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Abstract

In this thesis, the potential of Chemical Exchange Saturation Transfer to
image brain metabolites is presented. The Bloch-McConnell equations are
simulated and the optimal parameters are found to be 3.5uT, ts;; = 1s for

glutamate and 3uT, ts;s = 1.5s for creatine. Furthermore, multiple
quantification methods, including MTR asymmetry, Lorentzian fits and
spinlock fits are evaluated for quantifying CEST signal from glutamate
and creatine. The quantification methods are tested on the
Bloch-McConnell simulations, 2-pool phantoms, 3-pool phantoms and in
VivO.
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Introduction

With almost 900.000 MRI exams|[1] every year and about 226 MRI units[2]
in The Netherlands, Magnetic Resonance Imaging (MRI) has proven to be
a mainstay in medical examination, being a non-invasive imaging tech-
nique. MRI is able to obtain high soft tissue contrast without the use of
ionizing radiation.

Besides providing anatomical images, MRI can also be used to study
brain metabolism. Two metabolites this thesis will focus on are glutamate
and creatine. Glutamate is an excitatory neurotransmitter which plays a
central role in learning, memory and cognition[3]. Lowered glutamate
levels have been observed in neurological disorders such as Alzheimer
Disease, Schizophrenia etc.[4]. Creatine is a substrate and product of the
energy production inside the body, as it is used as a buffer for the phos-
phate group in Adenosine triphosphate (ATP). The brain is a very active
organ of billions of neurons. Due to its high activity, it has a high demand
for energy[5]. This high demand makes creatine an interesting factor in
brain health.

Evidently, it is important to image glutamate and creatine levels in the
brain. However, with normal MRI it is not possible to image metabolite
levels, since the Larmor frequency of their ! H protons is very close to that
of water. Due to the abundance of water in the brain, the obtained MRI
signal is dominated by the water signal. This makes it hard to separate the
metabolite signal from the water signal. Another MRI technique which
makes use of water suppression methods has to be found.

1.1 Magnetic Resonance Spectroscopy

Magnetic Resonance Spectroscopy (MRS) is a technique that makes use of
water suppression methods like inversion recovery or chemical shift selective.
After the water suppression, a 90 degree pulse is applied at the resonance
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2 Introduction

frequency of the target metabolite. After this pulse, the Free Induction
Decay (FID) is obtained of which a Fourier transform is taken (see figure
1.1). After the FID, the tissue needs at least 5 times its T; time to recover

FID
FT

Figure 1.1: [6] Free Induction Decay and its Fourier Transform.

to 99% of its initial magnetization. But since the amount of metabolites is
very low, the signal of multiple FIDs need to be taken and averaged. This
results in long scan times since each measurement takes several T; times
to obtain a sufficient SNR. Furthermore, due to the low amount of the
metabolites, bigger voxel sizes need to be used to obtain enough signal
which results in a low resolution. This low resolution makes it hard to
differentiate between for example the glutamate levels in grey and white
matter[7]. Most in vivo voxel sizes in MRS are about 20mm?>[4] compared
to about 1mm? in conventional MRL

1.2 Chemical Exchange Saturation Transfer

The term Chemical Exchange Saturation Transfer (CEST) was first pro-
posed by Ward et al.[8] in 2000 and is already used to image amide levels.

CEST makes use of the spontaneous exchange of 'H to achieve water
saturation. In MR experiments, the signal is proportional to the difference
between protons in the parallel and the anti-parallel state when a By-field
is present. Since the parallel state is energetically more favorable, more
protons will be in that state, see figure 1.2. Since the signal in MRI is pro-
portional to this difference, no signal is obtained when both energy levels
are occupied by the same amount of protons. This is called saturation, a
substance can be saturated by adding exactly enough energy to some of
the spins to excite from the parallel to the anti-parallel state which in MR
is achieved by an RF pulse. When a tissue is saturated, no MR signal will
be obtained from that tissue as long as it is saturated. Saturation is not the
equilibrium state of the tissue inside the magnetic field, as it is more ener-
getically favorable for the protons to be in the parallel state. So some of the
anti-parallel spins inside the saturated tissue will “decay” to the parallel
state which depends on the relaxation time Tj.

2
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1.2 Chemical Exchange Saturation Transfer 3
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Figure 1.2: Schematic representation of proton energy configuration.

In CEST experiments, an RF pulse is applied to the metabolite to sat-
urate its hydrogen proton (1H), see figure 1.3. Due to spontaneous ex-
change, the saturated 'H will move to the water pool and decrease the
total magnetization of the water while the metabolite will receive an un-
saturated ! H. The unsaturated ' H will be saturated by the still present RF
pulse and exchange with the ! H of another water molecule. This will hap-
pen 107 to 10° times a second due to the high exchange rate of the metabo-
lites. With n exchanges, the detectability of the metabolite is improved n
times.
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Figure 1.3: [4] This figure shows global idea of CEST, the bar depicts the maxi-
mum amount of signal able to be obtained from the substance and the hollow bar
depicts the reduced signal due to saturation.

