentration fb and the maps associated with the water pool

ωoff and R2a. The exchange rate maps contain a particularly high number of

outliers. By visual inspection, the fb map shows higher values in the WM areas

compared to GM, but the other CEST pool maps contain too many outliers

to recognize GM/WM differences. The B0-inhomogeneity map ωoff contains

the typical, smooth, low frequency changes of up to 0.4ppm.
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Figure 3.4: Quantitative fits of mouse 7 using the analytical model for pulsed sat-
uration. The maps of all fitted parameters are shown. The instability
of the fit is expressed in numerous outlier pixels.

An example of a fit in a single pixel is shown in figure 3.5. While the broad

features of the Z-spectra and the water peak at all powers are well described

by the fit, the upfield amine and amide peaks that are visible in the lower

power spectra are not captured by the fit.

In contrast, the analysis with the Lorentzian line shape model leads to

smoother parameter maps with almost no outliers. Figure 3.6 shows the es-

timated parameter maps for mouse 7. In contrast to the quantitative model,

almost no outliers are visible in the maps, indicating an increased stability of

the fit. Visually, it is possible to recognize some WM regions in the NOE (pool

b) and MT (pool c) maps, but not in the amide (pool d) and amine (pool e)

maps. Similar to the fb map of the quantitative model, the Lorentzian ampli-

tude Ab and width Γb have higher values in WM than in GM. This contrast is

even stronger in the MT pool parameters Ac and Γc. The B0-inhomogeneity

map is almost identical to the one obtained with the quantitative model.

An example of a fit in a single pixel and how the fit function is composed

of the Lorentzian line shape functions is shown in figure 3.7. In contrast to
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Figure 3.5: Example of a quantitative fit of a single pixel (25,25). Although the
residuals are generally small, the downfield CEST peaks visible at the
lower power spectra are not captured well by the fit.

Figure 3.6: Lorentizan fits of mouse 7 using the Lorentzian lines shape analysis.
In contrast to the quantitative model, almost no outliers are visible.

the quantitative model, the upfield CEST peaks are well described by the

Lorentzians.

The results of the statistical comparison between GM and WM values of

all mice are shown in figure 3.8 for the quantitative analysis and in figure 3.9

for the Lorentzian line shape analysis. The values represent the group means

and their standard deviations of the average estimated parameter values in
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Figure 3.7: Example of a Lorentzian line shape fit of a single pixel (25,25). Here,
residuals are smaller and the upfield CEST peaks are captured better
than with the quantitative model.

the GM and WM regions shown in figure 3.1. The comparison between the

different CEST pools fitted with the quantitative model shows that the MT

pool has the highest concentration, followed by the NOE pool while the amide

and amine pools have smaller concentrations. The amplitudes and widths of

the Lorentzian model, if ranked from high to low values, have the same order.

A two-sample t-test was performed to evaluate the significance of observed

differences. Significant differences at the 5% significance level were found for

fb, Ab, Ac and Γc, which corresponds to the visual assessment of the parameter

maps of mouse 7. In addition, R2b and R2c were significantly different.
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Figure 3.8: Statistical analysis of differences between GM and WM in quantitative
parameter maps based on the analytical solution of the BM equations.
The values represent the group means and their standard deviations
of the average estimated parameter values in the GM and WM regions
shown in figure 3.1. The asterisk indicates a difference at the 5%
significance level according to the two-sample t-test. Note that for the
purpose of improved presentation, the values of the bars and errorbars
of kea and R2c were divided by factors of 100 and 10, respectively.

Figure 3.9: Statistical analysis of differences between GM and WM in parameter
maps from Lorentzian line shape analysis. The values represent the
group means and their standard deviations of the average estimated
parameter values in the GM and WM regions shown in figure 3.1. The
asterisk indicates a difference at the 5% significance level according to
the two-sample t-test.
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3.5 Discussion

In this chapter, the algorithm developed in the previous chapter was extended

by a term incorporating the saturation due to the MT effect and applied to

in vivo data of healthy mice. The results showed that, in contrast to the

application of the algorithm in vitro, the estimated parameter maps in vivo

contain many pixels in which the fit failed to converge to a sensible solution.

This can have different reasons. Firstly, the higher number of pools and free

fit parameters increases the complexity of the free energy function, so that a

convergence towards the global minimum becomes less likely. This is especially

problematic when parameters are correlated with each other which is the case

for concentration and exchange rate of each pool and for parameters of strongly

overlapping pools.

Secondly, the assumed model itself might be too inaccurate for in vivo

fitting. Most importantly, the assumption of a 5-pool model is a very rough

approximation that aims at the modelling of the most prominent CEST peaks

in the spectrum. These are mostly the pools in the slow to intermediate ex-

change regime that lead to relatively narrow peaks at low power. Thus, many

fast exchanging pools, whose effects on the Z-spectrum increase at higher sat-

uration powers, are neglected. For example, D-Glucose with exchanging hy-

droxyl groups at 0.74, 1.1, 1,39, 2.18 and 2.88 ppm, Myo-Inositol at 1.00 ppm,

Phosphocreatine at 1.93 and 2.64 ppm, γ-Aminobutyric acid (GABA) at 2.91

ppm, Taurine at 3.18 ppm, L-glutamine at 2.87 and 3.18 ppm and N-acetyl-

L-aspartate (NAA) at 3.33 ppm are neglected in the model [87]. However,

including all of these pools would not be feasible in terms of computation time

and because of the expected parameter correlations. The other limitation of

the model originates from the assumptions of the analytical equation. Even

if all pools were considered in the model, the ones that are not in the slow

to intermediate exchange regime cannot be expected to be modelled correctly.

This is in contrast to the data fitting of the in vitro experiments of chapter 2,

where all CEST pools could be considered. The example fit (figure 3.5) showed
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that the narrow CEST peaks at low power were not described properly by the

fitted function, but that broader features of the spectrum determined the fi-

nal shape of the fit function. It is possible that this is due to the neglected

pools, which in combination could lead to a broad CEST effect that domi-

nates the relatively narrow features of slower amide and amine groups. This

broadening of the CEST peaks is mainly expressed in the very high R2d and

R2e values. A literature comparison with parameters from quantitative fits of

Z-spectra with multi-pool models of published studies is shown in figure 3.10.

Compared to the values found in these studies, R2d is more than an order of

magnitude larger. With regards to the other parameters, one can observe a

large variation of reported values in the literature. The only relatively consis-

tent parameter across the different studies is R2b of the NOE pool. This shows

that the methods of data acquisition, the model and the fitting approach have

a great impact. However, some differences are expected due to different main

magnetic field strengths (R2i may be affected) and differences between species

(mice, rats, humans).

In contrast to the results presented here, the two quantitative studies

shown in figure 3.10 showed a significantly higher MT pool concentration in

WM than in GM. In the literature regarding MT, it is accepted that a high

myelin content in WM leads to an increased MT effect compared to GM [99].

It is likely that the sampling of the MT pool in the data of this thesis was not

sufficient and that more offset frequencies between 6ppm and 100ppm should

have been sampled to get a more accurate estimate of the MT pool parameters.

While in theory, the measurements at ±20ppm at varied saturation power

are sufficient to determine the MT parameters, in practice the influence of

the measurement noise cannot be eliminated as efficiently under such sparse

sampling, which reduces the accuracy of the parameter estimates.

Fitting with the Lorentzian line shape function resulted in smoother pa-

rameter maps for all pools and hardly any outliers. This can be explained with

the reduced number of fit parameters (2 free parameters per pool, instead of
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Figure 3.10: The figure compares estimated quantitative parameters to parame-
ters found in other studies. The studies with two bars correspond
to GM (left bar) and WM (right bar). Study 1 [89] specifies the
brain tissue type of shown values as "normal". It was conducted on
rats at 4.7T. In study 2 [100] only MT parameters in rats at 9.4T
were measured. Study 3 [53] was conducted on healthy human volun-
teers at 7T. Note that all R2c values were divided by 10 for improved
presentation.

3 in the quantitative model) and a smaller correlation between the param-

eters of each pool. Furthermore, in contrast to the quantitative model, the

Lorentzian model does not describe the dependence of the Z-spectrum on the

saturation efficiency, which is determined by B1. Thus, simultaneous fitting of

Z-spectra at a varied B1 cannot be achieved and instead a single Z-spectrum

has to be selected. Here, the lowest power Z-spectrum was chosen, since the

CEST peaks were more easily distinguishable than at higher power. However,

the arbitrary choice of the B1 value represents only one of several sequence

parameters that have an influence on the estimated parameters. Other se-

quence inputs that can influence the estimated parameters are the duration of

saturation, the pulse shape and the inter-pulse delay. Hence, the disadvantage

of the Lorentzian line shape model is that estimated parameters can only be

compared quantitatively if the exact same sequence settings are used in the ex-

periments. Moreover, even after B1 correction, changes in both amplitude and

width of the Lorentzian can be caused by variations in proton density and/or
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exchange rate and the individual contributions cannot be disentangled. In

contrast, the parameters of the Bloch-McConnell equations are independent of

the experimental settings, but refer only to properties of the measured object.

Nevertheless, a qualitative comparison between the parameters estimated

with both models is possible. With the Lorentzian model, the estimated am-

plitude and width of the MT pool were significantly higher in WM than in GM,

which can partly be attributed to an increased labile proton concentration in

WM observed in several quantitative studies [53, 100]. On the other hand, the

contrasts of all Lorentzian parameter maps are also affected by scaling of the

CEST peak amplitudes and widths with the relaxation time of the water pool

T1a [101, 102], i.e. longer T1a values increase the amplitudes and widths of

the CEST peaks. However, since T1a is generally longer in GM than in WM

[103, 104, 105], one would expect larger CEST peak amplitudes and widths in

GM, if this effect was the dominant one. Thus, the effect is likely to dilute

the observed contrast. This is in agreement with results of the AREX metric,

which has been suggested to correct for the T1a scaling effect and has been

shown to increase the CEST contrast [101].

The only parameter that was fitted in both models is ∆ωoff, which de-

scribes the B0-inhomogeneity during the measurement. This parameter is

mostly determined by the position of the water peak, which is relatively nar-

row and densely sampled in the Z-spectrum. Hence, both models were able to

produce similar maps (deviations <5%) with few outliers for all mice.

Another limitation of the quantitative model comes from the approxima-

tion of the MT pool contribution Rex,c based on the super-Lorentzian line

shape. Although the analytical formula (equation 3.4) applied here has previ-

ously been shown to be in good agreement with simulated and phantom data

based on approximate in vivo MT pool parameters value under CW-saturation,

the application for pulsed saturation resulted in additional difficulties, since

the equation diverged in the vicinity of the water peak and in pulse intervals of

small amplitude. To circumvent this problem, an interpolation of the equation
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in the vicinity of the water peak was performed. Since the Z-spectrum is dom-

inated by direct saturation in this range, the interpolation is not expected to

lead to large inaccuracies, however further investigation is necessary to deter-

mine its influence. In the application to the mouse data, the interpolation of

the equation significantly reduced the number of outliers, while having a neg-

ligible effect on the pixels which had previously converged by fitting without

interpolation.
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3.6 Conclusion

In conclusion, this chapter of the thesis showed that the parameter maps ob-

tained from fitting Z-spectra in vivo with quantitative models still requires

further research and development. Even though ROI-based average values

were for some estimated parameters comparable to values found in the liter-

ature, the high number of pixels for which the fits did not converge and the

observed broadening of the fitted CEST peaks led to a relatively poor quality

for most parameter maps compared to the more established semi-quantitative

Lorentzian lineshape model, which, however has many limitations of its own.

Compared to the use of a CW saturation model, the model applied here

takes pulse shapes and inter-pulse delays into account which leads to increased

computation times. For example, the simulations shown in table 2.1 yielded

computation times of 0.17s for the evaluation of 5 Z-spectra with CW sat-

uration, whereas modelling the pulsed saturation took 18.3s, which is more

that 100 times longer. However, given the high number of correlated parame-

ters, this appears to be the right direction for the future of quantitative CEST

analysis. Many different saturation schemes based on variations of sequence

parameters such as inter-pulse delays and pulse durations have been developed,

exploiting the sensitivity differences of CEST metabolites based on exchange

rates, labile proton concentrations and relaxation times. Only by developing

models which take these sequence variations into account can these sensitiv-

ities also be exploited in the analysis of Z-spectra. For example, Z-spectra

acquired not only at different powers, but also at varied inter-pulse delay and

pulse shape and duration could be fitted at the same time with the aim to re-

duce the correlation between the CEST pool parameters and to obtain better

quantitative maps.

However, such an approach requires a longer measurement time. Repe-

tition times of CEST measurements are often lower bounded by the time the

magnetization needs to reach a steady-state, where the SNR is maximized

and data analysis is simplified. In the next chapter, a recently introduced
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CEST technique called PRO-QUEST that observes the approach towards the

steady-state is investigated, therefore reducing this lower bound [47]. It at-

tempts to avoid the consequences of a lower SNR by repeatedly sampling the

magnetization during the approach to steady-state.



Chapter 4

Translation of PRO-QUEST to

3T

4.1 Introduction

This chapter describes the translation of the novel PRO-QUEST technique

to a clinical 3T MRI scanner. In contrast to the Z-spectrum data that was

fitted in previous chapters, the PRO-QUEST sequence samples the water mag-

netization at a single frequency offset under non-steady-state conditions, by

interleaving the off-resonance saturation pulses with readout-modules, similar

to the Look-Locker sequence [106]. By combining a series of measurements

with and without saturation pulses, it is possible to determine exchange pa-

rameters of metabolites while significantly reducing measurement time.

