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Abstract

Magnetic resonance spectroscopy (MRS) is the only technique that can detect endogenous

metabolites directly and non-invasively in vivo. It allows to identify different metabolites and

analyze the dynamic neurochemical processes in the brain, skeletal muscle, and other organs.

In this thesis, new acquisition methods are developed in order to improve the robustness of

data acquisition and to reduce the scanning duration in human at 7T.

γ-aminobutyric acid (GABA) is a primary inhibitory neurotransmitter which plays a key role

to control brain activities associated with normal brain functions and the pathophysiology

of disease. However, GABA signal is overlapped with more abundant metabolites, hindering

its direct measurement. At ultra-high field (≥ 7T), even with the improved SNR and spectral

dispersion, it is still challenging to quantify GABA directly using a non-editing short echo time

(TE) method. MEGA-sSPECIAL sequence is introduced for improved GABA measurement in

the brain. The test-retest reproducibility of the method is compared with that of short-TE

measurement in different brain regions.

Knowledge of relaxation time is not only important for the optimization of acquisition pa-

rameters but also crucial for the investigation of alterations in tissue microstructure integrity.

Magnetic resonance fingerprinting (MRF) is a novel technique to acquire multi-parametric

and quantitative data simultaneously by using varying flip angle, repetition time, and/or TE

patterns. Although it has been successfully implemented in clinical studies, it has never been

adapted for 31P metabolite acquisition at 7T in the human brain. Therefore, the feasibility of

MRF application to T1 and T2 of 31P metabolites measurements is explored in the thesis.

Phosphocreatine, adenosine triphosphate (ATP), and creatine kinase (CK) play key roles in

intracellular energy buffering and transport. The energy is needed for various processes in

organisms and living cells including intracellular signaling, DNA and RNA synthesis, and

muscle contraction. 31P MRS is a unique tool to measure the CK reaction rate constant (kCK)

via magnetization transfer, providing important insight into energetics in the brain, muscle,

and heart. However, it suffers from low SNR and long acquisition time. In order to overcome

the challenges, a novel approach is suggested to acquire 3D kCK map using MRF framework.

High spatial resolution with the minimum acquisition time was achieved using a stack-of-

spiral trajectory. The preliminary results obtained from the skeletal muscle are presented in

this thesis.
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In conclusion, the MEGA-sSPECIAL sequence showed more robust GABA quantification re-

sults in both of the brain regions than the short-TE method, suggesting its capability to detect

small alterations in GABA levels. Fast and simultaneous measurements of T1 and T2 relaxation

times of 31P metabolites were enabled by 31P MRF, which shortened the acquisition time by

1.7-fold in comparison with inversion recovery and multi-TE techniques. Lastly, the feasibility

of 3D kCK mapping by 31P MRF was investigated for the first time with accelerated spatial

encoding, achieving 3 min 16 s of acquisition time in the skeletal muscle. Taken together, the

methodologies developed in this thesis offer the robust and fast means to study neurotrans-

mission and neuroenergetics, paving the way for understanding cerebral metabolism.

Key words: Magnetic resonance spectroscopy (MRF), GABA, 1H MRS, 31P MRS, magnetization

transfer, ultra-high field, 31P MRF, creatine kinase rate constant
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Résumé

La spectroscopie à résonnance magnétique nucléaire (SRMN) est l’unique technique qui peut

directement détecter les métabolites in vivo sans invasion. Elle permet de les différencier et

d’analyser la dynamique neurochimique du cerveau, des muscles squelettiques et d’autres

organes. Ce travail de thèse se concentre sur le développement de nouvelles méthodes d’ac-

quisition plus rapides et robustes pour les sujets humains à 7T.

L’acide γ-aminobutyrique est un neurotransmetteur inibiteur primaire, qui joue un rôle clé

dans l’activité associée au fonctionnement normal du cerveau et dans la pathophysiologie de

maladies. Le signal SRMN de GABA est superposé avec d’autres métabolites plus abondants,

ce qui en gène la mesure directe. Les méthodes d’édition spectrale sont fréquemment utilisées

à 3T et plus faible champ, pour la détection de métabolites contenant des systèmes de spins

J-couplés. À ultra-haut champ (≥ 7T), malgré l’augmentation du signal et de la dispersion

spectrale, il est difficile de quantifier GABA directement en utilisant une méthode d’édition

spectrale à court temps d’écho. Ce travail introduit la séquence MEGA-sSPECIAL qui améiore

la mesure direct de GABA dans le cerveau. Les cortex moteur et préfrontal-median sont

étudiés à cause de leurs différentes concentrations de GABA. La reproductibilité test-retest de

la méthode est comparé à celle d’une methode à temps d’écho court.

La connaissance des temps de relaxation n’est pas seulement importante pour l’optimisation

des paramètres d’acquisition, mais aussi pour l’étude des possibles altérations de l’intégrité

micro-structurelle des tissus. La nouvelle technique MRF acquiert simultanément plusieurs

paramètres en variant l’angle d’inclinaison , le temps de répétition et/ou le temps d’écho

durant de l’acquisition. Malgré son succès lors d’études cliniques, elle n’a jamais été adaptée

pour la spectroscopie 31P à 7T du cerveau humain. Ainsi, la faisabilité d’application de tech-

niques MRF pour les mesures simultanées de T1 et T2 de métabolites contenant du phosphore

est explorée.

La phosphocréatine, l’adénosine triphosphate (ATP) et la créatine kinase (CK) jouent un

rôle important dans le transport et le stockage énergétique intracellulaire. Cette énergie est

nécessaire pour les différents processus des organismes et cellules vivantes, par exemple le

signalement intracellulaire, la synthèse de l’ADN et de la ARN, et la contraction musculaire. La

SRMN 31P est un outil unique pour mesurer le taux de réaction de la CK (kCK) via le transfert

de magnétisation, procurant ainsi des informations sur la dynamique énergetique du cerveau,
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des muscles et du coeur. Néanmoins, cette méthode souffre d’un signal faible et de longs

temps d’acquisition. Une nouvelle approche d’acquisition d’image 3D de kCK via MRF est

proposée. Une haute résolution spatiale et un court temps d’acquisition sont atteints en

utilisant une trajectoire de pile de spirales. Les résultats préliminaires obtenus dans le muscle

squelettique sont présentés ici.

En résumé, la quantification du GABA via la séquence MEGA-sSPECIAL a démontré de plus

faibles valeurs du coefficient de varitaion par rapport à la méthode à court temps d’écho, et ce

dans les deux régions du cerveau. Cela montre une capacité accrue de détection de petites

alterations de concentration de GABA. La mesure simultanée des temps de relaxation T1 et T2

par MRF 31P est obtenue en 15 min, ce qui représente une réduction du temps d’acquisition

de 1.7× par rapport aux techniques de multi-echos et de retour à l’équilibre après inversion.

Les effets de transfert de magnétisation sur les valeurs de T2 sont aussi évalués par simulation.

L’image 3D de kCK est mesurée par MRF 31P en 3 min 16s (avec accélération) dans le muscle

squelettique.

Mots clefs : Spectroscopie par résonannce magnétique (IRM), GABA, Très-haut champ, Créa-

tine kinase
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Thesis outline

The work presented in this thesis covers from 1H MRS γ-aminobutyric acid (GABA) spectral

editing method development to 31P magnetic resonance fingerprinting (MRF) framework

development to measure relaxation times of metabolites and the chemical exchange rate via

creatine kinase (CK) at 7T in human. Even at 7T, GABA measurement is challenging due to its

low signal intensity and overlap with other high-concentrated molecules. Therefore, the goal

of the study is to develop a robust GABA acquisition method and investigate its limitations

in high and low GABA containing brain regions, which can be used as a guideline in future

clinical applications at 7T. Inherently low signal intensity of 31P metabolites and multiple

acquisitions for curve fitting are major drawbacks of 31P MRS technique. In order to resolve

the issues, 31P spectroscopic MRF approaches are taken for robust and fast data acquisition.

Chapter 1 demonstrates a brief introduction of underlying physics in nuclear magnetic reso-

nance (NMR) spectroscopy, magnetic resonance imaging (MRI), and MRF framework, which

is relevant to acquisition methods developed in the thesis.

The development of GABA editing method is discussed in Chapter 2. Three different editing

pulse combinations were compared in order to access their editing efficiency and sensitivity to

frequency drift by simulation and phantom measurements. The MEscher–GArwood (MEGA)

editing method was incorporated into sSPECIAL localization. After the evaluation, the re-

producibility of chosen editing scheme was compared to that of the sSPECIAL with short

echo time (TE). The spectra acquired from the medial prefrontal cortex (mPFC) and motor

cortex (M1) regions where reported GABA concentrations are different. Healthy volunteers

were scanned twice for test-retest reproducibility comparison. The design of MEGA-sSPECIAL

sequence, simulation and in vitro validation, and in vivo results are presented in this chapter.

The feasibility of 31P MRF methods for simultaneous T1 and T2 relaxation times is discussed

in Chapter 3. MRF sequence was designed based on bSSFP sequence with depth-resolved

surface-coil spectroscopy (DRESS) localization. Monte-Carlo simulation was added to further

access signal-to-noise ratio (SNR) sensitivity. Firstly, matching error induced by B0 and B1

xix
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inhomogeneity by simulation. Phantom validation was followed and estimated values by MRF

was compared to measured values by inversion recovery (IR) and multi-TE methods. Healthy

volunteer was twice scanned using IR, multi-TE, and MRF methods for reproducibility test.

Chapter 4 describes 3D CK forward rate constants mapping using 31P MRF via inversion trans-

fer (IT) in the resting human skeletal muscle. Accelerated 3D spatial encoding was achieved

using stack-of-spiral k-space trajectory. Firstly, frequency-selective radiofrequency (RF) pulse

was designed to separate phosphocreatine (PCr) and γ-adenosine triphosphate (ATP) signals.

By sweeping center resonance frequency and varying B1 values, PCr and gATP signal contami-

nation in gATP and PCr acquisition was accessed in the simulation. Phantom measurement

was followed to further evaluation. After the validation, in vivo CK metabolism was measured

by 31P MRF method.

Finally, the three methodological developments are summarized and overall conclusion is

described in Chapter 5. Future applications using the methods and prospective suggestions

for further improvement are suggested as well.

xx



1 Introduction

The interaction between matter and electromagnetic radiation was of great interest to physi-

cists. As a physical phenomenon, NMR is observed when the nuclei in a static magnetic

field are perturbed by an oscillating magnetic field. By the time, it was used to determine

the nuclear magnetic moments of nuclei. However, NMR has a potential to be used in in

vivo measurement as a non-invasive technique due to the low energy absorption. After the

discovery of chemical shift effects in 1950, NMR spectroscopy became a powerful tool to

obtain physical, electronic, chemical, and structural information about molecules. In 1973, by

Lauterbur and Mansfield, the door to magnetic resonance (MR) imaging was opened showing

that spatial information about the object can be given by the different frequency of the signal.