Multiple CEST pools will be discussed in this thesis, figure 1.4 shows
the effect of these different CEST pools on the Z-spectrum. Amides are
found at 3.5ppm on the Z-spectrum, amide CEST (commonly called APT)

3
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4 Introduction
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Figure 1.4: [9] Different CEST pools and their effect on the Z-spectrum.

is the most widely used CEST imaging[4]. Glutamate is found at 3ppm,
creatine at 2ppm and Myo-Inositol at 1ppm on the Z-spectrum. On the
negative frequency side of the Z-spectrum, NOE is found. The MT ef-
fect shifts the Z-spectrum down as a function of By strength, which is also
shown in figure 1.4.

1.3 This Thesis

CEST has mainly been used in the literature to image amide proteins. A
new CEST direction includes metabolite weighted CEST images. How-
ever, these studies are at the initial stage and further research needs to be
done to evaluate the potential of metabolite weighted CEST images. To
quantify the signal in metabolite CEST and separate the overlapping sig-
nal of the metabolites still remain a challenge. This thesis elaborates on
our progress towards the separation of glutamate and creatine.

Chapter 2, Theory, will describe the Bloch-McConnell equations which
describe a simplified model of CEST experiments. Furthermore, the Nu-
clear Overhauser effect and Magnetization Transfer, two effects that need
to be taken into account while doing CEST experiments, are explained.
Chapter 3, Methodology, describes the simulation and multiple ways to
quantify the CEST signal are discussed. In chapter 4, Results, the results
from simulation, phantom data and in vivo data are presented. The results
are discussed in chapter 5, Discussion, where the future directions are also
described. The conclusion from these experiments can be found in chapter
6, Conclusion.

4
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Theory

In this chapter, a simplified model for CEST is introduced and the Bloch-
McConnell equations that describe this model are shown and explained.
Furthermore, signal in CEST is explained and the optimal scan parameters
for glutamate and creatine are shown.

2.1 Bloch-McConnell Equations

The assumptions made for the simplified CEST 2-pool model are shown
in a schematic in figure 2.1. Pool a is the pool consisting of water and pool
b consists of the metabolite of interest. Pool a is much bigger than pool b

Amount pool b .
Amount pool 4 which

is assumed to be much less than 1 (MB < 1). The rate of exchange from
pool b to pool a is given by Cp, and the exchange from pool a to pool b is
given by C; = MB - C,. The Bloch-equations with the added interaction
terms are called the Bloch-McConnell equations.

and the fraction of pool b to pool a is given by MB =

The Bloch-McConnell equations describe the change in magnetization
M of the spins of both (water and CEST) pools in cartesian coordinates,

5
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6 Theory

C

a

\
T

Figure 2.1: The simplified two pool model. Pool x loses magnetisation from T,
and the irradiated RF B; = %, it gains magnetisation from its Ty, relaxation.
Furthermore, they exchange magnetisation due to C, and Cp,.

they are given by[10]:

dM?
o= (@ — w) My — koo M + CyM?

My _ (W — wWa) M2 — kogM® + CyML + w; M?
At = a X 2atVly btVly 14Vly

dM? Mg
= ﬁ? — k1aMZ + Cy ML — w1 M

dMZ b b a (2'1)
at = —(w — a)b)My — kZbe + Cng

dM?

7’/ = (w — wp) MY — kM, + CoMj + wy MY

dMt M

Here, w, is the Larmor frequency of pool x € {a,b}, w is the frequency
range along which we describe these equations. k;, = T,{X1 + C, with
1 € {1,2} and T the relaxation time of pool . Cy is the rate of transition
of spins leaving pool x and w; is given by w; = 27tBy, with B; the strength
of the RF radiation. M} is the magnetisation of the spins in the z-direction
before the RF pulse.

6
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2.2 Saturation Efficiency 7

2.2 Saturation Efficiency

The signal in CEST is linearly proportional to the saturation efficiency «
[11] and is defined by[12]

~ (7B1)? (2.2)
(vB1)*+ pq
Here, we have the terms
1 C,Cs
p_T_zzaJer_Ti C (2.3)
and
LIS S (2.4)

1 le %"‘Cu

Formula 2.2 shows that the saturation efficiency depends on the B; pulse
and the exchange rate. To quantitatively discuss the effect of the exchange
rate on the saturation efficiency, 2 regimes have to be discussed, pg < B
and pg > yBy. pq < Bj yields « ~ 1 for every B;. But for pg > B,

R % which corresponds to a« ~ 0. This formula will thus make a

transition from & = 0 to a = 1 as a function of B;. Figure 2.2 shows that
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e
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Figure 2.2: Effect of exchange rate on the saturation efficiency for the case of
pq < 7By, Creatine, Glutamate and pq > yB;

glutamate would need a higher B; to obtain the same amount of saturation
efficiency (and thus signal) as creatine.