The pulse sequence was developed by Demetriou et al. for measuring

exchange rates through a progressive saturation recovery process [47]. In the

initial publication a reduction of scan time from 58 minutes using the standard

QUEST technique to 16 minutes with PRO-QUEST was reported on a 9.4T

animal scanner. Various amino acids such as glutamine, taurine, glutamate

and alanine were investigated in vitro and the determined exchange rates were

found to coincide with QUEST measurements. In addition, the technique was

used to image the brains of healthy and infarcted rats. The study found that

the specificity of the images with respect to ischemic acidification, 24 hours
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after the onset of the stroke, was increased compared to conventional APT-

weighted imaging.

Alternative techniques for the quantification of exchange rates based on

only one or two frequency offset include QUESP and QUEST [32, 33], QUES-

TRA [34] and the Omega plot technique [31]. Similar to the PRO-QUEST

technique, QUEST and QUESTRA sample the magnetization after different

saturation times as it approaches the steady-state (see section 1.2.2.7.1). How-

ever, the difference is that each sampling point requires a repetition of the

experiment at a different duration of the saturation pulse, leading to increased

measurement times. A technique that was proposed to reduced measurement

time is CEST with magnetic resonance fingerprinting (MRF) [107, 108, 109].

Although the acquisition time could be reduced with this approach in phan-

tom experiments, in vivo the high number of CEST parameters is difficult to

take into account, since the required computation time for MRF dictionaries

increases exponentially with the number of parameters [107].

In the first part of this chapter, the equations used to fit the PRO-QUEST

data are derived. The derivation is based on the same assumptions as the

derivation in [47], but in addition takes the pulse shape of the off-resonance

saturation pulses into account. Furthermore, the equation to fit the Look-

Locker data was obtained as a limiting case of the PRO-QUEST equation

for a negligible saturation pulse amplitude B1 → 0. For the data measured

here, this equation is more appropriate than the originally published Look-

Locker equation, which does not take into account the initial delay time that

replaces the CEST saturation pulse. Numerical simulations are conducted

to investigate the range of validity of the derived equations and to optimize

sequence parameters.

In the following part, the details of the sequence implementation on the

clinical scanner with regards to the type of water saturation and the EPI

readout are explained. Phantom experiments are presented to demonstrate

the feasibility of the implemented sequence and to investigate the dependence
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of exchange rate estimates on different sequence parameters. Finally, in vivo

measurements of the head of a healthy volunteer a presented.
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4.2 Theory

4.2.1 Derivation of PRO-QUEST model equation

A diagram of the PRO-QUEST sequence is shown in figure 4.1a. A numer-

ical simulation of a PRO-QUEST recovery is shown in figure 4.2a. In order

to derive an analytical equation that describes the PRO-QUEST recovery,

several assumptions have to be made. Firstly, perfect saturation using the wa-

ter suppression enhanced through T1 (WET) technique [110] is assumed (see

section 4.3.2.1). Thus, at t = 0 the magnetization in z-direction is given by

M(t = 0) = 0. The time td passes until the beginning of the first CEST sat-

uration pulse. During this time, the magnetization M is assumed to recover

according to the Bloch equations with relaxation rate R1 towards the equilib-

rium magnetization Meq. Hence, at t= td the magnetization is given by:

M (t= td) =Meq
(
1− e−R1td

)
(4.1)

Secondly, in contrast to the model derived in [47] which assumes a constant

average relaxation rate during the CEST pulse, here the pulse shape is taken

into account by dividing the pulse into N short time intervals of duration tsat,i
and assuming a rate R1ρ,i causing an exponential approach towards a steady-

state magnetization Mss,i for each time interval that depend on the amplitude

ω1,i of the pulse during that interval. These assumptions are visualized in

figure 4.2c. Under these assumptions, the magnetization after the CEST pulse

of duration tsat is given by (Appendix C):

M (t= td + tsat) =M (t= td)e−S
I
1 + ΣI−1

i=1Mss,i

(
e−S

I
i+1− e−S

I
i

)
+Mss,I

(
1− e−S

I
I

)
(4.2)

where SIi = ΣI
n=iR1ρ,itsat,i. The subsequent readout pulse of duration tr

flips the water magnetization vector by an angle of φ and reduces the z-

magnetization by a factor of cos(φ). This reduction of the z-magnetization
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can be observed in the numerical simulation in figure 4.2 b and c at the end

of each CEST pulse interval of duration tsat. Therefore:

M (t= td + tsat + tr) =M (t= td + tsat)cos(φ) (4.3)

During the inter-pulse delay of the module, i.e. until time t = td + tsat + tr +

(τ − tsat− tr) = td +τ , no pulse is played, therefore the magnetization recovers

with R1 towards Meq:

M (t= td + τ) =M (t= td + tsat + tr)e−x+Meq
(
1− e−x

)
(4.4)

where x=R1 (τ − tsat− tr). If the same assumptions are made for the consec-

utive CEST pulses, readout pulses and delay times, the z-magnetization after

N CEST pulses is given by:

M (t= td + (N −1)τ + tsat) =(
M (td)e−S

I
1 + ΣI−1

i=1Mss,i

(
e−S

I
i+1− e−S

I
i

)
+Mss,i

(
1− e−S

I
I

))
εN−1

+
(

ΣI−1
i=1Mss,i

(
e−S

I
i+1− e−S

I
i

)
+Mss,I

(
1− e−S

I
I

)
+Meq

(
1− e−x

)
e−S

I
1
)

(
1− εN−1

1− ε

)
(4.5)

where ε = cos(φ)e−xe−SI1 . Note that the geometric sum formula was applied

to obtain the last expression:

(
εN−2 + εN−3 + · · ·+ ε1 + ε0

)
= 1− εN−1

1− ε (4.6)

The rate in the rotating frame during interval i, R1ρ,i is given as the sum

of the exchange-dependent term Rex, which is assumed to be constant during

the pulse, and the exchange-free term Reff,i:

R1ρ,i =Reff,i+Rex (4.7)



4.2. Theory 119

where Rex is given by the analytical solution derived in section 2.2.1 (equations

2.7-2.9) and Reff,i is given by equation 2.6. Note, that Rex is actually not

constant during the pulse, however, assuming a constant value corresponds to

the assumption of an average rate during the pulse.

Since Rex is proportional to the CEST agent concentration, the ratio of

two exchange dependent rates at two different saturation pulse amplitudes

ω1,low and ω1,high, referred to as Rex,low and Rex,high, represents a metric which

is independent of the CEST agent concentration. According to equations 2.7-

2.9, it is given by:

rex = Rex,low
Rex,high

= Rex(ω1 = ω1,low)
Rex(ω1 = ω1,high) =

Rmax
ex,low

Γ2
low
4

Γ2
low
4 +∆ω2

i


Rmax

ex,high
Γ2
high
4

Γ2
high
4 +∆ω2

i


(4.8)

Note that Rmax
ex,low, Rmax

ex,high, Γlow and Γhigh are functions of the forward exchange

rate kia. Furthermore, Rmax
ex,low, Rmax

ex,high are proportional to the CEST agent

concentration fi and Γlow and Γhigh are independent of fi, so that the ratio

rex is independent of fi. Hence, by measuring rex, the exchange rate kia can

be determined without knowledge of the CEST agent concentration. In the

following sections of this thesis, I will adopt the notation of the original PRO-

QUEST publication [47], i.e. kex = kia for the forward exchange rate and b= i

for the CEST pool index .

4.2.2 Derivation of Look-Locker equation

The Look-Locker sequence shown in figure 4.1b has the same RF-pulse scheme

as the original sequence published in [106] and [111], however in order to keep

the same timing variables used to describe the PRO-QUEST sequence, i.e.

td, tsat and τ , the corresponding model equation derived in [106] has to be

modified. As shown in the numerical simulation in figure 4.2, the recovery is

modelled under the same assumptions as in the PRO-QUEST model, except

during the delay which replaces the CEST pulse. The equation can simply be
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obtained by making the following substitutions in the PRO-QUEST equation

4.5:

R1ρ,i =R1 (4.9)

Mss,i =Meq (4.10)

tsat = tdel (4.11)

These substitutions account for the assumption of a single relaxation rate

R1 towards Meq during the delay time tdel that replaces the CEST pulse of

the PRO-QUEST sequence. Simplification of the obtained expression for the

Look-Locker sequence leads to:

M (t= td + (N −1)τ + tdel) =(
M (td)e−R1tdel +Meq

(
1− e−R1tdel

))
εN−1

+Meq
(
1− e−R1τ

) (1− εN−1
)

1− ε (4.12)

where ε= cos(φ)e−R1τ .
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Figure 4.1: Schematic sequence diagram of the PRO-QUEST (a) and the Look-
Locker sequence (b). The partition loop is repeated for each partition
of the 3D k-space. Each partition loop begins with the WET satura-
tion to saturate the water signal. During the subsequent recovery of
the water signal the image loop is repeated multiple times with each
repetition corresponding to one image acquired at a specific time point
of the water signal recovery. The CEST saturation pulses result in an
exchange-dependent slowdown of the recovery. The small flip angle
pulse flips part of the z-magnetization into the xy-plane which is sub-
sequently read out by the EPI acquisition. Spoiler gradients are grey,
the slab selection gradient is yellow, and the spatial encoding gradients
are red. The only difference between the Look-Locker sequence and
the PRO-QUEST sequence is the lack of CEST saturation pulses in
the Look-Locker sequence, otherwise the sequences are identical.
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Figure 4.2: Visualization of the PRO-QUEST and the Look-Locker recovery based
on a numerical simulation of the 2-pool BM equations. a) shows the
full recoveries during the repetition time TR. The CEST pulses of the
PRO-QUEST sequence result in a slower recovery towards a smaller
steady-state magnetization than the Look-Locker sequence. The black
dashed squares in a) and b) indicate the areas magnified in b) and
c), respectively. c) shows how the shaped CEST pulse is divided into
intervals in order to derive an analytical solution. The relaxation rates
and steady-state magnetizations (red for Look-Locker, blue for PRO-
QUEST) shown in b) and c) indicate the assumptions made during
each interval. Note, that the interval width is typically smaller than
indicated in c), with the Gaussian pulse divided into N = 200 intervals.
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4.3 Methods

4.3.1 Simulations

Numerical simulations were used to verify the applicability of the PRO-QUEST

model at 3T and to optimize the sequence parameters such as the flip angle of

the CEST pulses. The simulations were performed in MATLAB (The Math-

works, Natick, MA, USA). Using the MATLAB built-in ordinary differential

equation (ODE) solver ode45 the Bloch-McConnell equations were solved for a

2-pool system consisting of the water pool and a CEST pool. A perfect initial

WET saturation was assumed by setting the starting values of the x,y,z-

components of both pools to 0. A single sequence module consisted of a 30ms

Gaussian-shaped CEST saturation pulse (2500 sample points), on-resonance

with the CEST pool resonance frequency, followed by a 0.5ms Gaussian-shaped

readout pulse (500 sample points) at the water pool resonance frequency and

a 50.1ms delay time. This module was repeated 87 times, corresponding to

a repetition time of TR = 7s. To account for perfect spoiler gradients of the

sequence, the x and y-components of both pools were set to 0 after the CEST

saturation pulse and after the delay. For the Look-Locker recovery the CEST

saturation pulse amplitude was set to 0 and the readout flip angle φ was set

to either 8° or 15°. The simulated transverse magnetization at the end of

each readout-pulse corresponds to the measured signal and was obtained by

Mxy =
√
M2
x +M2

y .

4.3.2 PRO-QUEST implementation on clinical scanner

The PRO-QUEST sequence was implemented on a clinical 3T MRI scanner

(MAGNETOM Prisma, Siemens, Erlangen, Germany). The Integrated Devel-

opment Environment for Applications (IDEA) Software (Siemens, Erlangen,

Germany) was used to implement the sequence.

4.3.2.1 WET saturation
An initial saturation of the water pool magnetization that is insensitive to

variations of tissue parameters, especially B0, B1 and T1 is required to be able
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to accurately measure a recovery from a fully saturated state. To this purpose,

the WET technique [110] was implemented. It consisted of 4 spectrally non-

selective rectangular pulses of 1ms duration (i.e. with a bandwidth of 500Hz),

each of which was followed by a spoiler gradient. The flip angles of each pulse

were numerically optimized to achieve an optimal saturation over a wide range

of B1 and T1 values. This was done by calculating the residual magnetization

after the WET module. Assuming complete dephasing of the spins during the

spoiler gradients and instantaneous RF pulses the residual magnetization is

given by [112]:

MR(n) =Meq
{(

1− e−TR/T1
)
e−nτ/T1 cos(θ1)cos(θ2) . . .cos(θn) + (1− e−τ/T1)[

e−(n−1)τ/T1 cos(θ1)cos(θ2) . . .cos(θn) + · · ·+ e−τ/T1 cos(θn)
]}

(4.13)

where n = 4 is the number of water saturation pulses, θi is the flip angle of

the ith pulse and τ is the time between saturation pulses. The optimization

was implemented in MATLAB using the simplex search method of Lagarias et

al. [113]. The flip angles were optimized to minimize the maximum absolute

residual magnetization over a grid of T1 and B1,rel values, where B1,rel is the

ratio of the actual and the nominal B1. T1 was varied between 400 and 4200ms

in steps of 200ms and B1,rel between 0.9 and 1.1 in steps of 0.02. The T1 range

was chosen according to Golay at al. [112], who estimated based on healthy

volunteer data that it incorporates 99% of all pixels. The range of B1,rel

covers the expected B1 variations in the brain at 3T [62]. To ensure that

the global optimal solution was found the optimization was repeated with

different starting values which were varied on a 4D-grid with each flip angle

starting value ranging from 0 to 180° in steps of 1°. Since a short inter-pulse

delay τ was shown to improve the water saturation [110] a short τ = 3ms was

chosen which was sufficient to accommodate the spoiler gradients. To avoid

stimulated echoes the spoiler gradients after each pulse were implemented in

different directions. The gradient amplitude and slew rates were programmed

to be maximized by the scanner software.
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4.3.2.2 CEST pulse

The CEST pulse was a Gaussian-shaped off-resonance pulse with a bandwidth-

time-product of 2.7, whose duration tp, flip angle and resonance frequency

were programmed to be freely adjustable through the scanner user interface.