This chapter is dedicated to describe theoretical background of various MR techniques in-

cluding NMR spectroscopy, MR imaging, and the latest MRF approach. The first section

introduces the basic principles of NMR phenomena. It consists of following four sub-sections:

single-spin and macroscopic magnetization (1.1.1), rotating frame of reference (1.1.2), exci-

tation and relaxation (1.1.3), and Bloch equations (1.1.4). The basics of magnetic resonance

spectroscopy (MRS) are described in the second section containing chemical shift (1.2.1),

J-coupling (1.2.2), single-voxel spectroscopy technique (1.2.3), and spectral-editing method

(1.2.4). The third section explains the basic principles of MR imaging acquisition, which

covers the basic concept of k-space (1.3.1), Cartesian spatial encoding methods (1.3.2 - 1.3.4),

steady-state (1.3.5), and non-Cartesian image reconstruction (1.3.6). Finally, MRF scheme is

explained in the last section. The theoretical contents were written mainly based on de Graaf

[1], Keeler [2], Price [3], Brown [4], and Ehman [5].
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Chapter 1 Introduction

1.1 Overview of MR physics

1.1.1 Basics in NMR signal - single spin and macroscopic view

Spin is an intrinsic angular momentum possessed by elementary particles such as protons,

electrons, and neutrons, which induces a magnetic dipole moment. The spins point in all

possible directions in space without an external magnetic field. Therefore, the net magnetic

moment of the sample is very close to zero. The NMR signal is induced from the interac-

tion between nuclear spin and external magnetic field. In classical mechanics, spin angular

momentum can be described as follows

−→
L = r⃗ × p⃗ = −mv⃗ × r⃗ (1.1)

where r⃗ is a distance from a fixed point and p⃗ = mv⃗ is a linear momentum. When the spin is

positioned in a magnetic field, the rotational force
−→
T applied to the spin can be written as

−→
T = r⃗ ×−→

F = r⃗ × (
d p⃗

d t
) = (

d
−→
L

d t
) (1.2)

The magnetic dipole moment µ⃗ of an object is given by

µ⃗ = (
q

2
)r⃗ × v⃗ (1.3)

where q is charge and v⃗ is constant rotational velocity. A relation between magnetic dipole

moment and angular moment is represented by

µ⃗ = (
e

2m
) ·−→L = γ

−→
L (1.4)

where m is mass, e is an electrical charge, and γ is a gyromagnetic ratio. When the rotating

object is located in an external magnetic field
−→
B 0, a torque experienced by the current loop is

written by

−→
T = µ⃗×−→

B0 (1.5)

From Equation (1.2), (1.4), and (1.5), the following differential equation is derived as

d µ⃗

d t
= γµ⃗×−→

B0 (1.6)

Since the amplitude of µ⃗ is constant, Equation (1.6) indicates that the orientation of µ⃗ is

relative to
−→
B 0. Larmor equation can be induced using the precession of µ⃗ around

−→
B 0 as

2



Introduction Chapter 1

Figure 1.1: A magnetic moment precessing around an external magnetic field B0. (A) The spin
magnetic moment has intrinsic angular momentum. (B) The spin precesses when it is under
an influence of a magnetic field with a magnetic moment µ⃗ and the orientation θ.

follows

ω⃗0 = γ
−→
B0

d µ⃗

d t
= µ⃗× ω⃗0

ν0 =
ω0

2π
=
γ

2π
B0

(1.7)

The Larmor frequency ν0 is directly proportional to the external magnetic field
−→
B 0 and the

gyromagnetic ratio γ. However, the classical explanation of a magnetic energy is given by

E = −µ⃗ ·−→B0 = −µB0 cosθ (1.8)

where θ denotes the angle between the dipole moment µ⃗ and the applied magnetic field
−→
B 0.

It indicates that the magnetic energy ranges between −µB0 and +µB0, which does not align

with the quantum mechanical Planck relation ∆E = hν.

In quantum mechanics, Hamiltonian operator Ĥ is used to represent the observable energy.

Ĥ = −µ⃗ ·−→B0 = −γSz B0 (1.9)

where Sz is spin angular momentum assuming that
−→
B 0 is applied along z-axis. Spin is an

intrinsic characteristic of the particle itself and quantized as a form of angular momentum.

Sz =
h

2π
Iz (1.10)

where h is the Planck constant (6.63×10−34m2 ·kg · s−1)and Iz is a z-component of the spin

3



Chapter 1 Introduction

Table 1.1: NMR characteristics of commonly used nuclei in in vivo NMR

Isotope Spin Gyromagnetic ratio [MHz·T−1] Larmor frequency at 7T [MHz] Natural abundance [%]
1H 1/2 42.58 298.06 99.98
31P 1/2 17.25 120.75 100.00
13C 1/2 10.71 74.97 1.11

23Na 3/2 11.27 78.89 100.00
19F 1/2 40.08 280.56 100.00

angular momentum. The number of energy states is same as the number of eigenvalues of the

angular momentum operator Îz . The spin quantum number I can have either integer values

(0,1,2 ...) or half-integer values ( 1
2 , 3

2 , 5
2 ...). Particles with spin quantum number I has (2I +1)

energy states. As an example, the spin of a proton (1H) is 1/2 and it has two energy states

m = ±1
2 , in which one is parallel to the external magnetic field and the other is anti-parallel

to the external magnetic field. The NMR features of common nuclei used in in vivo NMR are

presented in Table 1.1.

So far, only the single spin case has been discussed. The net magnetization of a sample in an

external magnetic field is produced by the spins biased towards the parallel orientation along

the external magnetic field. The populations Pm of the energy states are given by Boltzman

distribution as follows

P (Em) =
e−Em /kT∑I

m=−I e−Em /kT
(1.11)

where k is the Boltzman constant (k = 1.38×10−23m2 ·kg · s−2 ·K−1). In case of a single spin,

angular momentum of the nuclear spin in an external magnetic field along z-axis is given by

〈µ̂z〉 = γ〈Îz〉 =
γ

2π
h

I∑
m=−I

mP (Em) (1.12)

The net magnetic moment
−→
M of an object is the summation of the individual magnetic

moments µ⃗. At thermal equilibrium, a net component of
−→
M parallel to B0 is

M0 =
N∑

j =1

〈µz〉 j

V

= N
γ

2π
h

∑I
m=−I me−γhmB0/2πkT∑I

m=−I e−γhmB0/2πkT

(1.13)

In nuclear magnetism, the ratio γhmB0/2πkT is negligible. Therefore, it is possible to approx-

imate Equation (1.13) to a linear expansion of the Boltzman exponential form

M0 ≃ Nγ2h2B0

4π2kT
·
∑I

m=−I m2

2I +1
=

Nγ2h2I (I +1)

12π2kT
·B0 =χ0B0 (1.14)
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where χ0 is the static nuclear susceptibility.

1.1.2 Rotating frame of reference

The choice of reference frame can change the description of physical phenomena remarkably.

As shown in Figure 1.2, the net magnetization
−→
M precesses around

−→
B 0 at the Larmor frequency

ω0 in the laboratory frame. The rotating motion of
−→
M is simplified by projecting the laboratory

frame into a rotating frame of reference where an observer is located within the rotating frame,

x ′y ′- plane rotating at ω0. The precessing motion of the net magnetization in an external

magnetic filed along z-axis is illustrated in Figure 1.2.

Laboratory frame Rotating frameA) B)

Figure 1.2: Magnetization in the laboratory frame (A) and rotating frame of reference (B).

1.1.3 Excitation and relaxation

Magnetization aligned with
−→
B0 does not generate any detectable signal. After an application of

RF pulse γ
−→
B1, transverse magnetization

−→
M x y is generated and measured as shown in Figure

1.3. The oscillating electric current induced by the precessing transverse magnetization is

called the FID in Figure 1.3 (G).

Relaxation is the process where spins in excited state release energy and return to the ground

state, which is induced by thermal motion of the molecules. Relaxation processes are cate-

gorized into two types. Spin-lattice relaxation (longitudinal relaxation or T1 relaxation) de-

scribes the movement of spin populations back to thermal equilibrium. Spin-spin relaxation

(transverse relaxation or T2 relaxation) is concerned with the decay of coherence transverse

relaxation. T1 relaxation can be described by

Mz (t ) = Mz,eq − (Mz,eq −Mz (0))e−t/T1 (1.15)

where T1 is the longitudinal relaxation time constant, Mz (0) is the initial magnetization (t = 0),

5
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Figure 1.3: The net magnetization in the rotating frame of reference and free induction
decay (FID) signal. (A) The net magnetization in the presence of an external magnetic field

along z-axis only has undetectable
−→
M z component. (B) After an application of RF pulse γ

−→
B 1,−→

M z is tipped toward x y-plane and starts to precess. (C) The amplitude of
−→
M x y is maximal and−→

M z is zero. (D-F) During the relaxation process, amplitude of
−→
M z increases while amplitude

of
−→
M x y decreases. (G) The oscillating FID signal and T1 and T2 relaxation are presented in (G).

6



Introduction Chapter 1

and Mz,eq is the magnetization in equilibrium state.

The disappearance of transverse magnetization can be written as

Mx y (t ) = Mx y (0)e−t/T2 (1.16)

where T2 is the transverse relaxation time constant and Mx y (0) is the initial magnetization (t =

0). The motion of net magnetization
−→
M in the rotating frame of reference is described in Figure

1.3. Firstly,
−→
M is aligned to z direction (

−→
M z ) in Figure 1.3 (A). After the application of RF pulse,

the magnetization rotates toward x y-plane in 1.3 (A). Through T1 and T2 relaxation processes

in Figure 1.3 (C-F), the signal of transverse magnetization decays and that of longitudinal

magnetization recovers. The oscillating FID signal is illustrated in Figure 1.3 (G).

1.1.4 Bloch equations

Bloch equation describes the motion of the net magnetization
−→
M using three phenomenologi-

cal differential equations. As it is shown in Chapter 1.1.1, the expectation value of operator ˆ⃗µ

experiences a torque.

d

d t
〈 ˆ⃗µ〉 = γ ˆ⃗µ×−→

B 0 (1.17)

Considering the fact that the macroscopic magnetization is the summation of individual

magnetic moments (i.e.,
−→
M =

∑
m⃗i ), the total magnetization can be written by

dm⃗i

d t
= m⃗i ×γ−→B (t ) → d

−→
M

d t
=
−→
M ×γ−→B (t ) (1.18)

At thermal equilibrium,
−→
M z is constant as shown in Figure 1.3 (A). Therefore,

d
−→
M z

d t
= 0 (1.19)

Equation (1.19) states that the thermal equilibrium state can be perturbed by an additional

magnetic field
−→
B 1 perpendicular to

−→
M z , which rotates

−→
M z towards x y-plane. Combining

the two external magnetic fields
−→
B 0 and

−→
B 1 and relaxation together, Equation (1.18) in the

laboratory frame becomes

d Mx (t )

d t
= γ[My (t )B0 −Mz (t )B1,y ]− Mx (t )

T2

d My (t )

d t
= γ[Mz (t )B1,x −Mx (t )B0]− My (t )

T2

d Mz (t )

d t
= γ[Mx (t )B1,y −My (t )B1,x ]− Mz (t )−M0

T1

(1.20)
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Since rotating frame of reference is preferred due to the precession of magnetization, x y z-axis

is projected into the new x ′y ′z ′-axis rotating about the magnetic field
−→
B 0 along z-axis at

Larmor frequency ω0.

M ′
x = Mx cosω0t +My sinω0t

M ′
y = My cosω0t +Mx sinω0t

M ′
z = Mz

(1.21)

Combining Equation (1.20) and (1.21), the Bloch equations in the rotating frame is given by

d M ′
x (t )

d t
= M ′

y (t )(ωRF −ω0)+γM ′
z (t )B ′

1,y
M ′

x (t )

T2

d M ′
y (t )

d t
= −M ′

x (t )(ωRF −ω0)+γM ′
x (t )B ′

1,z

M ′
y (t )

T2

d M ′
z (t )

d t
= −γM ′

x B ′
1,y −γM ′

y (t )B ′
1,x

M ′
z (t )−M0

T1

(1.22)

The equation (1.22) indicates that when the frequency of the applied RF pulse γ
−→
B 1 is equals

to the Larmor frequency (i.e. ωRF =ω0), the magnetization simply rotates around γ
−→
B 1.