Version of August 23, 2020- Created August 23, 2020 - 13:21



8 Theory

Furthermore, saturation time is also a parameter in the experiments.
Saturation time is defined as the time taken to saturate the protons of the
metabolite and is effectively the time of the Bj-pulse. Longer saturation
time corresponds to more time for the protons to exchange with water, but
also more time for the water protons to relax back into their equilibrium
configuration. This results in an optimum saturation time for different
metabolites since the exchange rate is different for different metabolites.
Faster exchanging metabolites like glutamate benefit from shorter satura-
tion times since they have already exchanged a lot of their protons before
the water is relaxed back. Slower exchanging metabolites like creatine ben-
efit from longer saturation times due to them not reaching an optimum
amount of saturation in the same time as faster exchanging metabolites
do. So a higher scan efficiency for glutamate is expected for high B; and
short saturation time. But creatine will achieve its highest scan efficiency
for lower B; and longer saturation time, this also corresponds to what is
found from the simulations (see figure 2.3).

Creatine 1.0

~ w S

saturation time [s]

[

6
B1 [uT]

Glutamate

~ w S v

saturation time [s]

-

|
1

2 4 6 8
B1 [uT]

Figure 2.3: An optimisation map for both creatine and glutamate, made from the
simulation. Both optimisation maps are normalized.
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2.3 Nuclear Overhauser Effect and Magnetization Transfer 9

2.3 Nuclear Overhauser Effect and Magnetization
Transfer

As already explained in section 1.2, in CEST, the saturation is transferred
between molecules due to the physical exchange between the protons. But
this is not the only way saturation can be transferred, two dipolar coupled
neighboring protons can also transfer their saturation. When two spins are
coupled (figure 2.4), after saturating spin A, cross relaxation between spin
A and spin B causes the saturation of spin A to be transferred to spin B.
After T; relaxation, both spins are in their equilibrium configuration. This
effect is called Nuclear Overhauser Effect (NOE). Notice that this cross re-
laxation has to be faster than the T; time, since otherwise spin A is already
relaxed before it can transfer its saturation to spin B. In CEST experiments,

SpinA  SpinB SpinA  SpinB

pH—. pHH—.
o HHHHH- saturate o
o - SpinA o it

Relax l
T1
Cross Relax / NOE
Spin A Spin B Spin A Spin B

gt T g

Figure 2.4: [9] Two spin pools A and B which are dipolar coupled can transfer
their saturation.

NOE is shown in the Z-spectrum in the negative frequency region, see
figure 2.5. This is caused by a saturated proton in a molecule in which
the saturation is transfered through the backbone of the molecule due to
bipolar coupling and eventually chemically exchanged with water. This is
specifically called NOE-relayed (rNOE)[9].

Dipolar coupling can also take place between semi-solid tissue compo-
nents and water. Semi-solids have very short T, times which corresponds
to a very broad peak in the Z-spectrum. So even when a resonance pulse
is applied far from water, it can partially saturate the semi-solids which
can due to dipolar coupling (partially) saturate the water[9]. This effect is

9
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10 Theory
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Figure 2.5: Z-spectrum with and without NOE effect, By = 1uT and saturation
time is 1s.

referred to as Magnetization Transfer and its effect on the Z-spectrum is
shown in figure 2.6.

1.0 1
0.8
0.6
(=]
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N
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| | |
0.2 4 f
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MT, B1 = 1uT
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Figure 2.6: Z-spectrum with and without MT effect, the saturation time is 1s.
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Methodology

This chapter will first explain how the simulation was constructed from
the Bloch-McConnell equations and how a Z-spectrum is obtained from
these simulations. The simulations will be used in this thesis to optimize
the CEST parameters. Next, the different methods to quantify the signal
from the Z-spectrum like MTR asymmetry are discussed. Last, the con-
struction of the phantoms and the experiment parameters are presented.

3.1 CEST simulation

The Bloch-McConnell equations correspond to the expected signal after
the CEST. First, the simulation for the 2-pool model will be described.
At the end of this section, the method to expand to multiple pools is ex-
plained. To obtain the analytical solution, let us start by writing equation
2.1 as a vector matrix equation:

d (M* K, L M X3
HE-E D

with

—kyy —(w—wy) O
Ky = | (w—wy) —koy —wq (3.2)
0 w1 —le
M5
MX = | Mf (3.4)
Mz
0
xXf=1|0 .
0 MY (3.5)
Tiy
11
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12 Methodology

Here, w, is the Larmor frequency of pool x € {a,b}, w is the frequency
range along which we describe these equations. k;, = T,;X1 + Cy with
1 € {1,2} and T, the relaxation time of pool x. Cy is the rate of transition
of spins leaving pool x and w; is given by w; = 27tBy, with B; the strength
of the RF radiation. M} is the magnetisation of the spins in the z-direction
before the RF pulse.