The default duration was tp = 30ms. A strong spoiler gradient was added at

the end of the CEST pulse to prevent residual transverse magnetization from

influencing the acquired signal by the subsequent EPI module.

4.3.2.3 EPI readout

In the sequence published in the original PRO-QUEST paper [47] a single

k-space line was acquired with each readout. Measurement times would be

infeasibly long if a 3D volume was to be acquired in the same way. Hence,

here a 3D EPI sequence was modified and converted into a 3D PRO-QUEST

sequence. The unmodified 3D-EPI sequence was kindly provided by Nadège

Corbin.1 The modified sequence was set up to acquire one k-space plane (parti-

tion) during each readout. Therefore, to acquire the full k-space one saturation

recovery of the magnetization needs to be measured for each partition.

To suppress signal contributions from fat, the readout excitation was

achieved with a water-selective 1-3-3-1 binomial pulse quadruplet [114].

Through the sinc-gauss pulse shape these pulses were made slab-selective. The

bandwidth-time-product (BWT) was set to 24.

To monitor and correct for eddy current induced artefacts created through

the strong and fast gradient switching, the readout excitation pulses are fol-

lowed by 5 navigator readouts. The first two navigators are dummy navigators

that create the same eddy currents that are present in the EPI readout during

the following three real navigators. The real navigators acquire the central

k-space line in readout direction to monitor motion and eddy current effects

and to correct for these during image reconstruction on the scanner. In ad-

dition 1ms delays were included between slice refocusing gradients and the

1Nadège Corbin, Wellcome Centre for Human Neuroimaging, UCL Institute of Neurology,
London, United Kingdom
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prewinders of the navigators as well as between the gradient spoilers and the

slice selection gradient to mitigate the effect of eddy currents. The spatial

resolution was 3× 3× 3mm3 and the matrix size was 64× 64× 30. The echo

time TE was fixed to the minimum possible value of 23ms and the repetition

time TR, defined as the time between two consecutive WET modules, was set

to 7s allowing for 87 readouts during one recovery.

4.3.3 T2 map acquisition

T2 maps were calculated from three spin-echo images acquired at different echo

times with default values TE = 28,84 and 140ms. The following fit function

was applied to model the T2 decay of the transverse magnetization with TE:

Mxy =Meqe
−TE/T2 (4.14)

The slice number and orientation were matched with the parameters of the

PRO-QUEST and Look-Locker sequences. The matrix size was 192× 192,

which was downsampled to 64×64 using Matlab’s imresize function for bicubic

interpolation to match the resolution of the CEST images and to allow for a

pixel-wise analysis.

4.3.4 Model fitting pipelines

There are different pipelines to quantitatively determine exchange-rates with

the PRO-QUEST sequence. In the original PRO-QUEST paper, two pipelines

were suggested, requiring 4 and 5 measurements respectively. Both pipelines

require two Look-Locker measurements at different read-out flip angles, one

PRO-QUEST measurement and a quantitative T2 map. In addition, the second

pipeline requires a second PRO-QUEST measurement at a different power of

the CEST saturation pulses. Figure 4.3 summarizes the pipelines and how

the model parameters are determined with the different measurements. All

fits were performed using a nonlinear least-squares minimization algorithm

implemented in Matlab’s lsqnonlin function [115].
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4.3.5 In vitro experiments

To test the implemented sequence an in vitro experiment was devised based

on glutamate in 0.1% phosphate buffered saline (PBS) solutions at varying

pH. Vials (2.5cm diameter) were filled with the different solutions. To reduce

susceptibility induced B0-inhomogeneities the vials were immersed in a larger

PBS filled container. Three glutamate phantoms at pH values of 5.80,6.09

and 6.41 were titrated with sodium hydroxide and hydrochloric acid. The pH

was measured using a micro pH probe (Mettle-Toledo, Columbus OH). The

glutamate concentration was kept constant at 100mm. As a control, a PBS only

vial and a nicotinamide in PBS solution (pH = 7.82 , concentration 100mm)

were added to the larger container. The resonance frequency of glutamate is at

3.0ppm [47] whereas nicotinamide has exchanging protons from amide groups

that resonate at 3.5ppm [116]. The sequence parameter values were as listed

in sections 4.3.2.1, 4.3.2.2 and 4.3.2.3. The CEST pulse flip angle was varied

between 180° and 1980° in steps of 180°. 30 slices were acquired which led

to an acquisition time of 3.5min for each Look-Locker and each PRO-QUEST

measurement. For the glutamate phantoms the T2 map was calculated from

three spin-echo images acquired at the default echo times of TE = 28,84 and

140ms. The significantly longer T2 of PBS and the nicotinamide solution were

determined based on longer echo times of TE = 28,251 and 483ms.

4.3.6 In vivo experiments

In order to test the quality of the images produced by the implemented se-

quence and the ability to obtain an exchange-weighted contrast in vivo, the

head of a healthy volunteer was scanned on the 3T scanner. A slab with 30

transverse slices of 3mm thickness was aligned in parallel to and centred on

the anterior commissure posterior commissure (AC-PC) line. The CEST pulse

flip angles were set to 400° and 1600°, which is within the optimal range of flip

angles as determined by simulations (see section 4.4.2). The other sequence

settings were the same as in vitro (section 4.3.5). A binary brain mask was

created by manually removing voxels assigned to the CSF surrounding the
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brain, and all voxels outside the CSF.
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Figure 4.3: Different PRO-QUEST pipelines to determine the exchange rate from
a single PRO-QUEST measurement (a), or two PRO-QUEST mea-
surements at different CEST pulse saturation powers (low, high) (b).
Blue boxes indicate measured datasets, purple boxes indicate the ap-
plication of the model equations and yellow circles represent model
parameters. The first pipeline requires only one PRO-QUEST mea-
surement, however the CEST-pool concentration fb needs to be known,
whereas the second pipeline allows for a concentration-independent de-
termination of the exchange rate.
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4.4 Results

4.4.1 WET

The optimization of flip angles of the WET module described in section 4.3.2.1

led to the following optimal flip angles: θ1 = 98.3°, θ2 = 89.4°, θ3 = 82.5° and

θ4 = 153.1°. These flip angles were subsequently used for all PRO-QUEST

experiments. The expected residual magnetization is plotted in figure 4.4 as a

function of T1 and B1,rel. If B1,rel and T1 are within the ranges the flip angles

were optimized for, the residual calculated residual magnetization does not

exceed 0.6% of the equilibrium magnetization.

The WET module was tested in vitro on a spherical water phantom with a

diameter of 20cm and compared to a simple saturation technique consisting

of a 90° pulse followed by a strong spoiler gradient. The improved saturation

of the WET technique is demonstrated in figure 4.5. The WET module leads

to a more homogeneous and better saturation throughout the phantom. The

largest magnetization values are found close to the surface of the phantom

where the B1 values are likely to have dropped below the range for which the

Figure 4.4: The optimized WET flip angles θ1 = 98.3°, θ2 = 89.4°, θ3 = 82.5° and
θ4 = 153.1° were calculated to yield the residual magnetization shown
in a). Cross-sections of that plot are shown in b) for B1,rel = 1 and
in c) for T1 = 0.8. The flip angles were optimized for a T1 range from
40 to 4200ms and a B1,rel range from 0.9 to 1.1. Within these ranges
the residual magnetization does not exceed 0.6% of the equilibrium
magnetization.
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WET module was optimized. In addition, at the surface B0 inhomogeneities

are expected to be largest due to the smaller susceptibility of air. A comparison

of the recovery curves of the implemented Look-Locker sequence (figure 4.5c)

underlines the importance of an accurate initial water saturation.

Figure 4.5: The WET technique a) was compared to the 90° spoil technique b).
The two images show the measured magnetization as a fraction of
the equilibrium magnetization at the first readout of the implemented
Look-Locker sequence. Throughout the phantom the signal is signif-
icantly smaller after the WET module than after the 90° spoil tech-
nique. Note that the first readout happens about 60ms after the end
of the water saturation modules. In c) the signal recoveries averaged
over all pixels in a circular ROI with a diameter of 20 pixels after both
water saturation techniques are shown.
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4.4.2 Simulations

The simulation approach described in section 4.3.1 was initially applied to

verify the PRO-QUEST model at 3T. The model parameters for the simula-

tion of a 2-pool system were chosen based on previously measured values of

glutamate in water solutions on a 9.4T preclinical scanner [47]. Glutamate as

a CEST agent was chosen for its exchange rate which is in the intermediate

exchange regime and the relatively large separation of its resonance frequency

3ppm from the water resonance frequency. These characteristics suggest a

large CEST effect and a moderate influence of direct water saturation.

Figure 4.6a shows the simulated recovery curves of the Look-Locker ex-

periments at different readout flip angles and of the PRO-QUEST sequence

together with the fitted curves and the determined model parameters. Note

that the transverse magnetizationMxy is smaller for the 8° readout pulse than

for the 15° readout pulse. This is because the larger flip angle pulse transfers a

larger proportion Mz cos(φ) of the z-magnetization into the transverse plane.

However, when observing the recovery of the z-magnetization the larger flip

angle results in smaller values since the readout pulse results in a higher loss

of z-magnetization. The determined model parameters T1, Meq and B1,rel are

determined accurately with a relative error of less than 0.1%.

The recovery of the PRO-QUEST sequence with a CEST pulse flip angle

of 450° is shown in figure 4.6b. The CEST pulse leads to a further suppression

of the recovery compared to the Look-Locker recovery with the same readout

flip angle of 8°. The recovery is accurately described by the fitted R1ρ and

allowed to estimate Rex. To obtain an estimate of the exchange rate kex, the

function Rex(kex) (see equation 2.7) was used by fitting it to the previously

obtained estimate of Rex of the preceding pipeline step. This step corresponds

to the first analysis pipeline outlined in figure 4.3a. The relationship between

Rex and kex and the result of the fit are shown in figure 4.6c. The estimated

exchange rate of 756Hz underestimates the simulation ground truth of 800Hz

by 5.5%. The PRO-QUEST recovery was also simulated and fitted for a higher
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CEST pulse flip angle of 2000° (figures 4.6 d and e). In this case the estimated

exchange rate of 892Hz corresponds to an overestimation of 11.5%.

Alternatively, using the second analysis pipeline (figure 4.3b) the ratio

rex = Rex,low/Rex,high was used to determine kex by fitting with equation 4.8.

The fit is shown in figure 4.6f. The estimated exchange rate of 813Hz is 1.6%

above the ground truth.

To investigate the ability of the PRO-QUEST model to distinguish differ-

ent exchange rates the simulation and subsequent analyses were performed for

varying exchange rates between 100 and 4000Hz. Figure 4.7 shows the com-

parison of the estimated exchange rates to the ground truth. Apart from slow

and very fast exchange rates the model based on the ratio rex is most accurate.

Between 200 and 1500Hz the deviation is less than 20Hz. The models based

on single PRO-QUEST measurements can lead to large deviations from the

ground truth. In these cases, the deviations become largest when the exchange

rate is close to the exchange rate which maximizes Rex and thus the CEST

effect, as can be seen by comparison with figures 4.6 c and e.

An optimization of the CEST pulse flip angles for the second pipeline

which uses rex was performed based on simulations to maximize the robustness

of the exchange rate estimation against artificially introduced additive white

Gaussian noise in the acquired Look-Locker, PRO-QUEST and T2 data. The

effect of the added noise on the estimated exchange rates is shown in figure

4.8. Large deviations are observed when the flip angles are too small, too large

or too close to each other. The optimal combination consists of a low flip

angle of 400− 800° and a high flip angle of 1000° or higher. Note, that the

optimal CEST flip angle values are expected to depend on the exchange rate.

Smaller exchange rates are expected to require smaller and higher exchange

rates higher optimal flip angles.

The presented model fitting pipelines require knowledge of the transverse

relaxation rate of the water pool T2a to calculate the effect of direct saturation.