1.2 Basics of MR spectroscopy

NMR spectroscopy is a unique analytical technique studying magnetic properties and related

energies of nuclei. Since the induced energy level difference of nuclei in an external magnetic

field is very small compared to the thermal energy at room temperature, NMR spectroscopy

becomes an insensitive technique when compared to the other forms of spectroscopy. At the

same time, the low-energy absorption makes NMR also a non-invasive and non-destructive

technique, ideally suited for in vivo measurement. NMR signal of FID is the oscillating electric

current induced by the transverse magnetization in Figure 1.3 (G). In the basic pulse-acquire

scheme, the transverse magnetization generated by 90° RF pulse can be written as

My = −M0 cosΩt Mx = M0 sinΩt (1.23)

The precession of transverse magnetization generates a current, which is detected by RF coil.

The complex signal S(t) is proportional to
−→
M x y . The acquired time-domain signal decays

exponentially as

S(t ) = Sx + i Sy

= S0 cosΩt ·e−t/T2 + i (S0 sinΩt ·e−t/T2 )

= S0(cosΩt + i sinΩt )e−t/T2

= S0e iΩt e−t/T2

(1.24)

8
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Figure 1.4: Transverse magnetization and FID signal. (A) The excitation pulse tips longitudinal

magnetization
−→
M z toward x y-plane and

−→
M x y precesses in the transverse plane generating x-

and y- components. (B) The complex time-domain FID signal S(t ). (C) Fourier transformation
of an exponentially decaying FID signal. The figure is adapted from [2]

9
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The time-domain signal is converted to frequency-domain signal by using fourier transforma-

tion (FT).

S(t )
FT−→ S(ω) (1.25)

S0e iωt e−Rt FT−→ S0R

R2 + (ω−Ω)2 − i
S0(ω−Ω)

R2 + (ω−Ω)2 (1.26)

where R is 1/T2. The real component of the spectrum is called absorption mode, whereas the

imaginary component is called dispersion mode. The real and imaginary components of FID

signal are illustrated in Figure 1.4 (B) and their FT counter part spectra in Figure 1.4 (C).

1.2.1 Chemical shift

NMR specroscopy can separate various resonance frequencies of different chemical groups

within the same molecule. Nuclei within the same molecule absorb energy at different reso-

nance frequencies, which is so-called chemical shift effects. Chemical shift effects are directly

related to the chemical environment of the nuclei, which provides detailed chemical infor-

mation on compounds. The phenomenon of chemical shift is caused by a shielding of the

magnetic field at the nucleus by the surrounding electron cloud. The local field produced by

electrons is opposite to
−→
B 0

Beff = (1−σ)B0

ν =
γ

2π
Beff =

γ

2π
(1−σ)B0

(1.27)

where σ is a shielding constant. The position of an absorption peak in the spectrum is defined

by measuring its frequency separation from the reference peak, which depends on the applied

external magnetic field. In order to avoid this dependency, the ratio between measured and

reference frequencies is considered as follows

δ(ppm) =
ν−νref

νref
×106

(1.28)

where δ is referred to as the chemical shift (in parts per million (ppm)) and ν and νref are

the Larmor frequencies (in Hz) of the compound of interest and a reference compound,

respectively.

1.2.2 J-coupling

The chemical environment of nuclei directly results in chemical shift. An additional impor-

tant characteristic is called scalar coupling, J-coupling, or spin-spin coupling, which is a

phenomenon splitting of a singlet into several adjacent small peaks. Quantum mechanical

explanation is necessary in order to understand J-coupling effect. J-coupling is caused by the

interaction of the nuclear magnetic moment through electrons in the chemical bond. When a

10



Introduction Chapter 1

Figure 1.5: Chemical shift effect. (A) A spectrum at Larmor frequency. (B) The electron

cloud around nucleus generates a local magnetic field opposite to
−→
B 0, which causes a lower

Larmor frequency. (C) In lactate (C3H6O3), the electron density around methine (CH-) is
shifted towards electronegative oxygen atoms, which causes diminished electronic shielding.
Therefore, the three methyl protons (CH3-) has lower Larmor frequency and chemical shift
than the single methine proton. The figure is adapted from [6]
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Figure 1.6: (A) A singlet when there are no coupled nuclei on the adjacent atoms. (B) A doublet
if there is a coupled nucleus. (C) A triplet caused by two other nuclei in AX2 system.

nucleus A is coupled to an another nucleus X or multiple of X nuclei, the peak pattern follows

the Pascal’s triangle. Figure 1.6 shows the spectra of molecule A (A), AX (B), and AX2 (C). The

values of J are usually given in Hz and show the frequency separation between the split reso-

nance lines of the coupled spins. The strength of scalar coupling is affected by the following

conditions: The gyromagnetic ratio between the coupled spins (heteronuclear coupling), the

number of chemical bonds between the coupled spins, and the structure of the intervening

bonds in multiple bond couplings.

1.2.3 Single-voxel spectroscopy

Non-localized pulse-acquisition type of FID acquisition is useful to acquire chemical infor-

mation from an entire sample. However, it is meaningful to detect signal from a well-defined

region of interest (ROI) for in vivo NMR spectroscopy. The Figure 1.7 shows the spectra ac-

quired from newborn piglet brain without (A) and with (D) localization together with water

suppression. Due to the higher extracranial lipids signal than the signals of metabolites,

metabolite peaks are not observed in a range of 1 - 4 ppm in Figure 1.7 (A). Besides the lipid

signal, other unwanted signals from skull and bone and broad resonances affect the quality

of spectra. Over the decades, a various types of spatial localization techniques have been

introduced such as image selected in vivo spectroscopy (ISIS) [8], stimulated echo acquisition

Mode (STEAM), point resolved spectroscopy (PRESS), localization by adiabatic selective refo-

cusing (LASER) and semi-LASER (sLASER), , and spin echo full-intensity acquired localized

spectroscopy (SPECIAL) [9] and sSPECIAL [10]. Except for ISIS, other single voxel localization

techniques use RF pulses accompanied by slice selective gradients for 3D volume selections

12
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Figure 1.7: 1H and 31P spectra from newborn piglet brain in vivo. (A) Non-localized 1H and (C)
31P NMR spectra acquired from the newborn piglet brain. (B) The reference image with the
surface coil sensitive area are marked in yellow. (D) 1H spectrum acquired by PRESS sequence
and (F) 31P spectrum obtained using ISIS-localization. (E) shows 1 mL volume position in the
cortex region shaded in yellow. The figure is adapted from [6]

Gradients and slice selection

There are three orthogonal gradients in current MR system. The key role of the gradient coils

is to enable spins at different location to resonate at unique frequencies depending on their

positions. The magnetic field B(r ) and the resonance frequency ω(r ) at a position r relative to

the center of the magnet are written as

B(r ) = B0 + rG

ω(r ) = γB0 + rG = 2π f0 + rG
(1.29)

where G is a gradient. By applying additional magnetic field G (G/cm or mT/m) to the main

magnetic field (B0), the spatial localization is identified.

ISIS localization

ISIS method utilizes multiple slice-selective inversion pulses to select 3D volume. For 1D slice

selection, two scans are needed using this method. Firstly, a 180° slice-selective inversion

pulse is applied prior to non-selective excitation pulse, which results in inverted spins in the

slice. In the second scan, an excitation pulse is applied without the slice-selective inversion

pulse, leading spins in phase. When the two scans are subtracted (Scan 2 - Scan 1), only signal

13
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STEAM PRESS(A) (B)

Figure 1.8: Representative STEAM and PRESS sequences diagram. Crusher gradients are
indicated in light gray and pre/rephasing gradients are marked in dark gray. (A) STEAM
sequence uses three slice-selective 90° excitation pulses. During τ1 and τ3, the measured
signal is stored as single quantum coherences. During τ2 or mixing time, the magnetization
is stored as populations. The TE is given by τ1 + τ3. (B) PRESS uses one 90° excitation pulse
and two 180° refocusing pulses. The magnetization is stored as single quantum coherences
during the whole sequence. The TE is given by τ1+τ2+τ3 while keeping the following condition
for echo formation: τ1 + τ3 = τ2. The dephasing gradients are utilized to remove unwanted
coherence pathways from within or outside of the target voxel. The figure is adapted from [7]

from the selected slice remains. By alternatively turning on/off slice-selective pulses in all

x-,y-, and z-direction, 3D volume of interest (VOI) can be localized in total 8 scans as shown in

Figure 1.9.

Chemical shift displacement error

The excitation of different spatial positions for spins with different Larmor frequencies is

called the chemical shift displacement error (CSDE) or artifact (CSDA). The Larmor frequency

at position r is given as

ν(r ) = ν0 +
( γ

2π
rG

)
(1.30)

where ν(r ) represent the Larmor frequency (in Hz) in an external magnetic field B0 without

gradient field, ν0 is the resonance frequency, and G is the applied gradient for localization. A

slice excited by an RF pulse with center frequency νRF is given by

r =
2π(νRF −ν0)

rG
(1.31)

If νRF equals ν0, a slice in the iso-center of the magnet is selected. When the object contains

spins resonating slightly different Larmor frequency, namely ν0 +∆ν, the offset of a selected
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ISIS Subtraction schemeA) B)

Figure 1.9: ISIS localization scheme. (A) Slice selective inversion pulses in x, y, z directions
are applied prior to non-selective excitation pulse. (B) The volume selection scheme by
alternatively turning on/off the slice-selective inversion pulse (B). Total 8 acquisitions are
necessary for the 3D volume selection. The figure is adapted from [11].

slice by the same RF pulse is written as

∆r = −2π∆ν

γG
(1.32)

The Equation (1.32) can be rewritten as follows implying the relationship between bandwidth

(BW) of RF pulse and slice thickness as the following form

∆rCSDE = −∆ν

BW
∆rslice (1.33)

where BW represents BW of the applied RF pulse and∆rslice is thickness of slice. The CSDE can

cause several problems. As shown in Figure 1.10, resonating PCr and N-Acetyl aspartate (NAA)

positions are shifted from the water voxel (B-C). The CSDE becomes more severe in high

magnetic field (7T) (C) than in low magnetic field (3T) (B) with the identical BW of RF pulses.

sSPECIAL Localization

The most commonly used single voxel spectroscopy sequences are STEAM and PRESS se-

quences. The STEAM sequence consists of three slice-selective 90° RF pulses. The great advan-

tages of STEAM sequence are its low CSDE and sensitivity to B1 inhomogeneity. The PRESS

sequence is composed of a slice-selective 90° excitation pulse followed by two slice-selective

180° refocusing pulses. Therefore, PRESS sequence can ideally detect full signal intensity from

the selected VOI due to the refocusing pulses. The sSPECIAL localization method is a hybrid

pulse sequence combining 1D ISIS and double spin echo sequence. It is composed of a 180°

inversion pulse alternatively applied to even and odd scans, 90° excitation pulse, and two 180°

refocusing pulses, which are accompanied by slice-selective gradients for all RF pulses for 3D
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A) B) C)

Figure 1.10: Chemical shift displacement error in 1H single voxel spectroscopy. When a
frequency-selective RF pulse with frequency νwater + rG is applied, (A) for water signal (green),
a selected slice is centered at r . For NAA signal (red), a selected slice is shifted by ∆rNAA from
a position r , where ∆rNAA is calculated using Equation(1.32). For total creatine (yellow), a
selected slice is shifted by ∆rtCr. As an example, water (green), total creatine (yellow), and NAA
(red) voxels are positioned in 2D plane at (B) 3T and (C) 7T. As it is shown in (B-C), chemical
shift displace error increases as the main magnetic field strength increases. The figure is
adapted from [12]

ADC

RF

Gx

Gy

Gz

Inversion

On/Off
(TE1)/2 (TE1+TE2)/2

Excitation

pulse

Refocusing

Pulse

Refocusing
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(TE2)/2

OVS

+

Water

Suppression

Figure 1.11: sSPECIAL sequence diagram. The sSPECIAL sequence employs hybrid-type of
localization method combining ISIS in one direction (here, y direction) and slice along x-axis
is selected by excitation pulse and the following two slice-selective refocusing pulses selects
slice along z-axis.
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volume selection. The difference between SPECIAL and sSPECIAL sequence is the presence

of the last 180° refocusing pulse in sSPECIAL sequence. The sSPECIAL sequence diagram is

illustrated in Figure 1.11.