With the Bloch-McConnell equations in the vector matrix equation form
%1\7[ = AM + X, they can solved for M. This is a linear differential equa-
tion with solution

M(t) = Aett —A7IX (3.6)
with A a constant bounded by the initial condition M(0) = M. This initial

condition yields A = My + A~1X. The formal solution[13] to the Bloch-
McConnell equations is found after setting t = fg;;:

M = exp(A - tg)(My+ A71X) — A71X . (3.7)

The saturation time ts4 is the duration of the By pulse. In MR, only the
z-magnetization of the protons yields signal. So from this vector M, the
only interesting components are the z-components of both pools. After
the M,-components of both pools are added for every frequency w and
plotted, the so called Z-spectrum is obtained (figure 3.1).

10
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Figure 3.1: An example of a Z-spectrum, simulation data of 40mM creatine, 7T,
By = 0.5uT and 1s saturation time.

Until this point we only discussed 2 pools, but we may want to look at
multiple metabolites in water. First, we need to assume that the metabo-

12
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3.1 CEST simulation 13

lites do only exchange 1H with water and not with each other, which is
plausible due to their low concentration. The matrix equations from equa-
tion 3.1 can than easily be expanded to a 3-pool model:

Ko Ly, L\ [(M° X8
Ly, K, O M| =— | X§ (3.8)
Lie 0 K./ \M° X5

Here, K and L are the same as in equation 3.2 and 3.3 respectively, with
now x € {a,b,c} and C; = Cyp, + Cye. The exchange rates C, now denote
the exchange from pool x to x’. Adding another pool just adds 3 more
rows and columns to these matrices, this way the model can be expanded
for n pools.

3.1.1 Simulating a Semi-Solid MT Pool

Another pool that can be added to the simulation, is a semi-solid MT pool.
The difference between CEST pools and semi-solid MT pools are the very
short T times of the MT pools (~ 107°s). Due to these short T, times,
only the z-magnetization needs to be taken into account. So for only water
and MT, this results in M = (M, My, MZ, MMT)T, The matrix A from the
Bloch-McConnell equation now becomes|[14]

—TLM —(w—w,) 0 0
(w — wy) _TLZu —wq 0 ’ (3.9)
0 w1 _kla CMT
0 0 Cmr  —kimr — Ryfe

with w, the Larmor frequency of pool a, w is the frequency range along
which we describe these equations. ki, = T + Cy with x € {a, MT}
and Ty, the relaxation time of pool x. Cyr is the rate of transition of spins
the semi-solid pool and w; is given by wy = 27tBy, with B; the strength of
the RF radiation.

Ryfe = wimge(w) (3.10)
with
_ o S 2MT
/ 49 sin(8 |3c0529—1| exp[ <|3c0529—1|>
(3.11)
13
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14 Methodology

3.2 CEST quantification

Multiple ways of CEST quantification have been proposed, of which a few
will be discussed here. The easiest method would be to look at the dip
around the right frequency value and define the signal tobe 1 — Z/ Z0(wy,).
The problem with this method is that it also may include some signal from
the water and MT since its peak may overlap at the frequency value of in-
terest.

3.21 MTR asymmetry

To get rid of this potential water overlap, a common method is to make
use of the expected symmetry of the water signal. Since the CEST effect is
asymmetric around the water frequency which in CEST experiments is set
to 0 ppm, the positive frequencies (4v) can be subtracted from the nega-
tive frequencies (—v) with respect to the water frequency. The remaining
signal is called the MTR asymmetry and is defined by

Z—V - Z+V

a2
el (312)

MTR ssym =

calculating the MTR asymmetry for the Z-spectrum of figure 3.1 yields the
orange spectrum in figure 3.2. The expected asymmetry of the CEST effect

10
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Figure 3.2: An example of a Z-spectrum with MTR asymmetry, simulation data
of 40mM creatine, 7T, By = 0.5uT and 1s saturation time.
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3.2 CEST quantification 15

can not always be relied on, since different effects like MT and NOE can
negate this asymmetry. Furthermore, this technique is susceptible to By in-
homogeneity which can shift the water frequency and yield an asymmetric
water signal around 0 ppm. This problem can be mitigated by sampling
more around the water frequency and eventually shifting the spectrum to
make the dip correspond to 0 ppm.

3.2.2 Lorentzian Fit

Lorentzian fitting to separate signal contribution in CEST already exists in
the imaging of amides[15]. For this method, the Z-spectrum is approxi-
mated by a sum of Lorentzians of the form

a

w—wp\2
14 4(450)

(3.13)

Slor =

In this formula, a is the height of the peak, wy is the chemical shift of
the metabolite and vy is the full width at half maximum (FWHM) of the
Lorentzian. To fit the sum of these Lorentzians to our Model of the Bloch-
McConnell equations, we use the least_squares function from scipy.optimize
in Python. As first guesses for Sy, , for the water pool, we set a, = 0.9
and 7y, = 27(298 - Tp,)~!. For the metabolite pool, the first guesses for
the least_square function are a, = MTRsym[wp] and 7y, = 271(298 - Tpp) 1.
Here, we used the MTRsy, as a first guess, since we expect the actual
signal to be close to that value. So for an n-pool model, the amount of
fitting parameters for the Lorentzian fit is 21 since wy for both pools is at
a predetermined value.