In these pipelines, T2 is obtained through a spin-echo experiment. In the
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course of this work it was concluded that the assumption T2a ≈ T2, i.e. that

the measured T2 approximately represents the transverse relaxation rate of

the water pool, can introduce a large error in PRO-QUEST measurements at

3T. To investigate the effect of any systematic or statistical T2a error on the

estimated parameters, an error ∆T2 was introduced into the rex fitting routine

by assuming a biased value T2a + ∆T2. The effect of this error at different

field strengths is shown in figure 4.9. It is observable that the effect on the

estimated parameters Rex and kex increases at lower field strengths and is up

to an order of magnitude larger at 3T than at 7T or at 9.4T.
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Figure 4.6: Simulated (a) Look-Locker and (b,d) PRO-QUEST data and fitted re-
covery curves. The values shown in each plot are the estimates of model
parameters obtained from each fit. a) Transverse magnetization during
Look-Locker sequence simulated at two different readout flip angles (8°
and 15°). b) Transverse magnetization during PRO-QUEST sequence
with a nominal CEST pulse flip angle of 450°. c) Modelled dependence
of Rex on kex for a CEST pulse flip angle of 450° (blue). The dashed
red lines indicate the exchange rate kex obtained from fitting equation
2.7 to the Rex value, which was estimated in the previous fit shown
in (a). (d) and (e) correspond to (b) and (c), respectively, but for a
nominal CEST pulse flip angle of 2000°. (f) Modelled dependence of
the ratio rex =Rex,low/Rex,high on kex, according to equation 4.8 (blue)
and estimated exchange rate based on fitting the model equation to
previously estimated exchange-dependent relaxation rates at different
CEST pulse flip angles . The simulation ground truth pool parameters
were: T1a = 3.2s, T2a = 0.25s, M0a = 3000, ∆ωba = 3.0ppm, T1b = 3.2s,
T2b = 0.25s, M0b = 0.0012M0a, kba = 800Hz. Additionally, a relative
B1-inhomogeneity of 0.9 was assumed in the simulation.
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Figure 4.7: Comparison between the modelled exchange rates and the simula-
tion ground truth (dashed black line) in a range between 100 and
4000Hz. Exchange rates estimated with the pipeline based on the
ratio rex =Rex,low/Rex,high are shown in yellow. The exchange rate es-
timates based on single PRO-QUEST measurements are shown in blue
and red for CEST flip angles of 450° and 2000°, respectively. Apart
from kex, the simulation parameters were the same as listed in the
caption of figure 4.6.
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Figure 4.8: Optimization of CEST pulse flip angles. The first two graphs show
estimated exchange rates based on simulated data (a) without and (b)
with additive white Gaussian noise. The added noise had a standard
deviation of 0.005M0a for the Look-Locker and PRO-QUEST data and
0.005T2a for the T2 data. The other simulation parameters were the
same as listed in the caption of figure 4.6. For (b) the fitting was
repeated 1000 times with different instances of the noise and the mean
of the estimated exchange rate was calculated in the log-space. The
standard deviations of these 1000 exchange rate estimates are shown
in (c) in the log-space. An optimal flip angle combination results in an
estimate of kex≈ 800Hz (green in (b)) and has small standard deviation
(dark blue in (c)).
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Figure 4.9: Effect of an error ∆T2 of the transverse relaxation rate of water T2a in
the fitting pipeline on estimated parameters at different main magnetic
field strengths. The first two plots show the effect on the estimated Rex
for a CEST pulse flip angle of (a) 450° and (b) 2000°. (c) shows the ef-
fect on the estimated kex based on the ratio rex =Rex,low/Rex,high. The
deviations of estimated parameters from the simulation ground truth
are large at 3T compared to 7T and 9.4T. The simulation parameters
were the same as listed in the caption of figure 4.6.
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4.4.3 In vitro experiments

The first in vitro experiment was performed to validate the PRO-QUEST

model at 3T for different simple 2-pool phantoms and to investigate to which

degree pH differences could be detected based on the exchange rate estimation.

The various parameter maps obtained from the analysis of PRO-QUEST data

of glutamate and nicotimamide phantoms are shown in figure 4.10 for a cen-

tral slice of the 3D acquisition. Means and standard deviations of estimated

parameters in each ROI are shown in table 4.1.

Representative fits of the magnetization recovery in one central voxel from

each phantom vial are shown in figure 4.11 for the Look-Locker sequence at

different readout flip angles and the PRO-QUEST sequence. It is observable

that the addition of CEST agents leads to a suppression of the magnetization

recovery. In particular, the glutamate phantoms show an increased suppression

with increasing pH. The measured signal intensities vary between the different

acquisitions as expected from the theory and simulations and the modelled

curves describe the measured recovery data well.

The first row of parameter maps in figure 4.10 are obtained from the two

Look-Locker measurements. These were fitted across the whole PBS filled

phantom container to be able to assess the B0 and B1 inhomogeneity effects,

which typically affect the low frequency components of the image.

The obtained B1,rel map shows a gradual decrease of B1 at the phantom

surface and an increased B1 in the centre of the phantom, while not being

affected by the different vial solutions. A qualitative comparison of a B1,rel

map acquired with the double-angle method [117], is presented in figure 4.12.

The double-angle method is a simple B1 mapping technique that relates the

ratio of the measured signals of a gradient echo sequence at two different

nominal readout flip angles to the relative B1. Both techniques lead to similar

patterns with increased values in the center of the phantom and reduced values

at the phantom surface, especially towards the top and bottom of the B1 maps.

The Meq map in figure 4.10 exhibits decreasing values from left to right,
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which is most clearly observable in the large PBS pool surrounding the phan-

tom vials, where no spatial variations are expected. This effect could be related

to a B0 gradient, since, especially at long echo times the increased T ?2 related

inter-voxel dephasing of the spins increases with the B0 inhomogeneity and

leads to a signal reduction [118]. Another possible explanation is a spatial

variation in the coil sensitivity, which is proportional to the measured signal.

Dense arrays of small coils as used by the 64-channel coil in this experiment

provide a signal gain, which is greatest near the periphery, i.e. areas closest

to the coil elements [119]. Thus, the higher signal areas in the phantom might

have simply been closer to the coil elements.

The T1 map exhibits slightly decreased values in the vials containing CEST

agents. Compared to PBS (T1 = 3.19(1)s), they are up to 8% smaller. A

reduction of T1 is expected due to the influence of chemical exchange on the

apparent longitudinal relaxation time as described in [120]. A greater effect

due to the presence of CEST agents is observed in the R2 map, where the

apparent R2 values increase by up to 81% compared to the R2 measured in

PBS. This effect is also well described in the literature [121, 122, 123].

For the exchange-dependent relaxation rates Rex,low and Rex,high in PBS

small negative values were determined. However, since no measurable exchange

effect is expected for PBS, Rex = 0 is the expected value. The glutamate and

nicotinamide phantoms exhibit positive values for Rex,low and Rex,high which

are in the order of magnitude expected from the simulations shown in 4.6 c and

e. Furthermore, the mean values shown in table 4.1 are significantly different

for the glutamate phantoms at different pH, implying that a distinction based

on pH is possible. Furthermore, in accordance with the simulations in these

phantoms one observes that Rex,high is larger than Rex,low. The ratio rex =

Rex,low/Rex,high, too, is significantly different for all glutamate phantoms.

The determined exchange rate of the glutamate phantoms based on ei-

ther a single Rex value or on the ratio rex yield exchange rates that increase

with pH. However, both pipelines lead to significantly different results for each
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phantom vial. For the nicotinamide phantom a correct exchange rate esti-

mate is not expected since the saturation pulse was not on-resonance with the

pool resonance at 3.5ppm. In PBS the calculated values coincide with the fit

boundaries, indicating that the fit did not converge to a minimum. This is

caused by the negative Rex values determined in the previous fit. The reason

for the appearance of negative Rex values will be discussed in the next section.

To gain more insight about the effect of the CEST saturation pulse, the

experiment was conducted with variable CEST pulses. The relaxation rates

R1ρ, Reff, Rex and the exchange rate kex were plotted in figure 4.13 as a

function of the CEST pulse flip angle. Plot d) shows, that the phantom vials

can be distinguished clearly based on the determined exchange rate if the

higher CEST pulse flip angle is between 1080° and 1800°. However, when the

higher CEST pulse flip angle is increased a trend towards smaller exchange

rate estimates is observed in all vials . This is unexpected since the estimated

exchange rates should be independent of the CEST pulse flip angle.

This effect is also visible in the Rex plot (c) and is most clearly visible

in the Rex plot of PBS, which continuously decreases with larger CEST pulse

flip angles. In contrast to that, the Reff plot (b) exhibits increasing values for

all phantoms. Furthermore, one observes that the Reff values of the glutamate

phantoms are larger than those of the nicotinamide and the PBS phantoms,

which can be attributed to the shorter relaxation times T1 and T2. In the R1ρ

map it is apparent that the values determined for PBS remain constant when

the CEST pulse flip angle is increased. In the other vials R1ρ increases, while

the nicotinamide values plateau at higher flip angles.

The figure suggests that Reff values are overestimated, which leads to an

underestimation of Rex in all phantoms. This will be discussed in detail in the

next section (4.5).
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Figure 4.10: Parameter maps obtained with PRO-QUEST of a central slice of
the 3D-EPI acquisition. The parameter maps in the first row (T1,
Meq and B1,rel) are based on two Look-Locker recovery measure-
ments. The other parameter maps were based on two additional
PRO-QUEST measurements at CEST pulse flip angles of 720° and
1980°. The vials contained phosphate buffered saline (PBS), gluta-
mate (Glu) in PBS at varying pH and nicotinamide (Niam) in PBS.
The R2 map was measured with a spin-echo sequence. Mean values
and standard deviations of all ROIs are shown in table 4.1.

Table 4.1: Means and standard deviations of all parameters maps shown in figure
4.10. The values presented in this table were evaluated based on the
ROIs indicated in figure 4.10.

T1 Meq B1,rel Rex,low Rex,high rex R2 kex(Rex,low) kex(rex)
[s] [103] [1] [s−1] [s−1] [1] [s−1] [Hz] [Hz]

PBS 3.19(1) 4.3(3) 1.024(5) -0.008(7) -0.06(1) 0.1(1) 0.573(9) 5000(475) 5(5)×105

Glu pH = 5.80 2.94(1) 3.3(2) 0.98(1) 0.22(1) 0.31(4) 0.72(7) 2.88(7) 710(10) 529(150)
Glu pH = 6.09 2.98(2) 2.8(2) 1.00(1) 0.20(1) 0.38(5) 0.54(4) 3.03(2) 807(151) 994(129)
Glu pH = 6.41 2.98(2) 2.6(1) 1.01(1) 0.11(2) 0.24(5) 0.48(5) 3.13(4) 2713(501) 1215(180)
Niam pH = 7.82 3.09(2) 3.3(4) 0.97(2) 0.13(1) 0.09(2) 1.5(2) 0.76(1) 1960(241) 99.8(37.3)
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Figure 4.11: Representative fits of the magnetization recovery in a single central
voxel from each phantom vial. The first two plots show Look-Locker
recoveries at readout flip angles of (a) 15° and (b) 8°. (c) shows
a PRO-QUEST recovery at a readout flip angle of 8° and a CEST
pulse flip angle of 1980°. The modelled curves describe the measured
data well. As expected from the simulations, it is observable how the
added CEST agents lead to a suppressed recovery. Furthermore, the
higher readout flip angle of the Look-Locker sequence in (a) leads to
enhanced transverse magnetization compared to the same sequence
with a smaller readout flip angle (b). Furthermore as expected, the
additional CEST pulse in (c) leads to a suppression of the measured
signal compared to (b).
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Figure 4.12: Comparison of B1 maps obtained with (a) fitting two Look-Locker
measurements at different readout flip angle and (b) the double-angle
method.
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Figure 4.13: In vitro dependence of (a) the observed relaxation rate R1ρ, (b)
the exchange-independent relaxation rate Reff, (c) the estimated
exchange-dependent relaxation rate Rex and (d) estimated exchange
rate kex on the flip angle of the CEST pulses. The parameter esti-
mates were determined with the pipeline shown in figure 4.3b. The
fits were performed pixel-wise. The values shown here correspond to
mean values of all pixels in each ROI. The errorbars represent the
standard deviations across the ROIs. The vials contained phosphate
buffered saline (PBS), glutamate (Glu) in PBS at varying pH and
nicotinamide (Niam) in PBS. The low CEST pulse flip angle used
to calculate the ratio rex = Rex,low/Rex,high for the calculation of kex
was 720°, while the high CEST pulse flip angle is indicated on the
x-axis. Note that in (d) no exchange rate is shown for PBS since the
calculated values were too high to be presented.
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4.4.4 In vivo experiments

The parameter maps obtained from the measurement of a healthy volunteer

are shown in figure 4.14.

The T1 map obtained with the Look-Locker sequence shows a clear

GM/WM/ventricle contrast. In manually selected regions of interest, the T1

values of GM and WM are (1717±130)ms and (895±95)ms. Increased values

of more than 3s at the edges of the brain mask can be explained by the long

relaxation times of CSF which was not fully removed by the manual masking

of the brain.

The GM/WM/ventricle contrast is also visible in the Meq map. In addi-

tion, values are increasing towards the surface of the brain volume.

The B1 map displays a typical pattern: in the central regions of the

B1 map one can observe values of up to 15% above the nominal B1 of the

sequence. Towards the outer regions of the brain, the B1 values drop to 70%

of the nominal B1. In the anterior part of the brain, where the B1 values are

smallest, a few pixels stand out with very small values compared to surrounding

pixels, possibly indicating a failure of the fit to converge to the global minimum.

The separately acquired R2 map exhibits ringing artefacts at the surface

of the brain and surrounding the ventricles. These artefacts, however, are not

visible in the Rex maps and subsequently calculated parameter maps, suggest-

ing that the direct saturation reference map Reff is mostly dependent on the

R1 = 1
T1

values and not on R2. In later measurements, the ringing artefacts

could be avoided by increasing the resolution of the R2 map (see section 5.2.2).

The Rex maps have a strong GM/WM contrast with smaller values in grey

matter and CSF than in WM. The structures are similar to the structures in

the T1 map. Furthermore, the Rex values are smaller at low than at high

CEST pulse flip angle, which is in agreement with what was measured in the

in vitro experiment. The signal in the ventricular CSF is slightly negative,

which corresponds to the observation of Rex values in PBS in the phantom

experiment.



4.4. Results 147

Compared to the Rex maps, the GM/WM contrast in the rex map is

notably reduced. Similar to the signal in the PBS phantom, the signal in

the ventricular CSF is noisy. In GM and WM the map is smooth, except

from individual pixels with increased values which are likely due to the CSF

surrounding the GM.

The contrast of the kex map resembles the one of the rex map. However,

it is inverted. i.e, low values in the rex map result in high values of kex and

vice-versa. This coincides with the observation made in vitro. The distribution

of estimated exchange rates is centred at a mean of 1070Hz with a standard

deviation of 564Hz. The anterior part of the brain shows higher exchange rates

in the region where the B1,rel values are reduced, even though the fitted B1

map, obtained through the Look-Locker measurement, is used as an input and

should theoretically correct for variations of B1.