Water suppression

Water is the most prominent and abundant molecule in human and other animals. Due to its

high concentration in almost all tissues, the water signal intensity is more than 10,000 times

higher than metabolites signal. Therefore, without suppressing the water signal, peaks of

metabolites are almost invisible in 1H spectra. There four different types of water suppression

techniques. The first method uses frequency-selective excitation and/or refocusing RF pulses.

The second one employs differences in relaxation parameters. The third one is spectra editing

method such as polarization transfer. The last one utilizes post-processing to screen water

signal. One of the most commonly used water suppression techniques is referred to as

variable pulse power and optimized relaxation delay (VAPOR). VAPOR scheme was originally

introduced in rodent brain study at 9.4 T with a surface coil. Due to the high transmitting

magnetic field (B+
1 ) inhomogeneity of a surface coil, B+

1 insensitive water suppression scheme

is necessary to acquire fully resolved metabolite spectra. It consists of several frequency-

selective pulses with an optimized flip angle (FA) and inter-pulse delay between pulses to

interleave outer volume suppression (OVS) blocks within the water suppression pulse train.

Lipid suppression

The influence of extracranial lipid signal or lipid signal from adjacent tissues is well presented

in Figure 1.7. The OVS method is one of the most common approaches to suppressed the

unwanted lipid signal. It places OVS slices around the target regions to presaturate lipid signal

from peripheral tissues. It is especially useful to acquire signal from a region close to the skull.

IR method can be an alternative to OVS scheme. T1 relaxation times of lipids are relatively

shorter than those of most metabolites. Therefore, lipid suppression can be achieved by

applying a non-selective inversion pulse followed by dephasing gradient (or spoiling gradient)

prior to the spectroscopy acquisition. There are two major disadvantages of this technique.

Firstly, some pathological conditions show changes in lipid signal from the tissue. Since the IR

method suppresses all lipid signal along with the subcutaneous signals, these information also

can be lost. Secondly, it leads signal loss of metabolites due to T1 decay during the inversion

time (TI). There is 30% of metabolites signal loss at 3T, which becomes more severe at 7T

resulting in 50% of signal loss or higher depending on the repetition time (TR) used in the

acquisition protocol.
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Figure 1.12: (A) VAPOR water suppression scheme combined with OVS blocks. (B) Spectrum
acquired using sLASER sequence with VAPOR at 7T. (C) Spectrum acquired using STEAM
sequence with VAPOR at 7T, adopted from [13]
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1.2.4 Spectral-editing method

In general, 1H NMR spectroscopy technique can detect more than 15 different metabolites in

brain tissues at ultra-high field (≥ 7T). However, chemical shifts of these metabolites are mostly

overlapped in around 1 - 4 ppm range. For example, GABA peak overlaps with creaine (Cr), PCr,

glutamate (Glu), and macromolecule (MM) resonances. By increasing B0 strength, the spectral

dispersion can be improved, which helps to separate adjacent peaks. 2D NMR sequences can

be applied to collect full spectral information [14]. The last method is to simplify 1D spectra

by using spectral editing method or double quantum filtering.

J-difference editing methods is the most commonly used spectral editing technique due to its

relatively simple implementation. It can be easily interleaved with most of in vivo spectroscopy

sequences by adding selective refocusing pulses to the existing sequences. In GABA editing,

there are three GABA resonances in 1H NMR spectrum. GABA-H3 at 1.88 ppm, GABA-H2 at

2.28 ppm, and GABA-H4 at 3.01 ppm. The three peaks are overlapped with MM around 2.05

and 1.72 ppm and NAA at 2.01 ppm, Glu at 2.34 ppm, and Cr and PCr at 3 ppm. The two

resonances of GABA-H3 and GABA-H2 are not ideal due to the multiple coupling partners and

the presence of Glu. Therefore, it is typical to use GABA-H4 at 3.01 ppm which only overlaps

with singlet resonances. Spectral editing frequency selective refocusing pulse is applied to

1.88 ppm in one scan and either no editing pulses are applied in another scan or to 1.5 ppm to

subtract MM signal.

The simulated GABA spectra acquired using PRESS (TE = 15 ms) and MEGA-PRESS (TE =

80 ms) sequences are presented in Figure 1.13. The GABA-H4 is refocused when spectral

editing pulse is transmitted to GABA-H3 at 1.88 ppm in Figure 1.13 (C). However, when no

editing pulse is applied, GABA peak evolution changes depending on TE in Figure 1.13 (D). By

subtracting (D) from (C), the difference spectra can be acquired as shown in Figure 1.13 (B).

The GABA peak at 3.01 ppm is invisible in short-TE measurement due to the peak overlap with

Cr and PCr. This scheme can be applied to acquire other J-coupled metabolites such as Lac,

Glu, and GSH.

1.3 Basics of MR Imaging

The goal of a pulse sequence is to acquire a desired signal by manipulating magnetization

using RF pulses and gradients. NMR spectroscopy sequences can produce signal containing

metabolic information from ROI. On the other hand, MR imaging takes advantage of the

abundance of water molecules in human. MRI sequences can provide anatomical images

of brain, organs, and other body parts, angiography, and other advanced applications like

neuroimaging, functional MRI, and diffusion MRI.
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coupled
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Figure 1.13: The simulated spectra using PRESS and MEGA-PRESS sequences. (A) GABA
spectrum obtained by PRESS sequence. (B) Difference spectrum acquired by subtracting (D)
from (C). (C) GABA spectrum obtained by MEGA-PRESS sequence by applying editing pulse at
1.88 ppm, which results in a refocused triplet at 3.01 ppm. (D) GABA spectrum without editing
pulse application.

1.3.1 K-space

K-space is temporary image space where spatially encoded MR signals are stored during data

acquisition. The time-domain signal produced by transverse magnetization is given by

S(t ) =
∫

Mx y (r⃗ )Bcoil(r⃗ )e−iφ(r⃗,t )d 3r (1.34)

where Bcoil(r⃗ ) is a receiver coil that lies in the transverse plane, r⃗ is a position vector, and d 3r

is the product of 3D differentials (i.e. d 3r = d xd yd z). The accumulated phase (in radian) is

φ(r⃗, t ) = γ
∫ t

0
r⃗ ·−→G (t ′)d t ′ (1.35)

By neglecting relaxation and diffusion effects, we can define
−→
k (t ) as

−→
k (t ) =

γ

2π

∫ t

0

−→
G (t ′)d t ′ (1.36)
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Figure 1.14: (A) Three water containing objects (A,B,C) are placed in x y-plane. Gx and Gy

indicate frequency and phase encoding gradients. (B) The FID signal from the three samples
obtained after applying frequency encoding gradient along x-direction. (C) The FID signal
obtained after applying phase encoding gradient along y-direction.

the space where
−→
k (t ) lies is referred as k-space. Using the k-space definition, Equation (1.34)

can be rewritten as

S(t ) =
∫

Mx y (r⃗ )Bcoil(r⃗ )e−i 2πk⃗(t )·r⃗ d 3r (1.37)

The signal S(t ) is the FT of transverse magnetization weighted by the receiver coil (
−→
M x y (r⃗ )Bcoil(r⃗ )).

The
−→
k in Equation (1.37) is the Fourier conjugate vector to position vector r⃗ .

1.3.2 Frequency encoding gradient

As described in Chapter 1.2.3, gradients applied in combination with RF pulse can spatially

encode NMR signal, which was utilized to select slices in single voxel spectroscopy. In other

words, it can be referred as a frequency encoding gradient. The three orthogonal gradients

can be projected to any directions. Considering three objects in x y-plane in Figure 1.14 (A),

when the frequency encoding gradient is applied along x direction, resonance frequencies of

the spins in each position in x-axis is represented by

ω = γGx (t )x (1.38)

In gradient echo (GRE) sequence, the prephasing gradient is needed for echo formation while

the frequency encoding gradient (or readout gradient) generates the echo. The accumulated

phase due to the prephasing gradient is

φ =
∫ T

0
ωd t = γx

∫ T

0
Gx,pre(t )d t = 2πxkx,pre (1.39)
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where T is the duration of the prephasing gradient and kx,pre is the k-space offset. The signal

Sx,pre in the x y-plane is written by

Sx,pre =
∑
j =1
ρx j e−iφx j ,pre ≈

∫ ∞

−∞
ρ(x)e−iφpre(x)d x (1.40)

where ρ(x) is the spin density and φpre(x) is the phase dispersion. When a frequency encoding

gradient is applied, the phase dispersion becomes

φ(x, t ) = γx
∫ t

0
Gx (t ′)d t ′ = 2πxkx (t ) (1.41)

Now, the signal becomes

S(t ) =
∫ ∞

−∞
ρ(x)e−i (φ(x,t )−φpre(x))d x =

∫ ∞

−∞
ρ(x)e−i 2πx(kx (t )−kpre)d x (1.42)

At a specific time point when kx (techo) = kpre, the phase dispersion term equals to zero, which

indicates that all spins are in phase and form echo. In GRE sequence, the prephasing and

frequency encoding gradients have opposite polarities. Therefore, a GRE is produced when

−
∫ T

0
Gx,pre(t )d t =

∫ techo

0
Gx (t )d t (1.43)

It implies that the area of readout gradient to the left of techo is the same as the area of the

prephasing gradient and a symmetrical k-space line coverage is from −kx,pre to kx,pre.

1.3.3 Phase encoding gradient

With the frequency encoding gradient, the resonances of spins are spatially identified across

the object in a linear relation with position by applying a gradient lobe during the data readout.

Phase encoding gradient is applied prior to the frequency gradient along y-direction in order

to induces a phase difference across the sample.

ω = γGy y (1.44)

The phase of the transverse magnetization at the end of the phase encoding gradient is

φ(y) = γy
∫ T

0
Gy (t ′)d t ′ = 2πky y (1.45)

The acquired signal is the sum of the magnetizations of all the spins in the sample.

S(ky ) =
∫

Mx y e iφ(y)d y

=
N−1∑
n=0

Mx y (n∆y)e−i 2π(n∆y)ky

(1.46)
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Figure 1.15: (A) GRE sequence diagram. (B) Corresponding k-space trajectory.

where y = n∆y , ∆y is the size of the pixel, and N is the number of pixels, respectively. By

repeating the phase encoding N steps for N different values of Gy , N different sets of ky values

are created.