3.2.3 Spinlock Fit

Another way to quantify CEST signal, is to find the eigenspace solution
of the Bloch-McConnell equations. We will not go far into the derivation
of this solution, but for the mathematical background, see the paper from
Moritz Zaiss and Peter Bachert[16]. The solution is given by[14]

S7aiss = (c08* 0+ Z; — Zss) - exp(—(Rup - tsar)) + Zss - (3.14)
wZ
saturation time and Ry, the sum of the contribution from the different

pools Ry, = Reg + RS, The contribution from the water pool R is
given by

In this formula, Z; is the initial magnetization, cos?f = tsqt 1S the

Rogf = Ry, cos? 0 + Ry, sin’ 6 (3.15)

15
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16 Methodology

and the contribution of the metabolite pool

Cow?
e Ty (00 =@+ (@ = )+ o) ey + B
Rex = T2be+1 2 1 o 2
Foe—wi + (Cp+ 7.)* + (W — wp)
(3.16)

Zss is the steady state solution of the Bloch-McConnell equations and is
given by[14]
- €082 OR1pps

17
SS Rlp 7 (3 )

with Rqpps & % The fitting parameters used in the spinlock fit are the
concentration of every pool, By, T1water, I2,water and the fraction of the

MT pool ( A?nnolift‘twl\:tif ;gél). So for an n-pool model, the amount of fitting

parameters is n + 4 with MT pool and n + 3 without MT pool.

3.3 Experiments

The phantoms were made by mixing different concentrations of glutamate
and/or creatine with purified water. After mixing, the pH of the solutions
were measured and some droplets of either NaOH or HCI were added to
get the physiological pH of 7.3. We assumed the addition of the droplets
to be too less of a difference for the amount of water to make it negligible.
Both the Phantom Experiments and the In Vivo experiments were done
with a 7T Achieva Philips whole-body MRI scanner (Philips Healthcare,
Best, the Netherlands). The data acquisition for both experiments was
done with a 32-channel receive coil (Nova Medical Inc., Wilmington, Mas-
sachusetts, USA). The scan parameters are presented in table 3.1.

16
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3.3 Experiments

Phantom In Vivo
By 0.5-4uT 3.5uT
Birms 0.42-3.32uT 2.92uT
Dynamic Scans 42 42
Offset Range 1.5kHz 1.5kHz
Reference Frequency 300kHz 300kHz
Pulse Duration 50ms 50ms
Pulse Intervals 50ms 50ms
Pulse Repetitions 5-25 10
FOV 246 x 246mm? 246 x 246mm?
Voxel Size 1.5 x 1.5 x 3mm>® 1.5 x 1.5 x 3mm?>
TR 3.7ms 3.7ms
TE 2.0ms 2.0ms
Flip Angle 5° 5°

Table 3.1: Scan Parameters

Version of August 23, 2020- Created August 23, 2020 - 13:21






Results

This chapter will present the Bloch-McConnell simulation for both glu-
tamate and creatine. The quantification methods are tested for both the
simulations and the phantom data. Last, the in vivo data is presented and
the quantification methods are compared to each other.

4,1 Simulations

This section includes the results for the Bloch-McConnell equations. For
the Bloch-McConnell simulation, the Z-spectrum as described in section
3.1 is plotted for both glutamate and creatine. The following Z-Spectra
include the MTR asymmetry in orange and will be used to test our fitting
methods.

0.8 4

0.6

—— Z-spectrum
MTR asymmetry

ZIZo

0.4

0.2

0.0 1

T T T T T T T
10.0 7.5 5.0 2.5 0.0 —-2.5 -5.0 -7.5 -10.0
Frequency [ppm]

Figure 4.1: Simulated Z-spectrum of glutamate, By = 4uT and ts = 2s.
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20 Results
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Figure 4.2: Simulated Z-spectrum of creatine, By = 2uT and ts;; = 3s.

4.1.1 Optimize CEST Parameters for the Simulations

To obtain the optimal By and t,4 for glutamate and creatine, the simulation
was repeated for multiple By and ts;;. For every parameter, the height
of the MTR asymmetry at the resonance frequency of the metabolite was
saved to a 2D-array. After the array was filled in, it was normalized (figure
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25 .
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(a) (b)

Figure 4.3: The normalised optimisation matrices for glutamate (a) and creatine
(b). The dark blue pixels in the upper right corner correspond to simulations that
were not conducted due to SAR limitations.
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4.1 Simulations 21

4.1.2 CEST Quantification

In literature, there are multiple methods to quantify the CEST effect, with
most of them using the MTR asymmetry. This is the reason why both CEST
quantification methods shown here are compared to the MTR asymmetry.
The Lorentzian fits are plotted as 1 — Z to make them easier to fit to.
They include the Z-spectrum, the Lorentzian fit, the water Lorentzian and
the metabolite Lorentzian. Furthermore, the residual is plotted which is
defined by Sigrentzian — (1 — SBM simulation)- The maximum absolute resid-
ual value in these fits was 0.10, of which the data is not shown here.