Figure 4.14: Parameter maps of a healthy volunteer obtained with PRO-QUEST.
A central slice of the 3D-EPI acquisition was chosen. The low and
high CEST pulse flip angles were 400° and 1600°, respectively.
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4.5 Discussion

The translation of the PRO-QUEST technique from a 9.4T animal scanner to

a 3.0T clinical scanner was described in the previous sections. Initially, the

derived PRO-QUEST equations were validated and sequence parameters were

optimized by means of numerical simulations based on the Bloch-McConnell

equations. Two different pipelines to estimate exchange rates were compared.

Subsequently, phantoms were designed and measured on the scanner to eval-

uate the sequence implementation and resulting parameter maps. Finally, to

investigate the applicability of the technique in vivo, the brain of a healthy

volunteer was scanned.

The simulations suggest that the pipeline based on the ratio rex is advan-

tageous compared to the pipeline based on a single Rex for several reasons.

Firstly, the function Rex(kex) has a maximum in the range of the intermediate

exchange rate regime (see figure 4.6). This means that there are two possible

kex solutions for each Rex, and thus the convergence of the fit towards the

correct solution is dependent on the arbitrarily chosen starting value of kex
and the fitting routine. In theory, these two solutions are equally valid as

they would produce the same PRO-QUEST data. Furthermore, due to the

flat slope of the function in the vicinity of the maximum small inaccuracies of

Rex, e.g. due to noise, lead to large deviations in the estimated kex, even if

the correct starting value is chosen. This explains the observed deviations of

this pipeline shown in figure 4.6 c and e. In contrast, the function rex(kex) is

strictly monotonic decreasing (figure 4.6 f), thus relating a unique solution of

kex to the measured ratio rex.

Secondly, systematic errors, for example over or underestimation due to

B0-inhomogeneity, will partly be eliminated in the ratio rex, if the error affects

both Rex values in the same direction.

Thirdly, each Rex map is weighted by the typically unknown relative solute

equilibrium magnetization fb, while the rex is independent of fb. Estimates

for fb can be calculated in vitro based on knowledge about the solute con-
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centration, molecular structure and the number of exchange sites and used to

correct for fb-weighting, however, this is generally not possible in vivo, since

the solute concentration is often unknown.

The simulations confirm that the derived equations can be applied to

estimate the simulation ground truth accurately in the intermediate exchange

regime. The overestimation of kex observed in the slow exchange regime (figure

4.7) is likely to be due to the neglecting of exchange effects in the model during

the inter-pulse delay time. As seen in Appendix B, these effects are important

for slow exchange rates, whereas they can be neglected for faster exchange

rates. More elaborate models such as the one presented in the appendix of [47]

can be applied to take exchange between pools during the inter-pulse delay

into account. The disadvantage of using this model comes from the fact that

in it kex is an explicit variable of the magnetization and not, as in the model

applied here, an implicit variable of the function Rex(kex). Thus, both Rex

and kex have to be estimated simultaneously which makes the interpretation

of obtained parameter maps more difficult than with the approach applied

here, where the magnetization recovery is fully described by Rex.

In vitro, it was possible to distinguish pH variations based on the de-

termined exchange rates. A higher pH led to increased exchange rates with

both pipelines, but the estimates of the two pipelines did not coincide with

each other. In comparison with the exchange rates determined in the original

PRO-QUEST study at 9.4T, the estimated exchange rates at 3.0T are mostly

overestimated, as shown in table 4.2. Furthermore, the estimated exchange

rates were shown to depend strongly on the CEST pulse flip angle (4.13 d),

which suggests a systematic error in the measurement or analysis. An explana-

tion for the observed deviations can be found by comparing the dependencies

of R1ρ, Reff and Rex on the CEST pulse flip angle measured for PBS: although

the fitted values for R1ρ remain constant at all flip angles, the modelled val-

ues for Reff increase with the flip angle. Since R1ρ is modelled as the sum of

Reff and Rex, this results in a decrease of the estimated Rex and even leads
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to negative values. Exchange rates, however, must be positive suggesting that

the observed negative values are due to an overestimation of Reff.

Table 4.2: Comparison of exchange rates of glutamate at different pH obtained
with the implemented PRO-QUEST sequence. The values obtained
in this thesis with the two pipelines at 3T are shown in the first two
columns. Literature values from measurements at 9.4T are shown in
the third and fourth column.

pH kex(Rex)[Hz] kex(rex)[Hz] kex[Hz] kex[Hz]
pipeline 1 at 3T pipeline 2 at 3T PRO-QUEST at 9.4T [47] QUEST at 9.4T [47]

5.80±0.01 710±10 529±150 - -
6.10±0.01 807±151 994±129 710±30 720±220
6.40±0.01 2713±501 1215±180 780±30 860±230

Reff itself depends on the longitudinal and transverse relaxation rates of

the water pool T1a and T2a, which are obtained from the Look-Locker exper-

iment and a spin-echo experiment, respectively. If either of these rates was

underestimated this would explain an overestimation of Reff. The simulations

showed that this effect is much more pronounced at 3T than at 7T or 9.4T

even for small errors of T2a (figure 4.9).

An underestimation of these rates can be explained if the presence of

CEST agents leads to a reduction of the measured relaxation rates T1 and

T2, while leaving the intrinsic relaxation rates of the water pool T1a and T2a

unaffected, such that T1a = T1 and T2a = T2 becomes a false assumption. The

effect of chemical exchange on the measured T1 has previously been investi-

gated in other studies [124, 120] where T1 was shown to be short compared to

T1a in inversion recovery experiments. The effect on T2 measured with a spin-

echo based CPMG sequence was shown to be even greater in multiple studies

[121, 122, 123]. Chemical exchange introduces random, irreversible dephasing

of the nuclear moments of the water pool, which unlike reversible T ?2 effects

cannot be eliminated by the spin-echo. In addition, the measured T2 is shown

to depend on the time delay tcp between the spin-echoes. Only for time delays

that are small compared to the mean exchange lifetime, i.e. tcp� 2
kba+kab can

the exchange effect be neglected and T2 approaches T2a. For exchange rates in

the order of 103Hz, the delay times would have to be shorter than 2ms. Such
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small delay times, however, are not feasible on clinical scanners.

The spin-echo sequence applied in this work to determine T2 had delay

times much greater than the mean exchange lifetime, such that a large irre-

versible contribution to the dephasing can be expected and the measured T2

becomes significantly shorter than T2a. This leads to an overestimation of the

exchange-independent relaxation rate Reff, which is analogous to an overesti-

mation of the spillover effect in a Z-spectrum. The error of Reff, ∆Reff results in

an error of the exchange-dependent relaxation rate ∆Rex =−∆Reff. In figure

4.15 the simulated error ∆R2a =R2−R2a from a spin-echo measurement with

tcp� 2
kba+kab is plotted as a function of the exchange rate. It demonstrates

that large systematic overestimations of R2a are to be expected in the range

of estimated exchange rates, especially when the CEST pool concentration is

high. It is also shown that the effect of R2a on the absolute error is negligible.

Although the effect of exchange on the measured R1 is much smaller than

on R2, at small CEST pulse flip angles the resulting error ∆R1a contributes

more to the Rex underestimation than the error ∆R2a. This is because the an-

gle between the direction of the effective magnetic field and the z-axis is small

and Reff is dominated by R1a. According to equation 2.6, only if the CEST

pulse flip angle is increased such that ∆R2a
∆R1a

> 1
(tanφ)2 , does ∆R2a contribute

more to the Rex underestimation than R2a.

The overestimation of Reff also affects the in vivo images, as will be dis-

cussed in the next section.

4.5.1 In vivo
The aim of the initial in vivo experiment was to assess the quality of the images

produced by the implemented sequence. As a first step, the obtained T1 map

values were compared to values found in the literature. The T1 values obtained

here are higher in grey matter and cerebrospinal fluid (CSF) compared to

white matter as measured in other studies [103, 104, 105]. Table 4.3 shows a

quantitative comparison with other studies. The WM values agree with the

literature, and the GM values agree with one study, but are higher than in two
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Figure 4.15: Simulated dependence of the error ∆R2a of the exchange-independent
relaxation rate in the effective frame as a function of exchange rate kba
in a 2-pool Bloch-McConnell model. In (a) the relative equilibrium
magnetization fb was varied and R2a = 0.66s−1. In (b) R2a was varied
and fb = 0.001. The other simulation pool parameters were the same
as in the caption of 4.6. Note that in (b) all plots overlap, i.e. the
influence of R2a is negligible in this regime.

other studies. This might be due to the more difficult separation of GM from

CSF, especially at the relatively low resolution of the images.

The Meq map reflects values that are proportional to the water proton

density. Additionally, it is weighted by the coil sensitivity, which is higher

close to the coil elements and explains the increased values at the surface of

the brain. In addition, a T ?2 weighting is expected due to the relatively long

echo time of the EPI readout. Both of these weightings are the same in the

Look-Locker and the PRO-QUEST measurements, so that they are eliminated

and do not influence the maps calculated further down the pipeline. Proton

density maps found in the literature show a similar contrast with increased

values in CSF and GM compared to WM [125].

The distribution of values observed in the B1 map is typical for brain

measurements at 3T with increased values in the center and lower values at

the brain surface. For example, the B1-maps shown in [62] exhibit this typical

pattern.
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Thus, the parameter maps obtained from the implemented sequence with-

out saturation pulse are in agreement with the literature.

In the light of the overestimation of the direct saturation effect in phantom

experiments it is not possible to claim that the visible contrast is solely due

to exchange effects, but a direct saturation effect might be the reason for the

contrast. In fact, although the concentration of most CEST metabolites in vivo

is smaller than in the phantom experiment (100mm), the measured T1 and T2

are influenced by all exchanging metabolites and the MT pool simultaneously,

such that even larger overestimations of Reff can be expected. This explains

the strong T1 contrast in the Rex maps (figure 4.14), even though Rex is in

theory independent of T1 (equation 2.7). Furthermore, at 3.0ppm, apart from

glutamate, multiple metabolites, such as amines centred at 3.5ppm, amides at

2.0ppm, hydroxyls between 0.6ppm and 1.0ppm and the broad MT pool can

all contribute to the measured Rex [51]. Hence, the interpretation of rex and

kex becomes difficult in vivo.

In the following chapter methods to remove the direct saturation effect

more reliably are presented. Furthermore, the PRO-QUEST images are also

acquired at different frequency offsets, where larger exchange contributions are

expected.

Table 4.3: Comparison of T1 values obtained with the implemented PRO-QUEST
sequence in grey matter (GM) and white matter (WM) with literature
values.

PRO-QUEST Study [103] Study [104] Study [105]
WM 895±95 s 838±18 s 847±43 s 699±38 s
GM 1717±130 s 1322±34 s 1763±60 s 1209±109 s
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4.6 Conclusion
This chapter described the translation of the PRO-QUEST technique to a

3T clinical scanner. New PRO-QUEST model equations were derived and

numerical simulations of the Bloch-McConnell equations were performed to

verify the model and determine its range of validity. The simulations showed

that the model works well in the intermediate exchange regime but leads to

overestimated exchange rates in the slow exchange regime.

A 3D-EPI sequence was modified to acquire multiple images during the

recovery of the MRI signal after an initial water saturation. The WET satura-

tion technique was optimized and was found to be much superior to a regular

90°-spoil saturation.

In vitro, the quantification of exchange rates led to the expected pH de-

pendence, but resulted in slightly faster exchange rates than reference values

from the literature. It was suggest that the direct saturation effect is not

appropriately corrected for and results in the observed deviations from the

literature values.

It is therefore likely that the contrast and the exchange rate estimates

of the in vivo images were influenced by the direct saturation and it was not

possible to separate exchange related effects from the direct saturation effect.

In the following chapter, potential remedies for an improved consideration

of the direct saturation effect will be presented and compared to the original

PRO-QUEST approach to better understand the problems encountered at 3T.



Chapter 5

PRO-QUEST improvements

5.1 Introduction

In the previous chapter the results of the original PRO-QUEST method trans-

lated to a 3T clinical scanner were presented. It was concluded that the major

problem in quantification of exchange rates originates from the overestima-

tion of the direct saturation contribution. In this chapter, modifications of

the PRO-QUEST method are presented that have the aim to improve the

exchange rate estimation. In addition, while the kex estimates in the orig-

inal PRO-QUEST pipeline are B1-corrected, the other parameter maps, i.e.

Rex,low, Rex,high and rex are not. Here, a method for correcting these param-

eter maps for B1-inhomogeneities is introduced. It is shown that, especially

in vivo where the exchange rate estimation is difficult due to the interplay of

many CEST metabolites, these parameter maps can be of higher quality and

more informative than the kex map, if they are B1-corrected.

The two modifications of PRO-QUEST proposed here are based on the

idea of replacing the reference relaxation rate Reff which was previously calcu-

lated based on the Look-Locker data and the additionally acquired quantita-

tive T2 map (according to equation 2.6) with different references that better

describe the direct saturation contribution.

The first modification is termed the PBS-reference method. This method

is based on the assumption that the presence of the CEST agent does not
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alter the intrinsic water pool relaxation times T1a and T2a significantly and

therefore the direct saturation effect of the water protons will be independent

of the CEST agent concentration. Thus, in vitro, the reference relaxation rate

Reff can be determined by measuring the relaxation rate in a reference solution

which does not contain the CEST agent, i.e. only pure PBS. This approach

has the advantage that no T2 measurement is necessary as in the previous

pipelines. Furthermore, other effects such as self-diffusion and flow which can

influence T2 and thus increase the error ∆R2a are accounted for, since they

are the same in the pure PBS reference measurement and the measurement

with CEST agent. In vivo, this method can generally not be applied, since

no reference solution is available. While the ventricular CSF, like PBS, is

expected to have only a negligible exchange effect, the fact that the chemical

environment of water protons in WM and GM are very different makes it

unsuitable as a reference.