1.3.4 Gradient echo sequence

GRE sequence is widely used in anatomical image acquisition either in 2D or 3D imaging.

The name comes from the echo formation induced by the frequency encoding gradient. The

Figure 1.15 shows the GRE sequence diagram (A) and corresponding k-space (B).

1.3.5 Steady-state free precession

The steady-sate is widely used in fast imaging acquisition. If there is a system where all param-

eters are constant, then the system is in static equilibrium. However, if the parameters of the

system are continually changing, the system can reach a steady-state or dynamic equilibrium

state. There are several conditions in order to reach steady-states. The TR should be sufficiently

short or shorter or on the order of T2. That means the transverse magnetization does not

fully decay by T2 relaxation and diffusion effect during the acquisition and recovery periods.

The train of applied RF pulses have the same phase of 180° phase difference alternatively.

The other condition is the total gradient moment in TR interval (or each cycle) is constant.

Especially, in bSSFP sequence, the total gradient moment equals to zero. In unbalanced SSFP

sequences, it should be high enough so that no signal interference occurs. If these conditions

are met, steady-state for both longitudinal and transverse magnetization are established.
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Figure 1.16: (A) Balanced and (B) unbalanced SSFP sequence diagrams.
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Figure 1.17: Transverse magnetization profiles of bSSFP sequence with different FAs and the
identical TR.

1.3.6 Non-Cartesian image reconstruction

So far, the k-space trajectories introduced in GRE sequence were rectilinear or Cartesian.

Therefore, MR image can be reconstructed by simply applying 2D or 3D discrete fast Fourier

transformation (FFT) to reconstruct spatially encoded MR signal. There are several non-

Cartesian sampling patterns like radial, spiral, rosette, and others.

Non-Cartesian k-space trajectories are more time-efficient and less sensitive to motion than

Cartesian trajectories. There are several problems to reconstruct MR signals acquired su-

ing these non-Cartesian patterns. The major issue is that he k-space sampling points are

non-uniformly distributed in Cartesian coordinate. The initial solving method is to use inter-

polation. Another solution is to employ a gridding kernel suitable for the designed k-space

trajectory. The other methods are using artificial neural network (ANN).

As one example, there is a gridding method to reconstruct images acquired using spiral MRI

[15]. The non-uniform FFT (NUFFT) is achieved by generating kernel matrices suitable for the
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Figure 1.18: (A) Radial, (B) spiral, and (C) rosette k-space trajectories.

spiral k-space trajectory. The ideal form of reconstructed image from 2D FT in the continuous

k-space is presented by

I (x) =
∫

k
s(k)e i 2πxk d A, x ∈ FOV (1.47)

where x = (x, y) indicates the position in the reconstructed image. k = (kx ,ky ) is the k-space

data point in 2D plane. s(k) is the k-space data. d A represents the area. FOV is the field of

view (FOV). A density compensation function (DCF) corresponding to d A is needed to enable

effective uniform k-space density. There are several techniques to obtain DCF. Here, DCF

proposed by Meyer et al is used [16] as follows

D(k) =
∣∣k ′∣∣∣∣sin

(
arg[k ′]−arg[k]

)∣∣ (1.48)

where k ′ is the k-space velocity vector. In real measurements, the data is acquired on a

discrete and finite k-space following the given k-space trajectory by the corresponding gradient

waveform. The Equation (1.47) is approximated by the direct summation as

I (x) ≈C
M∑

p=1
s(k)e i 2πxkp D(kp ) (1.49)

where p is an index of sampling points on k-space trajectory, M is the total number of k-space

sampling points, and C is a scaling factor. The e i 2πxkp and e i 2πykp are approximated as follows

e i 2πxkxp ≈ sc (x)−1
q/2∑

j1=−q/2
ρ1( j1,kxp )e i 2πx([mkxp ])+ j1)/m (1.50)

e i 2πykyp ≈ sc (y)−1
q/2∑

j2=−q/2
ρ2( j2,kyp )e i 2πx([mkyp ])+ j12)/m (1.51)

where sc is a scaling factor, q is the parameter window width (assumed to be an even number),
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m is the scaling factor of FOV, and ρ1 and ρ2 are kernel matrices. Now,

I (x, y) = (sc (x)sc (y))−1
mN /2−1∑

k1=−mN /s

mN2−1∑
k2=−mN /s

τk1,k2 e(i 2π(xk1+yk2)/2) (1.52)

where x, y = [−N /2 : N /2−1]/N . τk1,k2 represents the term of
∑

p Dp
∑∑

ρ1ρ2.

τk1,k2 =
∑

[mkxp ]=k1

∑
[mkyp ]=k2

sp Dpρ1( j1,kxp )ρ2( j2,kyp ) (1.53)

where p = 1, ..., M and j1, j2 = −q/2, ..., q/2.

In summary, firstly, kernel matrices ρ1 and ρ2 and the scaling factor sc are generated. Convolu-

tion of τ(k1,k2) of the weighted k-space data sp Dp and kernel matrices ρ1 and ρ2 are acquired.

Discrete 2D FFT is performed on τ(k1,k2). The final result is rescaled by (sc (x)sc (y))−1.

1.4 Magnetic resonance fingerprinting

MRF is a novel technique to obtain quantitative MR imaging with multiple tissue properties in

a single acquisition. Traditional MR imaging uses fixed MR parameters such as TR, FA, and TE.

In MRF scheme, these sequence parameters vary in each acquisition block. The altering FA,

TR, and/or TE patterns can be randomized or follow specific pattern to increase the sensitivity

to the parameters of interest. The Figure 1.19 shows MRF framework in bSSFP sequence with

spiral readout acquisition. In this framework, FA pattern follows sinusoidal shape and varying

TR patterns in each cycle. The acquired signal evolution or fingerprint is processed via pattern

matching procedure using a predefined dictionary.

Dictionary

The MRF dictionary is constructed using the Bloch equations incorporating various system

parameters (TR, TE, FA, B0 and B1 inhomogeneities) and tissue parameters (T1 and T2). Also,

it can be extended to x-nuclei study by incorporating magnetization transfer using Bloch-

McConnell equations. Wang, et al [18] showed the feasibility of estimating chemical exchange

rate between PCr and ATP via CK as shown in Figure 1.20. Depending on the condition, the

dictionary can be generated only once per MRF scheme and applied to all subjects or may

need to be subject-specific.

Matching procedure

In the original MRF paper [19], dot product of the obtained MRF signal and simulated fin-

gerprint data was calculated. The dictionary entry with the highest dot product values was

considered as the best parameter estimates and T1,T2, and B0 values utilized to generate that

entry were assigned to corresponding voxels.
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Figure 1.19: (A) varying FA and TR patterns. (B) bSSFP sequence diagram with spiral readout
trajectory. (C) Undersampled images obtained in different TR. (D) Representative dictionary
entry of cerebrospinal fluid, fat, white matter, and gray matter. (E) Fingerprint from a voxel
(in blue) and matched dictionary entry (in yellow). (F) Fingerprint from voxels in (C). (G)
Parameter maps after matching procedure for each voxel. The figure is adapted from [17]

Considerations

MRF technique has been applied not only to healthy volunteers but also patients studies

successfully. Relaxometry in the brain was the original application [19]. It is extended to other

imaging like prostate [20], abdomen [21], musculoskeletal [22], and cardiac imaging [23].

The robustness, accuracy, and time efficiency are important considerations clinical study. It is

ideal to cover all possible combinations of the parameters in the dictionary generation model

for accurate parameter estimation. The size of dictionary can grow exponentially depending

on the number of system and tissue parameters used in generation of the dictionary, which

can cost significant computational time of dictionary matching procedure. There are several

approaches have been taken to resolve the issue by compressing the dictionary size [24],

accelerating dictionary searching [25], and improving quantification accuracy [26]. Therefore,

optimization of sequence parameters sensitive to parameters of interests and dictionary

generation and matching procedure should be taken into account for MRF study design.
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Figure 1.20: Representative in vivo CK-MRF fingerprints and spectra from rat skeletal muscle.
(A-B) 31P spectra with 96 and single signal average(s), respectively. (C-D) The corresponding
fingerprints and dictionary matching results from 96 and single average(s), respectively. (E-F)
31P spectra acquired using MT-MRS experiments with 12 and single average(s). The figure is
adapted from [18]
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Even at ultra-high magnetic field, it still remains controversial whether short-TE or spectral

editing method which method can provide more reliable GABA measurements at 7T. In this

context, this chapter is dedicated to compare test-retest reproducibility of GABA measurement

in human brain at 7T by short-TE and MEGA-editing methods.

Part of the work presented in this chapter was published under the title "γ-aminobutyric acid

measurement in the human brain at 7 T: Short echo-time or Mescher–Garwood editing" as a

research article in NMR in biomedicine [27].

Contributions are as follows:

• Songi Lim (thesis author): Experiment design, simulation, data acquisition, data pro-

cessing, results analysis, and manuscript redaction including drafting and revision.

• Lijing Xin: Results discussion and manuscript review.

As a summary of the work, the test-retest reproducibility of short-TE and MEGA-editing

methods were compared in the M1 and mPFC regions. The editing scheme was chosen

among three different editing pulse combinations based on evaluation of GABA editing and

macromolecule (MM) subtraction efficiency using simulation and phantom measurements,

which includes highly frequency selective Gaussian pulse, asymmetric adiabatic and highly

selective Gaussian pulses, and symmetric editing pulses.

Our results showed that the MEGA-editing method using asymmetric adiabatic and highly

selective Gaussain pulses resulted in better reproducibility than the short-TE method in

both the M1 and mPFC regions. However, in GABA-rich region (mPFC), GABA acquisition

can be achieved reproducibly using both techniques showing less than 11% of coefficient of

variation (CV) while short-TE method can provide full assessment of neurochemical profiles

simultaneously. The reported in vivo neurochemical profiles together with CV values can be

used as guidance for setting up measurement protocol in future clinical application.
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2.1 Introduction

GABA is the primary inhibitory neurotransmitter in the central nervous system and it is

involved in the pathophysiology of many psychiatric and neurological diseases [28–30]. Direct

GABA detection by 1H-MRS is challenging due to its low concentration, complex spin system,

and signal overlap with more abundant metabolites such as Cr, NAA, Glu, and MM.

With the increase of spectral dispersion and SNR at 7T, short-TE methods using sSPECIAL

[10, 31], STEAM [32–35] or sLASER sequence [36, 37] attain high sensitivity by minimizing

signal loss due to T2 relaxation and J-evolution, which allows a large number of metabolites

quantification including GABA. Furthermore, many spectral editing methods, such as double

quantum filtering [38], TE optimization [39–41], and J-difference editing [34, 42–44] have been

proposed for a resolved GABA measurement.

The TE optimization approach uses the PRESS with an extended TE (∼ 100 ms) to measure

coupled metabolites including GABA in a range of 2.2 – 2.6 ppm [39]. In that study, the GABA

peak at 2.28 ppm was resolved due to an absence of adjacent Glu multiplet and reduced

MM signals. The method shows lower Cramer–Rao lower bound (CRLB) values compared

to those obtained by STEAM at short-TE (TE = 14 ms) and extended TE (TE = 74 ms). The

main limitations of the method are major signal loss because of T2 relaxation and CSDE of

PRESS at ultra-high magnetic field [40]. Among all editing methods, MEGA J-difference editing

method is the most commonly used [45–47]. MEGA-editing method takes advantage of the

J-couplings between GABA-CH2 groups at 1.9 ppm and 3.0 ppm. Briefly, selective refocusing

editing pulses are applied at 1.9 ppm on alternate scans to refocus side peaks of the GABA

triplet at 3.0 ppm, while the Cr singlet is not affected by the editing pulses, resulting in a

difference spectrum with elimination of Cr singlet and a resolved GABA resonance at 3.0 ppm.