1.0 —1Z
Lorentzian fit
—— Water Fit

—— Metabolite Fit

0.8

0.6

1-Z

0.4
0.2 1

0.0

0.00 +
—0.05 1

T T T T T T T
10.0 7.5 5.0 2.5 0.0 —-2.5 -5.0 -7.5 -10.0
Frequency [ppm]

Residual

Figure 4.4: The Lorentzian fit to 1-Z-spectrum, the individual Lorentzians for
water and glutamate are plotted in green and red respectively.

Additionally, the individual metabolite Lorentzians are plotted in figures
4.6 and 4.7 together with the MTR asymmetries from figures 4.1 and 4.2.
The individual metabolite Lorentzians correspond to the individual signal
one would separate from the data. The MTR asymmetry is used as a com-
parison due to these simulations being the ideal conditions making them
reliable for individual metabolite signal.
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Figure 4.5: The Lorentzian fit to 1-Z-spectrum, the individual Lorentzians for
water and creatine are plotted in green and red respectively.
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Figure 4.6: MTR asymmetry together with glutamate Lorentzian fit.
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Figure 4.7: MTR asymmetry together with creatine Lorentzian fit.
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Here, the Bloch-McConnell simulations were fitted by the spinlock fit
described in section 3.2.3. These fits have a maximum absolute difference
with the Bloch-McConnell equations of 1.5 - 1073 which is not shown in
these figures. These figures show the Bloch-McConnell fit as red dots

and the spinlock fit as the blue line. Beneath these figures, the residual
is shown which is defined as Sgpiniock — SBM simulation-

— Zaiss fit
004 ° BM simulation

Residual

0.001 —w\
0.000

T T T T T
10.0 7.5 5.0 2.5 0.0 2.5
Frequency [ppm]

T T
-5.0 -75 -10.0

Figure 4.8: The spinlock fit to Z-spectrum, the red dots depict the BM simulations
and the blue line is the fit.
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0.001 + \ '
0.000 ; ; T T T T
10.0 7.5 5.0 2.5 0.0 2.5 5.0
Frequency [ppm]

T
-75 -10.0

Figure 4.9: The spinlock fit to Z-spectrum, the red dots depict the BM simulations
and the blue line is the fit.
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4.2 Phantom Data 25

4.2 Phantom Data

The 2-pool phantoms consist of glutamate or creatine solutions in purified
water, with concentrations of 5mM, 10mM, 20mM, 40mM and 80mM. Fig-
ures 4.10 and 4.11 show the obtained Z-spectra of 10mM glutamate and
10mM creatine respectively.

Glu_2p25uT_2500ms

Z/Z0

Frequency [ppm]

Figure 4.10: Phantom measurement of glutamate with By = 2.25uT and ts; =
2.5s.

Cr_2p5uT_2000ms

Z/Z0

Frequency [ppm]

Figure 4.11: Phantom measurement of creatine with By = 2.5uT and ts; = 2s.
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26 Results

4.2.1 Optimize CEST Parameters for the Phantoms

For the phantoms, multiple measurements conducted for different By val-
ues and saturation times were analyzed. The minimum value Sphantom
around the dip at the chemical shift value of the target metabolite was
saved in a matrix. These normalized matrices are shown for both metabo-
lites at 10mM, since they correspond most to the concentrations in the
brain.

1.0 1.0
Glu 10mM Cr 10mM
0.8 0.8
2. 2.5
2.0 06 2.0 0.6
15 1.5
1, 0.4 1.0 . 0.4
0.5 0.5
0.2 0.2

saturation time [s]
saturation time [s

05 1.0 15 20 225 25 295 35 40
B1 [uT]

05 1.0 15 20 225 25 295 35 4.0
B1 [uT]

0.0 0.0

(a) (b)

Figure 4.12: The normalised optimisation matrices for glutamate (a) and creatine
(b). The dark blue pixels in the upper right corner correspond to measurements
that were not conducted due to SAR limitations.

4.2.2 CEST Quantification Phantoms

For the Lorentzian fits, the spectrum was again plotted as 1 — Z just like
with the Lorentzian fits of the Bloch-McConnell equations. The Lorentzian
tits of the phantom data showed a maximum residual value of 0.29 for
By = 0.5uT and ts;; = 0.5s. The figures (4.13 and 4.14) shown are fitted to
the data of figures 4.10 and 4.11. To quantitatively compare the Lorentzian
fits to the MTR asymmetry, figure 4.15 shows the obtained signal from the
metabolite when using the respective method. For this figure, the height of
the MTR asymmetry at the chemical shift was used to quantify the signal
of the target metabolite and the amplitude of the Lorentzian was used for
the Lorentzian signal.
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Figure 4.13: Lorentzian fit of glutamate with By = 2.25uT and t;; = 2.5s.