The second modification is based on the same idea as the MTRasym met-

ric, namely that the direct saturation contribution is symmetric with respect

to the water proton resonance. Hence, the reference measurement can be con-

ducted at the negative frequency offset to give a more accurate estimate of

Reff. This method was also applied in vivo and resulting parameter maps

were compared to the original PRO-QUEST method, which for simplicity is

henceforth referred to as T2-reference method.

Initially, the different approaches are used for exchange rate quantifica-

tion in vitro on phantoms with different pH and glutamate concentration.

Subsequently, the influence of the proposed B1-correction on the previously

uncorrected parameters is investigated. Finally, the in vivo results of the head

of a healthy volunteer obtained with the T2-reference method and the Asym-

reference method are shown.
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5.2 Methods

5.2.1 In vitro experiments

5.2.1.1 Phantom
To compare the different approaches of analysing PRO-QUEST in vitro, a

phantom was built containing glutamate in 0.1% phosphate buffered saline

(PBS) solutions at varying pH. The phantom materials and construction

method were as described in section 4.3.5, but a wider range of pH values

was chosen for this phantom. Vials were filled with 5 solutions characterized

by a glutamate concentration of 100mM and pH = 5.5, 5.8, 6.1, 6.4 and 6.7.

Furthermore, two solutions with reduced glutamate concentrations of 25mM

and 50mM at pH = 6.1 were produced. The eighth vial contained pure PBS.

5.2.1.2 Data acquisition
For the PBS-reference method, Asym-reference method and QUESP method a

data set was acquired with the same global water saturation and CEST pulse

settings as in sections 4.3.2.1 and 4.3.2.2. The readout settings were the same

as in section 4.3.2.3, but the repetition time was increased to TR = 14.0s to

be able to estimate the steady-state magnetization necessary for the QUESP

evaluation (see 1.2.2.7.1). This resulted in 174 readouts during one recovery.

In addition, to reduce the measurement time, the number of partitions

(which corresponds to the number of reconstructed slices) was reduced to 16,

corresponding to a slab thickness of 48mm and a measurement time of 226s

for each Look-Locker and each PRO-QUEST measurement. To be able to

achieve such a narrow slab thickness, either faster slab selection gradient ramp

times or a reduced readout pulse bandwidth of the binomial pulse quadruplet

(see section 4.3.2.3) were required. Since the ramp times were at their fast

limit, the pulse bandwidth was halved to result in a bandwidth-time-product

of BWT = 12.

The CEST pulse flip angle was varied between 720° and 1620° in steps of

180°. The T2 map was measured as described in section 4.3.3 with echo times
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of TE = 28, 84 and 140ms, with the difference that the acquisition matrix was

reduced to 64×64 to avoid the need for downsampling during post-processing.

For the Asym-reference method, in addtition to the measurement at an

offset of 3.0ppm, reference measurements at the negative offset of −3.0ppm

were performed with two CEST pulse flip angles of 720° and 1440° at each

offset. The repetition time was reduced to TR= 7.0s to achieve a measurement

time of 113s for each Look-Locker and each PRO-QUEST measurement.

5.2.1.3 QUESP
For QUESP, the steady-state Z-values (ZSS = MSS

z
Meq

) at different saturation

powers are required. Typically, a QUESP dataset is acquired with a single

fast readout at the end of the saturation train. However, the data of the Look-

Locker and PRO-QUEST sequence can be used to estimate Meq and MSS
z .

In the same manner as in the PRO-QUEST pipelines, Meq is obtained (in

addition to B1,rel and T1) by fitting equation 4.12 to the Look-Locker data

acquired at two different readout flip angles. MSS
z is obtained by fitting the

same equation 4.12 to the PRO-QUEST data set, however withMSS
z replacing

Meq and with B1,rel fixed to the value determined in the fit of the Look-Locker

data. The long TR guarantees that the ZSS-values obtained in this way are

not much affected by imperfect initial water saturation.

Subsequently, to make use of the best available fit model, the numeri-

cal solution of the Bloch-McConnell equations 2.47 was applied with Matlab’s

least-squares solver lsqcurvefit. The exchange rate kex and the labile pro-

ton concentration fb were estimated from the fit. The water pool relaxation

rates R1a and R2a were fixed to the values obtained from the saturation re-

covery experiment and CPMG experiment, respectively. The offset was fixed

to ∆ωba = 3.0ppm and the transverse relaxation rate of the CEST pool to

R2b = 20s−1.

5.2.1.4 Image smoothing
All measured images were smoothed prior to analysis, because the reduced

resolution of the T2 map resulted in ringing artefacts that led to significant
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signal inhomogeneities in the image within the phantom vials. To smooth the

image a two-dimensional convolution with the filter matrix H was performed,

where H was given by:

H =


0.04 0.12 0.04

0.12 0.36 0.12

0.04 0.12 0.04

 (5.1)

The implementation of the smoothing was based on MATLAB’s function

conv2.

5.2.1.5 B1-correction for Rex

Rex values were B1-corrected by linear interpolation between the Rex values

measured at the next lower and next higher CEST pulse flip angle. This means

the B1-corrected Rex value, Rex,B1corr, was obtained by using the fitted B1,rel

map and the following voxel-wise correction:

Rex,B1corr =Rex +m(B1,rel−1) (5.2)

where the slope m is given by:

m= (Rex,higher−Rex,lower)CESTFAnom
CESTFAnom,higher−CESTFAnom,lower

(5.3)

For the Rex values measured at the lowest and highest CEST pulse flip angle

the linear interpolation was performed between the CEST pulse flip angle of

this measurement and the next higher or next lower CEST pulse flip angle.

5.2.2 In vivo experiments

The head of a healthy volunteer was scanned on the 3T scanner. A slab with 16

transverse slices of 3mm thickness was aligned in parallel to and centred on the

AC-PC line. The CEST pulse flip angles were set to 720° and 1440°. For the

B1-correction two more measurements at CEST pulse flip angles of 900° and

1280° were performed. The offsets were chosen at ±3.5ppm and ±2.0ppm. The
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T2 map was calculated from three spin-echo images at echo times of TE= 30,80

and 150ms with the same FOV as the Look-Locker and PRO-QUEST images.

To reduce the ringing artefacts observed in previous measurements the in-

plane resolution was increased to 1mm×1mm corresponding to a matrix size

of 192× 192 and subsequently downsampled by bicubic interpolation using

Matlab’s imresize function to match the PRO-QUEST acquisition matrix of

64× 64. To further reduce the measurement time the repetition time was

reduced to TR = 4.02s which corresponds to 50 readouts during one recovery.

The echo time was TE= 23ms. The number of slices was 16, the slab thickness

48mm, the bandwidth-time-product was BWT = 12. These settings led to a

measurement time of 65s per Look-Locker and PRO-QUEST measurement.

The in-plane resolution was 3×3mm2.

The masking of all images was performed using FSL’s brain extraction

tool bet2. The mask was created based on the spin-echo images acquired at the

shortest echo time. The fractional intensity threshold of the brain extraction

algorithm was set to fFI = 0.4.
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5.3 Results

5.3.1 T2-reference method

The estimated mean parameters of the traditional T2-reference method plotted

against the nominal CEST pulse flip angles are shown in figure 5.1. Similar

to the results shown in figure 4.13, the Rex values of PBS decrease into the

negative range due to the increase of Reff with the CEST pulse flip angle. The

previously observed decrease of exchange rates can be observed for pH≤ 6.1,

but for pH = 6.4 and pH = 6.7 the determined exchange rates remain constant

or increase with the CEST pulse flip angle.

5.3.2 PBS-reference method

Figure 5.2 shows the corresponding plot for the PBS-reference method. It is

shown that Reff is assumed to be equal to the fitted R1ρ values of PBS for

all phantom vials. These Reff values are consistently smaller than the ones

determined with the T2-reference method which leads to larger Rex values for

all vials and at all CEST pulse flip angles. In comparison to the T2-reference

method, the determined exchange rates for pH≤ 6.1 exhibit smaller deviations

with changes in the CEST pulse flip angle, but for pH = 6.4 and pH = 6.7,

exchange rates increase with the CEST pulse flip angle.

5.3.3 Asym-reference method

The Asym-reference method required two additional PRO-QUEST measure-

ments at an offset of −3.0ppm, one at low and one at high CEST pulse flip

angle. The determined R1ρ values at this offset were assumed to be equal to

Reff, as shown in figure 5.3. A trend towards higher Reff with increasing pH is

noticeable. The Reff values are consistently larger than in the PBS-reference

method and smaller than in the T2-reference method. The determined ex-

change rates with the Asym-reference method increase with pH. For pH≤ 6.1

kex, the standard deviations of the exchange rates are small compared to the

much larger standard deviations at pH = 6.4 and pH = 6.7.
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Figure 5.1: T2-reference method: dependence of (a) the observed relaxation rate
R1ρ, (b) the exchange-independent relaxation rate Reff, (c) the esti-
mated exchange-dependent relaxation rate Rex and (d) estimated ex-
change rate kex on the flip angle of the CEST pulses. Note that Reff
was calculated based on equation 2.6. The vials contained phosphate
buffered saline (PBS) and glutamate (Glu) in PBS at varying pH. The
low CEST pulse flip angle used to calculate the ratio Rex,low/Rex, high
for the calculation of kex was 720°.

5.3.4 Comparison between methods

Figure 5.4 c) shows the direct comparison between the exchange rates deter-

mined with the three PRO-QUEST methods and the QUESP method. Each

method results in increasing exchange rate estimates with pH. The traditional

T2-reference method consistently underestimates the exchange rates compared

to all other methods. For pH≤ 6.1 the PBS-reference and the Asym-reference

methods lead to similar estimates and are also closest to the QUESP estimates.
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Figure 5.2: PBS-reference method: dependence of (a) the observed relaxation rate
R1ρ, (b) the exchange-independent relaxation rate Reff, (c) the es-
timated exchange-dependent relaxation rate Rex and (d) estimated
exchange rate kex on the flip angle of the CEST pulses. Note that
Reff was set equal to the R1ρ of PBS. The vials contained phosphate
buffered saline (PBS) and glutamate (Glu) in PBS at varying pH. The
low CEST pulse flip angle used to calculate the ratio Rex,low/Rex, high
for the calculation of kex was 720°.

For pH= 6.4 and pH= 6.7, all methods lead to different estimates, however the

Asym-reference method results in much faster exchange rates than the other

methods and a wide spread of estimates among the fitted voxels, indicated by

the extremely large error bars. The estimates obtained with the PBS-reference

method deviate the least from a straight line, which represents an exponential

increase of exchange rate with pH.

Although the different vials can be distinguished based on the estimated
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Figure 5.3: Asym-reference method: dependence of (a) the observed relaxation
rate R1ρ, (b) the exchange-independent relaxation rate Reff, (c) the
estimated exchange-dependent relaxation rate Rex and (d) estimated
exchange rate kex on pH. Note that Reff was set equal to R1ρ of the
negative frequency offset at −3.0ppm. Due to the increased measure-
ment time, reference data points at only two CEST pulse flip angles
could be acquired. Hence, the x-axis shows the pH of the vials (in-
stead of the CEST pulse flip angle as in figures 5.1 and 5.2). The
vials contained phosphate buffered saline (PBS) and glutamate (Glu)
in PBS at varying pH. The low and high CEST pulse flip angles used
to calculate the ratio rex for the calculation of kex were 720° and 1440°,
respectively.

exchange rates, this is not generally possible for Rex (figure 5.4 a) or the

ratio rex (5.4 b). Especially for pH = 5.5 and pH = 5.8 both metrics exhibit

overlapping ranges of estimated parameter values, such that no pH-weighted

contrast is generated between those vials. As shown in the following section

the contrast can be enhanced by applying a B1-correction to the fitted values.
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Figure 5.4: Comparison between different PRO-QUEST approaches: The param-
eters Rex, rex and kex obtained with the T2-reference method, PBS-
reference method and Asym-reference method are compared. In addi-
tion kex was calculated with the QUESP method. Rex,high was acquired
with a CEST pulse flip angle of 1440°.

5.3.5 B1-correction

The B1-correction by interpolation detailed in section 5.2.1.5 was applied pixel-

wise to all Rex values to correct the parameter estimates for the three PRO-

QUEST approaches. In the case of QUESP, the same approach was used

to interpolate between mean Z-values in each phantom vial using mean B1-

values. The corrected values are shown in figure 5.5. After the correction all

PRO-QUEST methods result in estimates for Rex,high and rex that decrease

monotonically with pH. Furthermore, the spread of estimated values within

most phantom vials, represented by the error bars, is reduced for both metrics,

which means that B1-variation within a vial led to a spread of values which

was successfully reduced by the applied B1-correction. Apart from the QUESP

estimates, most kex values changed only slightly compared to the values shown

in figure 5.4, since the calculation of kex includes the fitted B1,rel map and thus

implicitly corrects for B1 deviations. However, especially in the case of the T2-
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reference method for pH = 5.8 and the Asym-reference method for pH = 6.4,

where kex estimates deviate strongly from a straight line in the logarithmic

plot, the explicit B1-correction of Rex values leads to estimates which fit the

expected exponential increase with pH better.

Figure 5.5: Comparison between different PRO-QUEST approaches after B1-
correction by interpolation. The parameters Rex, rex and kex obtained
with the T2-reference method, PBS-reference method and Asym-
reference method are compared at different pH. In addition kex was
calculated with the QUESP method. Rex,high was acquired with a
CEST pulse flip angle of 1440°. The dashed lines in c) are linear fits
to the data points of each method. For the linear fit of the Asym-
reference method, the last data point at pH = 6.7 was ignored as an
outlier.