However, due to the limited spectral dispersion, these editing pulses unavoidably affect the

MM resonances at 1.7 ppm, thus leading to co-editing of their coupling partners at 3.0 ppm

that overlap with the GABA resonance. Frequency selective editing pulses can be applied

symmetrically around 1.7 ppm (i.e. at 1.9 and 1.5 ppm on alternate scans) to subtract this

co-edited MM resonance so that the MM signal at 3.0 ppm is partially affected the same way

for even and odd scans and is canceled out in the difference spectra [48]. Since this method

highly relies on the symmetry of the editing frequency, the efficiency for MM subtraction is

susceptible to frequency drift. As MMs may vary due to brain tissue type, age, and diseases

[49], this co-edited MM contamination can be a potential confounding factor for clinical

studies in brain pathology.

There are two different approaches to solve these frequency drift and MM contamination

issues. The direct use of a highly selective editing pulse is an alternative method if the long

pulse duration is allowed in the host localization sequence. A SPECIAL sequence enables

longer inter-pulse delays within the same TE in comparison with a LASER or a sLASER se-

quence, therefore it has the potential to incorporate long editing pulses. A MEGA-SPECIAL

sequence has been introduced at 3T with a 30-ms editing pulse and it reduced substantially
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the co-edited MM contamination whereas co-edited MM residuals still cannot be avoidable

[50]. GABA editing efficiency is more sensitive to frequency drift with such a narrow band

editing pulse.

Secondly, an asymmetric adiabatic pulse was used to improve the GABA editing efficiency

without MM subtraction [43]. The asymmetric adiabatic pulse provides a broad inversion

band, which makes the GABA editing insensitive to both B1 and B0 variations. A preceding

IR pulse was used to subtract MMs at 3.0 ppm. However, the limitation of this method is

the requirement of accurate T1 knowledge of MM for efficient MM nulling and further GABA

signal loss (∼ 50%) due to the partial signal recovery [32].

Taken together, many efforts have been spent on improving GABA measurements. At 3T

and lower magnetic field, spectral editing methods are generally considered as a method

of choice to measure GABA [51, 52]. However, at 7T, previous short-TE and editing method

comparison studies have shown contradictory results in test-retest assessments [32, 37]. In

addition, Dobberthein, et al reported that GABA measurements using short-TE PRESS with

linear combination of model spectra of metabolites (LCModel) quantification can be imprecise

at 9.4 T due to overlapping peaks [41], which suggests that spectral overlaps may still be a

limiting factor for short-TE GABA measure even at 7T. The question remains short-TE or

spectral editing methods, which method can provide more reliable GABA measurement at 7T.

Therefore, the purpose of the study is to compare GABA measurement reproducibility of short-

TE and editing methods in two different brain regions. The sSPECIAL sequence was chosen

for short-TE spectra acquisition method and the host localization sequence for MEGA-editing

scheme since a pair of broadband refocusing pulses in the sSPECIAL sequence mitigates

chemical shift displacement error than the SPECIAL sequence [10, 53] and it allows to use

shorter TE and incorporate longer and more selective editing pulses in the same TE than the

sLASER sequence [54]. In our study, MEGA-sSPECIAL scheme was verified using simulation

and phantom experiment for further comparison with short-TE sSPECIAL. In vivo short-

TE sSPECIAL and MEGA-sSPECIAL sequences were performed twice on the same healthy

volunteers in the two brain regions to evaluate reproducibility of the two methods.

2.2 Methods

2.2.1 Pulse sequence and editing schemes

MEGA-type editing schemes were implemented in the sSPECIAL localization [10]. The se-

quence diagram and add-subtraction scheme of sub-spectra are shown in Figure 2.1. To

suppress the co-edited MM resonances, three schemes with different editing pulses were

implemented and compared (Figure 2.2). These editing pulses include a 20-ms asymmetric

adiabatic inversion pulse (synthesized using the first half of a 32-ms HS1 and second half of

an 8-ms HS4 pulses) with 500 Hz of inversion bandwidth (-1 < Mz /M0 < -0.95) and 136 Hz of

transition bandwidth (- 0.95 < Mz /M0 < 0.95) with 1 kHz of peak γB1/2π, a highly selective
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Figure 2.1: The MEGA-sSPECIAL pulse sequence diagram (left) and its add-subtraction scheme
(right). Depending on the editing pulse scheme, three editing RF pulses, namely, an asym-
metric adiabatic pulse, highly selective Gaussian-sinc pulse, and Gaussian pulse, are used
accordingly

28-ms Gaussian pulse with 98 Hz of inversion bandwidth (-1 < Mz /M0 < -0.95) with 35 Hz

of peak γB1/2π, and a 15-ms Gaussian pulse (full width half maximum (FWHM) = 120 Hz;

γB1/2π = 70 Hz). In scheme 1, the asymmetric adiabatic pulse for GABA editing at 1.9 ppm

(edit-on) and highly selective Gaussian pulse for MM subtraction at 1.7 ppm (edit-off) were

used. In scheme 2, as proposed in the previous study [50], the highly selective Gaussian pulse

was applied at 1.9 ppm for GABA editing (edit-on) and no editing pulse was applied during

edit-off; MMs around 1.7 ppm were not co-edited due to the narrow bandwidth of the editing

pulse. In scheme 3, two identical 15-ms Gaussian pulses were applied symmetrically around

1.7 ppm (at 1.9 ppm and 1.5 ppm in edit-on and -off alternate scans) [48]. The TE was extended

to 80 ms to incorporate a highly frequency-selective 28-ms editing pulse. The GABA editing

efficiency changes depending on TE were simulated to investigate the effect of extended TE in

the MEGA-sSPECIAL sequence. A maximum 20-ms long editing pulse can be incorporated in

the MEGA-sSPECIAL localization with TE of 70 ms.

2.2.2 Simulations

Lysine (Lys) was used as a simplified substitute of co-edited MMs since Lys is the main

contributor to the J-coupled MM signals at 3.02 ppm and 1.71 ppm in the brain [55]. Spectral

simulations were performed using density matrix formalism implemented in FID-A toolkit

[56], which incorporated RF pulse profiles for localization and editing as well. The chemical

shifts and coupling constants of GABA and Lys spin systems were taken from published reports
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Figure 2.2: Three macromolecule-suppressed GABA editing schemes: (A) Scheme 1, edit-on:
an asymmetric adiabatic pulse (at 1.7 ppm), edit-off: a highly selective Gaussian-sinc pulse (at
1.7 ppm); (B) Scheme 2, edit-on: a highly selective Gaussian-sinc pulse (at 1.9 ppm), edit-off:
no editing pulse; (C) Scheme 3, edit-on: a Gaussian pulse (at 1.9 ppm), edit-off: the same
Gaussian pulse (at 1.5 ppm)

[57, 58] and a linewidth of 2 Hz was used. The frequency offset was varied in a range of ± 60 Hz

from the on-resonance frequency of the respective editing pulse to determine how sensitive

the editing efficiency of GABA and co-edited MM signals is to the frequency drift.

2.2.3 In vitro validation

GABA editing and MM subtraction efficiency were validated further by phantom experiments.

All chemicals used in phantoms were purchased from Sigma-Aldrich (Buchs, Switzerland).

Two phantoms, containing 10 mM of GABA or Lys, were prepared respectively. 3-trimethylsilyl-

propionic acid was added to each phantom as an internal frequency reference and the pH

of the solution was adjusted to 7.4. The phantoms were taken out of a refrigerator in ad-

vance to set their temperature to room temperature. All MR measurements were performed

on a 7T/68cm MR scanner (Magnetom, Siemens Medical Solutions, Erlangen, Germany)

with a single-channel quadrature transmitter and a 32-channel receiver coil (Nova Medical

Inc., MA, USA). B0 shimming was performed using the first- and second-order shims with

FAST(EST)MAP [59, 60]. GRE sequence was used for voxel localization (TR/TE = 6.5/2.82 ms;

FA = 4; slice thickness = 1 mm; FOV = 25×25 cm2; matrix size = 256×256). The MEGA-sSPECIAL

sequence was applied with following parameters (TR/TE = 15000/80 ms, averages = 24, data

points = 2048; spectral width = 4000 Hz) to compare three different editing schemes. The host

sSPECIAL localization was implemented with a 1.6-ms of asymmetric amplitude-modulated

pulse (P10) for excitation (FWHM = 4 kHz, γB1/2π = 1 kHz) and 5.12-ms of HS4 type adiabatic

pulse for refocusing and pre-inversion (FWHM = 5.1 kHz, γB1/2π = 1 kHz). The center of

transmitting frequency was applied at 2.4 ppm to fully cover the spectral width. Transmit

voltage was calibrated prior to data acquisition to reach the correct FA. The OVS and water

suppression were interleaved prior to the MEGA-sSPECIAL sequence [61]. The transmit fre-

quency of the respective editing pulse was varied in a range of ± 60 Hz around the resonance

frequency of GABA and Lys at 1.9 ppm and 1.7 ppm to investigate the sensitivity of each editing
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scheme to frequency drift.

2.2.4 In vivo experiments

In vivo measurements were performed in six healthy volunteers (age: 21-33 years; 4 male and

2 female) who provided written informed consent under the approval of the Swiss cantonal

ethics committee. Each subject was scanned twice to evaluate test-retest reproducibility of the

sSPECIAL and MEGA-sSPECIAL. There was around a 10 min break between the two sessions.

The anatomical images were acquired using MP2RAGE [62] (TR/TE = 6000/4.94 ms, TI1/TI2

=800/2700 ms, slice thickness = 0.6 mm, FOV = 192×192 mm2, and matrix size = 256×256)

to position the MRS voxels. Transmit voltage was calibrated prior to spectra acquisition to

reach the correct FA. Localized single-voxel spectra in the M1 and the mPFC were acquired by

the sSPECIAL (TR/TE = 4000/16 ms) and MEGA-sSPECIAL with scheme 1 (TR/TE = 4000/80

ms) sequences using the following parameters (averages = 128, data points = 2048, spectral

width = 4000 Hz, VOIs = 30×20×20 mm3 and 20×20×25 mm3 for the M1 and the mPFC

respectively) with 4 preparation scans. A dielectric pad was positioned on the forehead and

the side respectively near the mPFC and M1 to improve the transmit field efficiency [63]. The

scanning duration was 8 min 32 s for both sequences. The order of the two sequences was

switched in each session.

2.2.5 Data analysis

The raw data were processed using FID-A toolkit pipeline [56]. The receiver channel com-

bination was performed based on the water-unsuppressed data, weighting the individual

channels with the ratio of the signal to the square of the noise [64]. Eddy current correction was

applied. Each measurement block contains four sub-spectra as shown in Figure 2.1. Therefore,

firstly inversion-on and -off sub-spectra of each edit-on/off spectra were aligned, then the

alignment of edit-on and -off spectra was followed. All measurement blocks were then aligned

to each other using frequency-and-phase correction in the frequency domain using spectral

registration to remove the residual Cr peak in the difference spectra, which is necessary for

GABA quantification [56, 65].