_—1-Z
0.8 —— Lorentzian fit
—— Water Fit
—— Metabolite Fit
0.6
N
~ 0.4
0.2 1
0.0
T T T
E
=l 0.0
0
e —0.1

Frequency [ppm]

Figure 4.14: Lorentzian fit of creatine with By = 2.5uT and t; = 2s.
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Results
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Figure 4.15: The obtained signal from the MTR asymmetry versus the Lorentizan
fits for both glutamate and creatine.
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4.2 Phantom Data 29

4.2.3 Mixtures

To further test the Lorentzian fits, we made solutions of 10mM glutamate
and 10mM creatine in purified water. For every B; and saturation time,
the signal of the MTR asymmetry and the Lorentzian fit were compared.
These matrices are shown in figure 4.16 for glutamate and figure 4.17 for
creatine. Two examples for both glutamate and creatine can be found in
figure 4.18 and 4.19.
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Figure 4.16: Mixture phantom signal of glutamate from MTR asymmetry vs
Lorentzian fit and the difference between the two. The highest value in the dif-
terence matrix is 0.015.
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Figure 4.17: Mixture phantom signal of creatine from MTR asymmetry vs
Lorentzian fit and the difference between the two. The highest value in the dif-
ference matrix is 0.03.
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Figure 4.18: The MTR asymmetry of the mixture phantom versus the Lorentzian
fits, scan parameters were By = 2.25uT and ts;; = 2.5s.
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Figure 4.19: The MTR asymmetry of the mixture phantom versus the Lorentzian
fits, scan parameters were By = 2.5uT and ts; = 2s.

4.3 In Vivo Data

An In Vivo metabolite level map was only conducted for glutamate, which

in literature is refered to as GIuCEST. The signal in GluCEST is almost

similarly defined as the MTR asymmetry, with the difference being the

normalization:

Z(—Aw) — Z(Aw)
Z(—Aw)

In this equation, Aw is the Larmor frequency of glutamate, which is 3ppm.
In the following figure (4.20), the GIuCEST signal is calculated for ev-
ery voxel. Furthermore, the average Z-spectrum is calculated for both
the white matter and the grey matter separately (figure 4.21). Both the
Lorentzian fit and the spinlock fit were fitted to the mean Z-spectra of
grey and white matter. See figures 4.22 and 4.23 for the Lorentzian fits and
figures 4.24 and 4.25 for the spinlock fits. =~ The result of these fits are
shown in table 4.1.

GluCEST = (4.1)
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Figure 4.20: The GIuCEST image of a healthy volunteer, scan parameters were
Bl = 35‘uT and tear = 1s.
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Figure 4.21: The average Z-spectrum for Grey and White Matter.
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Figure 4.22: Lorentzian fit to the mean grey matter Z-spectrum, the height of the

glutamate Lorentzian is 1- 1071,
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Figure 4.23: Lorentzian fit to the mean white matter Z-spectrum, the height of the

glutamate Lorentzian is 1 - 10710,
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Figure 4.24: Spinlock fit to the mean grey matter Z-spectrum.

Figure 4.25: Lorentzian fit to the mean white matter Z-spectrum.
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Grey Matter White Matter
MTR asymmetry 0.009 +£0.023 0.002 £ 0.018

GluCEST 0.018 £0.044 0.001 + 0.042
Lorentzian Fit 1-10710 1-10710
Spinlock Fit 0.020 1.1-10716

Table 4.1: The obtained signal from glutamate for every quantification method
described in this thesis.
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Discussion

5.1 The Model used in the Simulations

The Bloch-McConnell simulation is based on a simplified n-pool model.
Due to this simplification, it does not describe the physical system in de-
tail. An example of this is that the model does not include different T7 and
T, for different tissues. For a very detailed model, one should include ev-
ery pool, which is not numerically feasible. Furthermore, homogeneous By
is assumed, which is not the case in in vivo measurements. As all models,
it is not complete, but it gives a good representation of CEST.

5.2 CEST Quantification

For the Bloch-McConnell simulation fits, Lorentzians showed to be less re-
liable than the spinlock fit by 2 orders of magnitude when comparing the
residuals of both methods. The MTR asymmetry of the Bloch-McConnell
simulation for glutamate is almost a factor 2 lower than the metabolite
Lorentzian fit. This can be explained by the Lorentzian fitting method not
being proposed for metabolite CEST, but for Amide Proton Transfer[15]
(CEST focused on amides). The high residuals from the Lorentzians are
not found for the spinlock fit which almost exactly corresponds to the
Bloch-McConnell simulations. This is expected, since the spinlock fit is
the eigenspace solution of the Bloch-McConnell equations.