5.3.6 Dependence of estimated parameters on CEST

pool concentration

To investigate the dependence of the estimated parameters on the concen-

tration of the CEST pool, the parameters were plotted against the CEST

agent concentration of the phantom vials at a constant pH = 6.1 as shown in

figure 5.6. All PRO-QUEST methods result in an increasing Rex, which is ex-

pected from the theory. However, the results of the T2-reference, PBS-reference

and the QUESP method show that with increasing concentration the ratio
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rex decreases and kex increases, although these parameters are concentration-

independent according to the derived equations of a two-pool model. The

increase of exchange rate with CEST pool concentration was also observed in

chapter 2, where a taurine in PBS solution was measured (figure 2.7). The

Asym-reference method is very imprecise at small concentrations, indicated by

the large error bars.

Figure 5.6: Dependence of estimated parameters on CEST pool concentration:
The parameters Rex, rex and kex obtained with the T2-reference
method, PBS-reference method and Asym-reference method are com-
pared at different CEST pool concentrations. In addition kex was cal-
culated with the QUESP method. Rex,high was acquired with a CEST
pulse flip angle of 1440°. The presented values were B1-corrected with
the interpolation method.

5.3.7 Comparison of parameter maps between methods

A comparison between the parameter maps estimated with all PRO-QUEST

approaches is shown in figure 5.7. The maps of all methods show a contrast

between the phantom vials at varying pH. The pH contrast is largest in the

rex maps where the Rex map and the kex map reveal only a small contrast,

especially between pH = 5.5 and pH = 5.8. A contrast is also visible between

the vials at constant pH but varying concentration, except from the rex and

kex map of the Asym-reference method. For all methods, as expected from the
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theory, this contrast is largest in the Rex map. The highest homogeneity of

the parameter maps is obtained with the T2-reference and the PBS-reference

method. The Asym-reference method reveals a gradient of estimated values

in the radial direction of the phantom container in the pH = 6.4 and pH =

6.7 vials. This could be related to a less accurate B1-correction, since fewer

CEST pulse flip angles were used for this method, leading to a less accurate

interpolation.

Figure 5.7: In vitro comparison of parameter maps obtained with the T2-reference,
PBS-reference and Asym-reference method. Unless annotated other-
wise, the phantom vials contained 100mM glutamate in PBS. The Rex
maps were acquired at a CEST pulse flip angle of 1440° and the rex
map at 720° and 1440°.

5.3.8 In vivo results
The parameter maps obtained from the measurement of a healthy volunteer

are shown in figure 5.8 for offsets of 3.5ppm and 2.0ppm. The figure compares

the T2-reference method with the Asym-reference method.
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Figure 5.8: PRO-QUEST parameter maps of a healthy volunteer with the T2-
reference method and the Asym-reference method at offsets of 2.0ppm
(third and fifth row) and 3.5ppm(second and fourth row). The first
row shows the maps obtained from the Look-Locker measurement (T1,
Meq and B1,rel) and the R2 map obtained from the quantitative T2-
measurement.

The Rex,low and Rex,high maps of the T2-reference method are dominated

by a GM/WM/CSF contrast. The structures resemble the T1-map, indicating

that T1 was not completely eliminated from the calculated Rex values. CSF

has mostly negative values and GM values are smaller than WM values. In

the ratio rex the GM/WM contrast is reduced, and the values in CSF are

dominated by noise. This is also the case in the kex map.

Compared to the T2-reference method, the Rex,low maps of the Asym-
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reference method reveal much lower values. In particular, WM values are

predominantly negative, indicating that the reference relaxation rates at the

negative offset frequency are larger than the rates at the positive offset. The

Rex,high maps are less smooth and show a circular artefact in the anterior half

of the brain, which is likely due to B0-inhomogeneity. At an offset of 2.0ppm

the artefacts are increased and also manifest in the regions of the temporal

lobes. Artefacts in corresponding regions can also be seen in the B1,rel and the

Meq maps. The rex maps and the kex maps are dominated by noise, such that

no relevant information can be retrieved from them.
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5.4 Discussion

5.4.1 In vitro

In this chapter, two new approaches to evaluating PRO-QUEST data at 3T

were presented and compared to each other. The motivation for the new meth-

ods is to more accurately determine the direct saturation effect represented by

Reff, which was suggested to be overestimated at low field strength in the

original PRO-QUEST approach in chapter 4.

Furthermore, a correction for B1-inhomogeneities was suggested for Rex

and rex maps to obtain a higher weighting of the CEST contrast. In contrast

to kex, these maps are easier to interpret in systems with multiple CEST

pools. In this case, the measured Rex can be interpreted as the sum of

contributions from all individual CEST pools Rex = ΣiRex,i. The ratio of

two measurements at low and high CEST pulse flip angle is then given by

rex = Σi(Rex,low,i)/Σi(Rex,high,i). Unlike in the case of the 2-pool model, this

ratio is in theory not concentration independent, except for the case in which

the ratio between all CEST pool concentrations remains constant. Neverthe-

less, compared to Rex, the ratio rex has a lower concentration weighting and

a higher exchange rate weighting of the contrast, since variations in any of

the pool concentrations lead to either an increase or a decrease of both the

numerator and the denominator of rex, such that these changes will at least

partly cancel out by the division. In contrast, to accurately calculate kex for

any CEST pool of a multi-pool system, accurate prior information about the

Rex contributions of the other pools is required.

The new approaches were shown to lead to exchange rate estimates which

are closer to the estimates of the QUESP technique. In comparison, the original

PRO-QUEST method results in a large underestimation of exchange rates.

Since all other parameters were kept the same in the other methods, this

supports the claim that Reff is overestimated and Rex is underestimated in

the original PRO-QUEST method. In spite of the observed underestimation

of Rex and kex the original PRO-QUEST method showed an approximately
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exponential increase of exchange rates with pH. However, by comparison with

the other methods it can be concluded that Rex, rex and kex are strongly Reff

weighted and therefore T1 and T2 weighted, such that CEST effects might be

confounded in the resulting contrasts.

Apart from the Asym-reference method, all methods, including the

QUESP technique, showed a decrease of rex and an increase of kex when the

CEST pool concentration was increased at constant pH. A similar linear de-

pendence of kex on the CEST pool concentration was observed for taurine in

chapter 2 (figure 2.7) at 9.4T based on fitting multiple Z-spectra at varying

saturation power. Since the 2-pool Bloch-McConnell model predicts an in-

dependence of these parameters on the CEST pool concentration, a possible

explanation for the observed changes could be related to the phosphates in

the buffered solution which act as exchange catalysts [126]. The addition of

more glutamate and subsequent titration could shift the position of the chem-

ical equilibrium of the buffer towards that side whose reactants enhance the

exchange rate of glutamate more efficiently. By interpreting the observed con-

centration dependence in this way, one assumes that the change of glutamate

concentration indirectly affects the exchange rate via the PBS enhancement.

This interpretation could be tested by conducting the same experiment with-

out PBS or with different concentrations of PBS. However, on the one side the

pH adjustment is difficult without a buffer, and on the other side too much

buffer has been shown to quench the CEST signal [126].

The Asym-reference method was the least precise method among the in-

vestigated methods. The first reason is that the reference value Reff, is more

sensitive toB0 inhomogeneities than the reference values of the other two meth-

ods. Figure 5.9 shows the measured sensitivity of R1ρ at the upfield reference

offsets of the different phantoms to a small change in B0. The PBS-reference

is the least dependent on B0-inhomogeneity, whereas the dependence of the

other reference values increases with pH, which explains the large uncertainty

of the Asym-reference method at high pH. The fitted T1 and T2 measurement
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of the original T2-reference are relatively stable with respect to B0, which can

be seen by the relatively small error bars in figure 5.1b.

The second reason is that the B1-correction by interpolation was less accu-

rate for the Asym-reference method because it relied on fewer sampling points

under varied B1. Due to the limited time available for the experiment, only

one additional power could be measured, whereas the other two methods could

be interpolated with two additional powers, which, moreover, were in closer

proximity to the query point. For a fair comparison, the B1-correction should

have relied on the same interpolation samples for all methods. The precision

of the Asym-reference method is expected to be improved by employing more

interpolation samples for the B1-correction.

The advantage of the Asym-reference method is that it uses the theoret-

ically most accurate reference values in a 2-pool model. The assumption of a

symmetric direct saturation effect is valid under all conditions. In comparison,

the PBS-reference method is valid only under the assumption of a negligible

influence of the CEST agent molecules and pH on the relaxation times of the

water pool T1a and T2a. While this assumption leads to a large deviation from

the Asym-reference method in Rex estimates (see figure 5.5), this deviation is

largely eliminated in the rex and kex estimates. In contrast, the assumption

of the original T2-reference method, that T1a and T2a can be replaced with

the observed T1 and T2 of a saturation recovery and a CPMG experiment,

respectively, does not hold at 3T and leads to large deviations in Rex, rex and

kex.

5.4.2 In vivo

In vivo, the quantification of exchange parameters with PRO-QUEST is much

aggravated, mainly by the presence of multiple exchanging pools contributing

to the saturation effect at the off-resonance frequencies of most CEST metabo-

lites. The PRO-QUEST theory presented here takes into account only a single

CEST pool. However, similar to other methods for in vivo imaging (e.g. tra-

ditional APT imaging [18] or CERT [127]) which are based on the saturation
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Figure 5.9: Dependence of reference values of the Asym-reference method and the
PBS-reference method on B0-inhomogeneities. Plotted is the mean dif-
ference ∆R1ρ between two upfield measurements at offsets of −3.0ppm
and −2.9ppm. The value used for the PBS-reference method is the
least dependent on the B0 variation, whereas the dependence of the
Asym-reference increases with pH.

at one or two offset frequencies, the obtained PRO-QUEST parameter maps

have the potential to be weighted towards the pools which is centred at the

saturation frequency.

In vivo, the results of the measurement of the original T2-reference method

and the Asym-reference method were compared to each other at two different

offsets. The PRO-QUEST phantom experiments in the previous sections re-

vealed that with the T2-reference method Rex is likely to be influenced by direct

saturation (see figure 5.5). The in vivo Rex maps have a strong GM/WM/CSF

contrast that correlates with the contrast in the T1 map. This contrast is prob-

ably largely caused by the T1 and T2 dependent overestimation of the direct

saturation effect and the resulting underestimation of Rex. This explanation

for the contrast is supported by the observed negative Rex values in CSF. Un-

der the assumption that exchange effects are negligible in CSF, Rex = 0 would

be expected, however the negative values observed in CSF are probably due

to this underestimation.

In the Rex maps it is not possible to distinguish the direct saturation con-

tributions to the contrast from potential contributions from exchange effects.

At an offset of 3.5ppm the main expected exchange contributions are from

amide groups and from the MT pool [87]. Therefore, the observed contrast
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can be due to direct saturation, exchange effects, or a combination of both.

The rex map is likely to have an increased exchange rate weighting, be-

cause both the direct saturation effects and the pool concentration weighting

were reduced in the phantom experiments. In the in vivo map, this is con-

firmed by the reduced GM/WM contrast. However, calculating exchange rates

visible in the kex map through this pipeline seems to be infeasible in vivo. The

high sensitivity of kex with respect to small changes in rex results in large

deviations from the amide exchange rate found in other studies (in the range

between 20− 280Hz) [17, 128, 84, 129, 130, 53]. Amine exchange rates at

2.0ppm were reported to be in the range of 700-10000Hz [131]. In the light

of the previously mentioned confounding contributions to the signal, the fact

that the observed exchange rates (around 3000Hz) are within the expected

order of magnitude of amines at 2.0ppm is likely a coincidence.

The Asym-reference method maps were created with the aim to eliminate

the direct saturation effect and the symmetric component of the MT pool.

However, the disadvantage of the application of this method in vivo is that

the reference measurement at the negative offset frequency is affected by the

presence of NOE pools. These pools lead to a decrease in the reference signal,

and thus to an underestimation of the CEST signal. In conventional APT im-

ages, the saturation effect at -3.5ppm is often larger than at 3.5ppm [132]. This

is in agreement with the Rex maps obtained with the Asym-reference method,

where negative values indicate that the NOE saturation effects exceeded the

amide saturation effects. At low power at 3.5ppm, the values in WM appear

smaller than the values in GM, indicating an increased NOE and/or reduced

amide contribution to the Rex map. Furthermore, an increased MT pool size in

WM can cause the values to be reduced, since the contributions to the Z-value

do not add up linearly, but inversely [101]. This is in line with other published

APT measurements of the human brain. [90] Due to this subtraction of ex-

change effects of similar magnitude, the rex and kex maps become meaningless

and are dominated by noise (see figure 5.8).
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Another disadvantage of the Asym-reference method is the increased sensi-

tivity to B0-inhomogeneity. The resulting artefacts become apparent especially

at higher power and at off-resonances close to the water peak. B0-correction

of saturation effects at a single offset frequency is generally difficult, because

the B0-dependence of the CEST effect depends strongly on the unknown ex-

change rate, concentration and transverse relaxation time of the CEST pools

contributing to the signal. Hence, for accurate B0-correction, a dense sampling

of off-resonance frequencies in the vicinity of the resonance frequency of the

CEST metabolite is needed in addition to a B0-map to be able to interpolate

the B0-corrected saturation effect. However, the current measurement time of

2:10min per offset frequency would be dramatically increased.

5.4.3 Advantages and shortcomings

The main advantage of the employed 3D EPI readout over a 2D readout is that

no slice profile correction has to be performed. In 2D readouts, the profile of

the excited slice depends on the readout flip angle α, and if the assumption

that the signal strength is proportional to sin(α) becomes invalid a slice profile

correction is necessary [133, 47]. The slice profile depends on T1, T2 and

B0-inhomogeneities and can lead to artefacts in the estimated B1-map. An

example of this is shown in figure 5.10. In the light of the strong dependence

of Rex on B1, such artefacts can be expected to propagate into the Rex, rex
and kex maps.