3-Hz exponential line broadening was applied to phantom spectra. Signal intensities of

GABA and Lys were calculated by the signal integral from 2.85 to 3.15 ppm range and scaled

using min-max normalization. No zero filling or apodization was applied to in vivo data.

All spectra were fitted using LCModel with simulated basis sets. The unsuppressed water

signal was used as an internal reference for absolute quantification. For the sSPECIAL spectra,

an experimentally measured MM spectrum [66] and simulated spectra of the following 21

metabolites were included in the basis set for LCModel analysis: alanine (Ala), ascorbate (Asc),

aspartate (Asp), Cr, GABA, glucose (Glc), glutamine (Gln), Glu, glycerophosphorylcholine

(GPC), glycine (Gly), glutathione (GSH), lactate (Lac), myo-inositol (mIns), NAA, N-Acetyl

aspartatyl glutamate (NAAG), PCr, phosphorylcholine (PCho), phosphorylethanolamine (PE),
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scyllo-inositol (sIns), serine (Ser), and taurine (Tau). The MEGA edit-off spectra were fitted

using the simulated basis set at TE of 80 ms with the same number of metabolites as the

sSPECIAL spectra without MM spectrum. The difference spectra were fitted with a simulated

basis set of five metabolites, including GABA, Glu, Gln, NAA, and NAAG. The spectral range

for LCModel analysis was set from 1.8 to 4.2 ppm. All metabolite levels were reported in an

institutional unit (IU). Tissue segmentation was performed on the reference MP2RAGE image

using SPM12 [67] for partial volume correction. T2 relaxation times of all metabolites from

literatures are listed in Table 2.1. T2 relaxation correction was applied for each metabolite

concentration including tissue correction [68]. The SNR was calculated using the height of

NAA peak at 2.01 ppm divided by the standard deviation (SD) of the noise between 9.5 and

10.0 ppm. 32, 64, and 96 spectra were selected arbitrarily from the original 128 spectra and

averaged to assess CV changes over the number of averaged spectra across the scans. The tCr

signal in MEGA-off spectra was used as an internal reference for GABA/tCr ratio of MEGA-diff

spectra.

Table 2.1: List of T2 relaxation times used in metabolites concentration correction

Metabolites T2 [ms] References

Asp 97 [69]

tCha 139 [69]

tCr 108 [69]

Glu 98 [69]

Gln 98 [69]

GABA 87 [44]

GSH 97 [69]

Ins 100 [69]

Lac 94 [70]

NAA 110 [69]

NAAG 110 [69]

sIns 112 [69]

Tau 90 [69]

PE 90 similar to Tau

Gly 97 similar to GSH

a total choline (tCh) = choline + PCho

2.2.6 Statistical analysis

All statistical analyses were performed using Python 3. Mean CV was used to evaluate between-

session reproducibility. Pearson’s correlation coefficients r between pairs of measurements

(the first and second scans) and between methods were calculated within each brain region
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(the M1 and the mPFC) and across both brain regions accompanied with significance tests [71].

The consistency of between-session measurements was assessed using intraclass correlation

coefficient (ICC) with a two-way mixed model [72]. A Bland-Altman analysis was applied

to evaluate the agreement of the two measurement methods (the sSPECIAL and the MEGA-

sSPECIAL) [73].

2.3 Results

Chemical shift (ppm) Chemical shift (ppm) Chemical shift (ppm) Chemical shift (ppm)

(A) (B) (C) (D)

Edit-off

Edit-on

Difference

(On - Off)

GABA (simulation) GABA (in vitro) Lys (simulation) Lys (in vitro)

Figure 2.3: Simulated and in vitro GABA and Lys MR spectra obtained by the MEGA-sSPECIAL
with asymmetric adiabatic and narrow Gaussian-sinc pulses (Scheme 1)

Simulated GABA and Lys spectra are in good agreement with the spectra obtained in vitro

(Figure 2.3 (A) and (B)). The differences of normalized GABA signals between the simulation

and in vitro results are 0.03 ± 0.04 (scheme 1), 0.02 ± 0.02 (scheme 2), and 0.03 ± 0.03 (scheme

3). For Lys, the differences are -0.04 ± 0.08 (scheme 1), -0.03 ± 0.04 (scheme 2), and -0.04 ±
0.10 (scheme 3). The difference spectra demonstrate the subtraction of Lys peak at 3.0 ppm.

The chemical shift and J-coupling constants of Lys used in the simulation were obtained from

Deelchand et al. (2019) [58], which did not include the information of the small resonance

peak at 2.9 ppm. This peak was co-edited when the inversion pulse was applied at 1.7 ppm

and was co-suppressed in the difference spectra as well.

The sensitivity of GABA and Lys editing efficiencies to frequency drifts were evaluated using

simulations and phantom experiments for three different schemes (Figure 2.4). The water

linewidth (FWHM) was 3.5 Hz showing good multiplet resolution in in vitro spectra. The GABA

signal loss is less than 5% over the frequency range from -15 to +60 Hz for scheme 1, from -6 to

+6 Hz for scheme 2, and from -8 to +8 Hz for scheme 3, respectively. The Lys signal increased

within 5% over the frequency range from -8 to +8 Hz for scheme1, from -60 to +6 Hz for scheme

2, and from -2 to +2 Hz for scheme 3, respectively. The editing efficiencies of each scheme are

as follows: scheme 1 = 0.5; scheme 2 = 0.45; scheme 3 = 0.5. The MEGA-sSPECIAL sequence

was simulated for several TEs (68, 70, 74, 80, 90, and 100 ms). The GABA editing efficiency
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(A) (B) (C)Scheme 1 Scheme 2 Scheme 3

Figure 2.4: Normalized signal integrals in the range of 2.85-3.15 ppm for GABA (blue) and
Lys (red) signals obtained by simulations (open triangles) and in vitro experiments (filled
circles) to investigate the editing efficiencies of (A–C) three macromolecule-suppressed GABA-
editing schemes to B0 frequency drift by varying the frequency offset by ± 60 Hz around the
on-resonance frequency of each editing pulse.

changes from 0.44 to 0.50 with TEs and achieved its maximum at TE of 80 ms. By extending TE

from 68 to 80 ms, the GABA signal is reduced by 5.8% due to T2 relaxation. However, GABA

editing efficiency at TE of 80 ms increased by 3.0% relative to that at 68 ms, which partially

compensates for the signal loss due to T2 relaxation.

The transmitting frequency drift is dependent on the system and the duty-cycle of gradient,

which can increase up to 2 Hz/min after fMRI study [74, 75]. Considering both GABA edit-

ing and MM subtraction efficiencies, scheme 1 with the asymmetric adiabatic and narrow

Gaussian pulse combination was the least sensitive method to frequency drift showing over

± 8 Hz frequency range within the given 5% threshold. Based on the simulation and in vitro

validation of the editing schemes, scheme 1 was used for further reproducibility measurement

in vivo to compare with the sSPECIAL sequence at short-TE.

Table 2.2: The mean water linewidth and SNR of each measurement. There was no significant
difference between sessions.

M1 mPFC

Sequences 1st 2nd 1st 2nd

Linewidth [Hz] sSPECIAL 12.0 ± 0.8 11.9 ± 0.4 12.6 ± 1.1 13.7 ± 2.1

MEGA-sSPECIAL 12.4 ± 0.9 12.1 ± 1.0 12.7 ± 0.7 12.5 ± 1.2

SNR sSPECIAL 548 ± 51 587 ± 86 486 ± 59 504 ± 32

MEGA-off 235 ± 60 236 ± 53 257 ± 34 272 ± 28

MEGA-diff 171 ± 35 176 ± 45 163 ± 22 183 ± 22

The average water linewidth and SNR for both measurement methods in the two brain regions

are presented in Table 2.2. There was no significant difference between sessions. The frac-
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tional tissue compositions in the M1 were 0.30/0.68/0.02 (GM/WM/CSF) for the first session

and 0.30/0.69/0.01 (GM/WM/CSF) for the second session. The fractional tissue composi-

tions in the mPFC were 0.55/0.21/0.27 (GM/WM/CSF) for the first session and 0.56/0.20/0.24

(GM/WM/CSF) for the second session. There was no significant difference in tissue composi-

tion between the two sessions. The MRS voxel placement and rotational angle are reported in

Table 2.3.

M1

mPFC

Figure 2.5: The MRS voxel placements are superimposed on the three planes for the M1
(30×20×20 mm3) (top) and mPFC (20×20×25 mm3) (bottom)

Table 2.3: The mean voxel positions across the volunteers with SD

Regions Session Satittal [mm] Coronal [mm] Transverse [mm] Angle [°]

mPFC 1st 8.7 ± 2.3 46.8 ± 6.8 8.1 ± 5.9 0

mPFC 2nd 6.2 ± 3.5 48.8 ± 9.4 10.6 ± 5.9 0

M1 1st -29.7 ± 3.5 -16.4 ± 3.9 19.7 ± 7.0 19 ± 3

M1 2nd -29.2 ± 1.9 -15.2 ± 6.2 18.6 ± 7.3 22 ± 1

The representative MR images with voxel placements are presented in yellow for both regions

in Figure 2.5. The individual spectra acquired using the sSPECIAL and MEGA-sSPECIAL in the

M1 and mPFC are illustrated in Figure 2.6 (A-D). Each spectrum corresponds to individual

subjects and spectra acquired in the first and second sessions are overlaid in the figure. Due to

motion artifacts and lipid contamination, two spectra acquired in the mPFC are excluded from

the results. The absence of Cho peak at 3.2 ppm in difference spectra indicated subtraction of

residual Cr signal at 3.03 ppm [76]. The mean concentration of each metabolite with SD and
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Table 2.4: In the M1 region, mean concentrations (IU), SD, mean CRLB, and mean test-retest
CVs of metabolites with CRLB < 25% are listed.

Methods Metabolites
1st 2nd Mean

CV [%]Mean

Conc. [IU]
SD

Mean

CRLB [%]

Mean

Conc. [IU]
SD

Mean

CRLB [%]

sSPECIAL Asp 1.34 0.53 17.7 1.52 0.25 15.8 17.4

Lac 0.75 0.32 7.8 0.81 0.07 8.0 7.1

GABA 0.94 0.41 18.7 0.91 0.21 15.7 21.8

mIns 5.86 0.71 2.5 5.35 0.55 2.2 7.9

PE 1.81 0.20 6.0 2.02 0.35 5.9 7.3

Gly 0.34 0.18 19.5 0.37 0.18 19.2 15.3

Tau 1.08 0.25 12.8 1.09 0.12 8.8 11.0

NAA 11.28 0.61 1.3 11.09 0.52 1.0 1.5

NAAG 2.53 0.46 4.0 2.34 0.21 4.8 7.5

Gln 1.05 0.52 15.7 1.13 0.42 11.0 12.7

Glu 8.80 1.27 2.2 8.96 0.90 1.7 6.5

GSH 1.09 0.08 4.8 1.01 0.17 5.5 8.8

tNAA 13.81 0.65 1.2 13.41 0.57 1.0 2.0

Glx 9.85 1.44 2.5 10.09 0.94 2.0 5.4

tCho 1.36 0.13 2.5 1.24 0.18 2.2 9.2

tCr 7.37 0.22 1.3 7.01 0.17 1.2 3.5

GABA/tCr 0.13 0.05 - 0.13 0.03 - 21.6

MEGA-off Asp 0.72 0.18 23.0 0.84 0.21 19.7 20.9

NAA 11.07 1.05 1.3 10.70 0.44 1.2 7.1

NAAG 3.07 0.43 4.5 2.99 0.46 5.7 5.3

Gln 1.18 0.23 22.8 1.38 0.26 18.2 22.4

Glu 8.75 1.05 3.2 8.64 1.00 3.8 7.6

GSH 0.65 0.09 12.8 0.60 0.11 16.7 8.6

tNAA 14.14 1.38 1.0 13.69 0.54 1.0 4.3

tCho 1.45 0.19 2.2 1.30 0.22 2.2 9.7

Glx 9.75 1.28 4.3 10.02 1.08 4.3 9.9

tCr 7.01 0.59 1.2 6.80 0.44 1.2 4.3

MEGA-diff GABA 0.53 0.04 9.3 0.50 0.04 11.7 4.1

GABA/tCr 0.08 0.01 - 0.07 0.00 - 5.8
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Table 2.5: In the mPFC region, mean concentrations with SD of metabolites detected with
CRLB < 25% are listed. The mean test-retest CVs are provided in the table as well.