For the phantom experiments, over the whole spectrum residuals, the
Lorentzian fits seem to behave even worse. But those high residuals are
only found around Oppm, not at the place of interest. At the value of the
chemical shift of the target metabolite, the highest residual found is 0.05.
When focusing on these parts of the spectrum (figure 4.15), the Lorentzian
tits are shown to follow the same trend as the MTR asymmetry signal. In
this figure, the signal for both the MTR asymmetry and the Lorentzian
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fit at 80mM are lower than one would expect after the linear behaviour
for 5-40mM. This may be caused by the glutamate chemical shift value
shifting to Oppm for higher concentrations, while the signal was collected
at 3ppm. After correcting for this shift, we expect to see linear behaviour,
as is also found by Cai et al.[17].

In the mixtures, the Lorentzians also showed to be reliable at the chem-
ical shift value of the target metabolite. The Lorentzian fits yield the same
signal as the Lorentzian fits with a maximum difference of 0.015 for gluta-
mate and 0.03 for creatine. This higher difference for creatine is explained
from figures 4.18 and 4.19, the glutamate Lorentzian is broad and also
has a significant amount of signal at 2ppm. For this reason, the sum of
both metabolite Lorentzians is also plotted to show that this sum does cor-
respond to the MTR asymmetry. These figures also show that the MTR
asymmetry obtained from a Z-spectrum that consists of multiple pools is
less reliable for creatine than for glutamate.

The spinlock fit was not used for the phantoms because it uses metabo-
lite properties (like exchange rate, T, etc.) from the brain. The brain prop-
erties do not correspond to the metabolite behaviour in the phantoms of
water. This resulted in the spinlock fit looking very different from the
phantom Z-spectrum. In an attempt to fix this by scanning a body temper-
ature phantom, the casing used to keep the phantom warm yielded high
B; inhomogeneity. This is the reason why the in vivo experiments were
done at the optimal scan parameters found in the simulations instead of
the phantoms.

5.3 In Vivo

The in vivo GIuCEST image shows higher glutamate levels in grey mat-
ter than in white matter, which corresponds to GIuCEST data found in
literature[17][18]. Furthermore, the obtained optimal CEST parameters
are close to the CEST parameters used by nanga et al. in their GluCEST
paper[18].

The MTR asymmetry and the GIuCEST yield high error values for both
grey and white matter. This is due to the big differences between Z-spectra
inside the grey and white matter which are caused by B; inhomogeneity.
For both methods, the glutamate signal values were calculated for every
voxel separately and a mean and standard deviation were obtained from
these values.

The Lorentzian fits to the Grey and the White matter yield low residual
that correspond to the residual values found in the phantoms. The differ-
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5.4 Future Work 39

ence here is that 6 Lorentzians were used for this fit, which corresponds to
12 fitting parameters (amplitude and FWHM for every Lorentzian). The
NOE Lorentzian shows higher signal from NOE for white matter than for
grey matter. White matter consists of a high amount of myelin[19], which
yields a NOE effect. But the Lorentzians also show a high amount of signal
from amides for both the grey matter and the white matter which is not ex-
pected in a healthy brain[4]. Furthermore, the Lorentzian fit shows almost
no glutamate signal for the whole brain, which is incorrect. There may
be 2 reasons for this error in the Lorentzian fits. First, the high amount
of parameters may leave too much freedom for the fitting algorithm to
interchange signal contribution. The other reason could be that the chem-
ical shift of amides (3.5ppm) is too close to the chemical shift of glutamate
(83ppm). These 2 challenges have to be solved for Lorentzian fitting to also
become a viable method to separate signal in metabolite CEST.

The spinlock fit yields higher signal from glutamate in grey matter than
in white matter, which is expected. Furthermore, the spinlock fit found
the concentration of glutamate in grey matter to be 3mM, where ~ 9mM
is expected. The main difference between the spinlock fit and the in vivo Z-
spectra is the amount of water saturation. The spinlock fit assumes perfect
water saturation, which is hard to achieve in real scans. For the spinlock
fit to be viable, it has to be modified to also take non-perfect saturation
into account.

5.4 Future Work

When modified to not always expect complete saturation of the water to
fit better to in vivo Z-spectra, the spinlock fit shows potential. Since the
spinlock fit uses the concentration of the CEST pools as a fitting parameter,
it is able to show metabolite levels as a concentration. To be reliable in
showing the concentrations, reference solutions need to be used. Without
a reference solution, the method is just able to yield relative values for the
metabolite amounts measured. The technique has to prove its reliability
by comparison with established chemical composition methods like MRS
and PET.
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Conclusion

In this research, a metabolite simulation was constructed based on a 2-pool
model which can be expanded to an n-pool model. Different quantifica-
tion methods already used in CEST were described and tested for metabo-
lite CEST. For phantom experiments, Lorentzian fits were shown to be re-
liable for metabolite CEST quantification. Optimal scan parameters ob-
tained from the simulation were found to be 3.5uT, ts;; = 1s for glutamate
and 2.95uT, ts = 1.5s for creatine. From the optimal scan parameters
for glutamate, an acceptable GIuCEST image was obtained, which could
be further improved by B; inhomogeneity correction. The CEST signal
from the in vivo experiments has shown to be hard to quantify, both the
Lorentzian fit and the spinlock fit need to be adjusted and tested more to
show their reliability.
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