The disadvantage of the presented 3D implementation is the increased

measurement time, which is proportional to the number of k-space partitions.

To reduce the measurement time, multiple partitions could be read out after

one excitation. This, however, would bring about two tradeoffs. Firstly, the

longer readout would reduce the delay between CEST saturation pulses and

thus reduce the average power and therefore the CEST effect. A remedy for this

could be to reduce the number of readouts, e.g. remove every other readout,

and instead implement several consecutive CEST pluses in order to maintain

or even increase the average power. It appears likely that the fitted recovery
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curves and estimated parameters would not change significantly if the high

temporal resolution of the data points was reduced, as seen in figure 4.11, but

this has to be confirmed experimentally.

Secondly, the longer echo train lengths would make the sequence more

susceptible to artefacts related to off-resonance effects, such as a larger fat-

water shift, geometric distortions due to B0-inhomogeneity or signal loss due

to dephasing [134]. Additionally, the filter effect due to T ?2 relaxation would

increase which would lead to image blurring.

Another approach to reduce the measurement time is to shorten TR, which

corresponds to sampling a shorter time of the PRO-QUEST recovery curves.

This would mean a smaller number of data points and a larger fraction of

these data points would have a smaller signal. Hence, the SNR would drop.

A shorter T1 would favour this approach since the signal would recover more

quickly and thus counteract the SNR loss.

Another disadvantage of the current 3D implementation is the low res-

olution of 3× 3× 3mm3. By implementing parallel imaging techniques, it is

possible to increase the resolution without changing the acquired number of

k-space lines. Thus the sequence timing could remain unchanged. However,

an additional 3D-acquisition with the desired higher resolution is necessary

which can be acquired within approximately 1−2s.

Figure 5.10: Slice profile artefacts in PRO-QUEST measurement with 2D EPI
readout. The slice profile leads to a strong GM/WM/CSF contrast
in the B1,rel map, similar to the contrast in the T1 and T2 maps.
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5.5 Conclusion
In this chapter, modifications of the original PRO-QUEST method were pre-

sented with the aim to reduce the influence of the direct saturation effect on

the quantification of exchange rates and on exchange-weighted images. More-

over, the importance of a B1-correction for the interpretation of Rex and rex
was demonstrated and the suggested approach was successfully applied to in

vitro and in vivo images.

The in vitro experiments showed that the PBS-reference and the Asym-

reference method led to estimates that better matched the results of the

QUESP method. This is a confirmation of the conclusion of the previous chap-

ter regarding the overestimation of the direct saturation effect in the original

PRO-QUEST method.

Although accurate quantification of exchange rates in vivo was not pos-

sible with PRO-QUEST at 3T, Rex and rex might be suitable to obtain an

exchange-weighted contrast. Among the presented images, the rex image of

the T2-reference method and the Rex,low image of the Asym-reference method

were identified as the most promising results. Ultimately, only the application

of the developed sequences to pathologies can lead to certainty about whether

additional information due to exchange can be obtained.

To further improve the image quality through the sequence, a B0-

correction will have to be developed for in vivo measurements. The additional

measurement time required for this correction will have to be balanced by

a reduction of the acquisition time required for each frequency offset. Some

suggestions to achieve this reduction were made in section 5.4.3.

Since the quantification of exchange rates in vivo requires knowledge about

all CEST pools contributing to the measured signal, the acquisition of a full

spectrum including far off-resonance MT points seems necessary. However,

with the current sequence the measurement time would be too long.



Chapter 6

Summary and outlook

The aim of this thesis was to develop and improve methods for the quantifi-

cation of CEST parameters. In chapter 2, a Bayesian fitting algorithm was

combined with analytical approximations of the Bloch-McConnell equations in

order to fit Z-spectra acquired under pulsed saturation. Due to SAR and hard-

ware limitations this type of saturation is required in the clinical application

of CEST sequences. The model was adapted for Gaussian-shaped pulses and

multiple CEST pools and was shown to be applicable to systems with strongly

overlapping CEST pools, which is a requirement for its application in vitro.

The modified algorithm significantly decreased the processing time compared

to the full numerical evaluation of the Bloch-McConnell equations and did not

lead to a significant loss of accuracy in the investigated parameter regime.

In chapter 3 it was shown that although it was possible to obtain param-

eter maps using the algorithm for a 5-pool model in vivo on mouse brains, the

high number of pixels in which the fits did not converge compared to the sim-

pler Lorentzian line shape model and the broadening of the fitted CEST peaks

corresponding to large R2i values suggest that a further development of the

model is necessary. This includes working on the assumptions of the analytical

equations as well as the assumptions about the number and the chemical shifts

of the CEST pools.

To improve the in vivo quantification in the future, developments in the

following areas will be needed:
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1. The data: The correlation between model parameters in the measured

data needs to be reduced. This can only be achieved by employing saturation

schemes that vary the proportions of contributions from different pools to

the overall water saturation effect. Techniques such as CERT [56] or VDMP

[135, 136] are examples of such saturation schemes, in which the contribution

of a CEST pool varies while the contribution of other pools is kept constant,

thereby decorrelating contributions from different pools in the data.

2. The measurement time: Acquiring a higher number of Z-spectra under

different saturation schemes would also lead to a lengthening of measurement

times. Especially for in vivo applications this needs to be balanced by effective

sampling strategies and fast readouts that ideally do not require a steady-state

magnetization to be reached.

3. The model: More elaborate saturation schemes are only useful if the

applied model correctly describes the intended effects on the Z-spectrum. For

example, the analytical models applied here do not account for rotational ef-

fects of the CEST pools, which explain the increased saturation effect of 180°

CEST pulses, and can therefore not be applied to fit such effects in the Z-

spectrum. Rather than applying a single all-encompassing equation as a model,

it might also be possible to combine different analytical equations in a model,

which applies that equation which is most appropriate for the current param-

eter regime. Alternatively, faster ways to evaluate the full Bloch-McConnell

equations could be developed to be applicable to different saturation schemes

in reasonable processing times. Such improvements could address the numeri-

cal algorithms or the computer hardware. However, it has to be kept in mind

that the computational requirements increase exponentially with the number

of pools.

As detailed in chapter 4, the aim of translating the PRO-QUEST sequence

to a 3T clinical scanner was to investigate its applicability for in vitro and in

vivo imaging and the possibility to reduce the requirements of working in

the steady-state. PRO-QUEST equations were rederived and validated and
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sequence parameters were optimized by means of numerical simulations based

on the Bloch-McConnell equations. A 3D-EPI sequence was modified by the

implementation of a WET saturation module and interleaved CEST saturation

pulses. In vitro, a distinction of phantoms with different pH was possible

based on the determined exchange rates. However, a systematic deviation in

the model caused by an overestimation of the exchange-independent relaxation

rate Reff, corresponding to an overestimation of the direct saturation effect was

identified. This was also shown to have a large effect on in vivo measurements.

In chapter 5, the PBS-reference and the Asym-reference methods were

suggested as two techniques to eliminate this overestimation and which led to

improved exchange rate estimates in vitro. While accurate quantification of

individual CEST pool parameters with PRO-QUEST based on a single offset

(or a second one as a reference measurement) appeared to be infeasible at 3T,

the exchange-weighted contrasts of Rex and rex were suggested and shown to

have a reduced direct saturation influence when applying the Asym-reference

method.

In the future the acquisition of full PRO-QUEST spectra at densely sam-

pled offsets should be investigated. The PRO-QUEST model described in this

thesis is readily applicable to evaluate such spectra, since the frequency of

the RF pulse is included in the model. The PRO-QUEST technique has the

potential to significantly reduce the measurement time by avoiding the delay

to reach a steady-state magnetization. However, with the current sequence,

the acquisition time for a whole spectrum would be too long and more devel-

opments are needed, e.g. by focussing on a 2D readout, or by reducing the

number of slices of the 3D readout.

Another route for future research would be to investigate the application

of an inversion pulse, instead of a saturation pulse at the beginning of the

recovery. This would allow for a larger number of sampling points during the

recovery of the signal and might improve the accuracy of fitted parameters.



Appendix A

Approximation of z-components

of free Bloch-McConnell

equations

Expressions for daa and dab of a 2-pool model were presented in [68], as part

of the biexponential solution of the BM equations for B1 = 0 (no saturation)

and negligible transverse magnetization (Mix =Miy = 0):

daa = (λ1 +R1b+kba)exp(λ1td)− (λ2 +R1b+kba)exp(λ2td)
λ1−λ2

(A.1)

dab = kba (exp(λ1td))− exp(λ2td))
λ1−λ2

(A.2)

Expressions for λ1 and λ2 are:

λ1 =−1
2

(
kab+kba+R1a+R1b

+
√

(kab+kba+R1a+R1b)2−4(kbaR1a+kabR1b+R1aR1b)
) (A.3)

and

λ2 =−1
2

(
kab+kba+R1a+R1b

−
√

(kab+kba+R1a+R1b)2−4(kbaR1a+kabR1b+R1aR1b)
)
.

(A.4)
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The following terms that appear in equations 2.18 and 2.19 and can be ap-

proximated for kba�R1a:

daa+fbdab ≈ exp(−R1atd) (A.5)

daa+ Ψdab ≈ exp(−R1atd)
(
1−αlab,bfb

)
(A.6)

For multiple CEST agent pools we apply the corresponding approximations

for kia�R1a:

daa+
∑
i

(fidai)≈ exp(−R1atd) (A.7)

daa+
∑
i

(Ψidai)≈ exp(−R1atd)
(

1−
∑
i

αlab,ifi

)
(A.8)



Appendix B

Estimation of CEST pool

magnetizations at the end of a

Gaussian-shaped CEST pulse

Figure B.1 shows the dependence of the numerically determined ideal value of

αstart on the exchange rate kia and the average pulse amplitude B1. For slow

kia / 10Hz, αstart should be chosen close to 1, whereas αstart = 0 is a good

choice for fast kia ' 100Hz. In the intermediate regime of amide exchange

rates, a value of αstart ≈ 0.5 is a reasonable choice. In figure B.2 the effect of

this choice of αstart on the analytical solution is shown for different saturation

powers and assuming an exchange rate of kia = 30Hz. Note that the analytical

solution is closer to the numerical solution for αstart = 0.5 than for αstart = 0 or

αstart = 1. For faster exchange rates the influence of αstart on the Z-spectrum

is negligible (figure B.3). Hence, αstart = 0.5 was chosen for all fits in this work.
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Figure B.1: Dependence of the ideal value of αstart on the exchange rate and the
average saturation amplitude. The value was calculated according to
αstart = Ψmax−Ψ

Ψmax−Ψmin
, where Ψ = (Mzb(t=tp))

(Mza(t=tp)) was calculated by solving the
2-pool BM equations numerically. The simulation parameters were the
same as those of the simulation experiment described in the methods
section 2.4.1.
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Figure B.2: Comparison of the effect of different values of αstart on the analytical
solution for pulsed saturation with Gaussian pulses at different aver-
age saturation amplitudes. The left column shows full Z-spectra and
the right column shows a magnification of the solute peak. The simu-
lation parameters were the same as those of the simulation experiment
described in the methods section 2.4.1, in particular kia = 30Hz. At
this exchange rate, αstart = 0.5 is a reasonable choice.
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Figure B.3: Comparison of the effect of different values of αstart on the analytical
solution for pulsed saturation with Gaussian pulses at different aver-
age saturation amplitudes. Regarding the simulation parameters, the
only difference to figure B.2 is the exchange rate which was increased
to kia = 300Hz. The figure shows that at faster exchange rates, the
influence of αstart on the analytical Z-spectrum is negligible. Note,
that the analytical Z-spectra overlap and are therefore almost not
distinguishable.



Appendix C

Derivation of the PRO-QUEST

recovery during a shaped CEST

pulse

Here, model equation 4.2 is derived which describes the recovery of the z-

magnetization of the water pool during a single shaped CEST pulse in a PRO-

QUEST experiment. As shown in figure 4.2c, the CEST pulse interval of

duration tsat is divided into I intervals of durations tsat,1 . . . tsat,I . During

each interval the magnetization is assumed to recover with a relaxation rate

R1ρ,i (i = 1 . . . I) towards a magnetization Mss,i = cos(θi)
(

R1
R1ρ,i

)
Meq. The

parameter θi is the angle between the effective magnetic field direction and

the z-direction and is given by tan(θi) = ω1,i
∆ω , where ω1,i is the approximately

constant pulse amplitude during interval i. Note, that this corresponds to

the steady-state magnetization derived for a block pulse (see equation 2.11),

assuming the pulse shape varies slowly enough to fulfil the adiabatic condition

(Pz = 1). At the beginning of the first CEST pulse interval, the magnetization

is given by M(t= td). At the end of the interval, it is given by:

M(t= td+ tsat,1) =M(t= td)e−ρ1 +Mss,1
(
1− e−ρ1

)
(C.1)
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where ρi = R1ρ,itsat,i. Using the same approach for consecutive intervals, the

magnetization after all I intervals reads:

M(t=td+ tsat,1 + · · ·+ tsat,I = td+ tsat) =

M(t= td)e−ρ1ρ2...ρI

+Mss,1(1− e−ρ1)e−ρ2ρ3...ρI

+Mss,2(1− e−ρ2)e−ρ3ρ4...ρI

+ . . .

+Mss,i(1− e−ρi)e−ρi+1ρi+2...ρI

+ . . .

+Mss,I(1− e−ρI ) (C.2)

Defining the function SIi = ΣI
n=iρn, this equation can be simplified as follows:

M(t= td+tsat) =

M(t= td)e−S
I
1

+ΣI−1
i=1Mss,i

(
e−S

I
i+1− e−S

I
i

)
+Mss,I

(
1− e−S

I
I

)
(C.3)
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