Methods Metabolites
1st 2nd Mean

CV [%]Mean

Conc. [IU]
SD

Mean

CRLB [%]

Mean

Conc. [IU]
SD

Mean

CRLB [%]

sSPECIAL Asp 1.45 0.29 13.5 1.56 0.31 17.0 5.1

Lac 0.69 0.10 13.3 0.75 0.12 7.5 12.0

GABA 1.46 0.43 13.0 1.56 0.52 9.8 10.2

mIns 3.89 0.47 4.0 4.20 0.37 2.3 5.6

PE 2.68 0.31 5.8 2.36 0.55 4.8 10.4

Gly 0.59 0.25 20.0 0.48 0.04 15.5 22.7

Tau 1.13 0.30 13.3 1.14 0.32 9.4 1.7

NAA 10.16 0.54 1.0 10.45 0.71 1.0 3.5

NAAG 0.72 0.02 11.0 0.84 0.09 7.3 10.0

Gln 1.61 0.19 8.5 1.50 0.15 7.5 8.7

Glu 9.64 0.72 2.0 9.03 0.91 1.8 6.9

GSH 0.91 0.18 7.0 0.80 0.10 6.3 10.2

tNAA 10.88 0.51 1.0 11.29 0.63 1.0 3.2

Glx 11.34 0.59 2.0 10.98 1.42 2.0 5.9

tCho 0.70 0.19 4.0 0.75 0.11 2.8 8.3

tCr 6.60 0.85 2.0 6.67 0.95 1.5 4.4

GABA/tCr 0.24 0.08 - 0.26 0.11 - 11.2

MEGA-off Asp 1.33 0.11 20.3 1.33 0.19 20.8 6.4

NAA 9.17 0.97 1.3 9.67 0.56 1.3 5.4

NAAG 1.03 0.35 8.3 1.25 0.41 6.5 13.4

Gln 1.20 0.19 22.5 1.20 0.36 25.5 13.2

Glu 9.21 1.50 4.0 9.56 1.24 3.5 9.3

GSH 0.51 0.22 19.5 0.56 0.22 20.3 12.8

tNAA 10.04 0.95 1.0 11.15 1.11 1.0 8.8

tCho 0.86 0.22 2.8 0.88 0.12 2.3 9.8

Glx 10.48 1.50 4.5 10.84 1.52 4.3 7.0

tCr 6.33 0.97 1.5 6.73 0.82 1.3 1.4

MEGA-diff GABA 1.03 0.22 8.8 1.05 0.30 9.7 5.8

GABA/tCr 0.15 0.04 - 0.15 0.05 - 6.4
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Figure 2.6: Individual spectra acquired using the (A and C) sSPECIAL and (B and D) MEGA-
sSPECIAL sequences in both brain regions. The spectra from the first and second sessions are
overlaid for each volunteer.

mean CV are reported in Table 2.4 and 2.5. GABA levels were 1.56 ± 0.49 and 1.01 ± 0.09 in

the mPFC and 0.92 ± 0.26 and 0.51 ± 0.05 in the M1 by the sSPECIAL and MEGA-sSPECIAL in

order. GABA concentration comparison with other literature values is provided in Table 2.6.

All editing methods reported in the table use MM subtraction scheme.

The between-session reliability was evaluated using CV (Table 2.4 and 2.5), Pearson’s r corre-

lation coefficients (Figure 2.7), and ICC (Table 2.7). The Pearson’s r correlation coefficients

(Figure 2.8) and Bland-Altman plots (Figure 2.9) were used to assess the agreement between

paired data sets acquired using the two different sequences. A Pearson’s correlation coefficient

between 0.2 and 0.39 was regarded as weak, between 0.4 and 0.7 was moderate, above 0.7 as

strong correlation [68]. The ICC values under 0.4 were considered as poor, between 0.4 and 0.6

as moderate, between 0.6 and 0.75 as good, and above 0.75 as excellent [80]. The correlation

coefficients and ICCs were calculated in the two regions separately and across the regions to
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All (r = 0.98; p < 0.001***)

Figure 2.7: Pearson’s correlation coefficients (r) and statistical significances are shown for
GABA and Glu measurements to compare the test–retest reliability between the two sessions
(the first and second). The data obtained in the M1 and the mPFC) are marked in red and blue,
respectively. (*p < 0.05; **p < 0.01; ***p < 0.001)

increase the dynamic range for correlation assessment.

The test-retest reliability of Glu and GABA measures is demonstrated in Figure 2.7 and Table

2.7. Regarding GABA measures using the MEGA-sSPECIAL, there was a moderate correlation

trend in the M1 (r = 0.67, p = 0.14; ICC = 0.82; CV = 4.1%), and strong correlations in the mPFC,

(r = 0.97, p < 0.05; ICC = 0.92; CV = 5.8%) and across both regions (r = 0.98, p < 0.001; ICC = 0.98).

There were moderate and strong correlation trends in the M1 (r = 0.58, p = 0.22; ICC = 0.49; CV

= 21.8%), in the mPFC, (r = 0.85, p = 0.18; ICC = 0.81; CV = 10.2%) and strong correlation across

both regions (r = 0.81, p < 0.01; ICC = 0.82) by the sSPECIAL.

In the case of Glu quantifications, the sSPECIAL sequence showed a moderate correlation

tendency between sessions in the M1 (r = 0.63, p = 0.18; ICC = 0.60; CV = 6.5%) and overall
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Figure 2.8: Correlation plots (A) for NAA: sSPECIAL versus MEGA-off, (B) for Glu: sSPECIAL
versus MEGA-off, (C) for GABA: sSPECIAL versus MEGA-diff, and (D) for GABA/tCr: sSPECIAL
versus MEGA-diff are presented. Metabolite concentrations measured in the M1 are displayed
as red-filled (the first session) and empty circles (the second session), and in the mPFC, they
are displayed as blue-filled (the first session) and empty circles (the second session). Each key
shows the r value for each region separately, and for both regions pooled together. (*p < 0.05;
**p < 0.01; ***p < 0.001)

regions (r = 0.54, p = 0.10; ICC = 0.54). MEGA-off sequence did not show significant between-

session correlation in the M1 (r = 0.32, p = 0.54; ICC = 0.32; CV = 7.6%) and the mPFC (r =

0.43, p = 0.57; ICC = 0.42; CV = 9.3%) and across both regions (r = 0.41, p = 0.23; ICC = 0.41).

Correlation plots to assess inter-sequence agreement for Glu, NAA, GABA, and GABA/tCr

measures are illustrated in Figure 2.8. There was a strong correlation between the sSPECIAL

and MEGA-off measures of Glu in the M1 (r = 0.71, p < 0.01) and mPFC (r = 0.83; p < 0.01)

individually and across both regions (r = 0.78, p < 0.001). NAA measures by the two sequences

were strongly correlated in the M1 (r = 0.67, p < 0.05), mPFC (r = 0.76, p < 0.05) and across

both areas (r = 0.84, p < 0.001). GABA and GABA/tCr measures were inversely and moderately
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Figure 2.9: Bland–Altman plots showing agreement between short TE and MEGA-sSPECIAL
methods within all subjects and both scans regarding Glu (A and B) and GABA (C and D) . The
first (in red) and second (in blue) session measurements are considered to be independent.
Each central dotted line indicates the mean value of the differences of the paired data, and the
upper and lower lines show the 95% confidence interval, respectively

correlated in the M1 (r = -0.31, p = 0.32; r = -0.55, p = 0.06) and overall strongly correlated

across the regions (r = 0.61, p < 0.01; r = 0.72, p < 0.01). The Bland-Altman plots illustrated the

differences of the two measurement methods for Glu and GABA measures in Figure 2.9.

CV changes depending on the number of averages in the M1 and mPFC using the sSPECIAL

and MEGA-sSPECIAL are presented in Figure 2.10. With the increase in the number of averages

from 32 to 128, CVs of GABA measured in the M1 decreased from 36.4% to 21.8% using the

sSPECIAL and from 12.5% to 4.1% using the MEGA-sSPECIAL. CVs of GABA measured in the

mPFC decreased from 15.4% to 10.7% using the sSPECIAL and from 13.7% to 4.3% using the

MEGA-sSPECIAL.
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Table 2.6: The comparison table of GABA concentration and GABA/tCr ratio with standard
deviation. All editing sequences used MM subtraction scheme. The shaded areas indicate the
values acquired in our study.

Sequences Position [mL] TE [ms] GABA [IU] GABA/tCr

sSPECIAL mPFC (12) 16 1.56 ± 0.49 0.25 ± 0.9

MEGA-sSPECIAL mPFC (12) 80 1.01 ± 0.09 0.12 ± 0.07

STEAMa [34] DLPFC (27) 14 2.08 ± 0.5 -

STEAMb [34] DLPFC (27) 14 2.24 ± 0.6 -

sLASERa [77] mPFC (15.6) 74 1.6 ± 0.6 mM -

sLASERb [77] mPFC (15.6) 74 1.3 ± 0.5 mM -

sLASER [37] DLPFC (8) 38 - 0.22 ± 0.09

MEGA-sLASER [37] DLPFC (8) 80 - 0.10 ± 0.02

STEAM [78] left DLPCF (7.9) 14 1.72 ± 0.34 -

sSPECIAL MC (10) 16 0.92 ± 0.26 0.13 ± 0.05

MEGA-sSPECIAL MC (10) 80 0.51 ± 0.05 0.08 ± 0.03

sLASER [34] MC (8) 38 - 0.16 ± 0.03

MEGA-sLASER [34] MC (8) 80 - 0.11 ± 0.05

MEGA-sLASER [79] MC (9) 72 - 0.11 ± 0.02

LASER [69] MC (8) 35 0.8 ± 0.6 mM -
a The first session, b the second session

Table 2.7: Between-session (the first and second measurement) ICCs for sSPECIAL and MEGA-
sSPECIAL in the M1 and mPFC. Glu and NAA concentrations were quantified using MEGA-off
spectra and GABA was quantified using MEGA-diff spectra.

M1 mPFC All

sSPECIAL MEGA-sSPECIAL sSPECIAL MEGA-sSPECIAL sSPECIAL MEGA-sSPECIAL

GABA 0.49 0.82 0.81 0.92 0.82 0.98

Glu 0.60 0.32 0.31 0.42 0.54 0.41

NAA 0.92 0.30 0.41 0.31 0.77 0.59

ICC classification: poor (ICC < 0.4), fair (0.4 ≤ ICC < 0.60, good (0.6 ≤ ICC < 0.75), and excellent (0.75 ≤ ICC)
reliability. Fair and good correlations are in bold and excellent correlations are underlined bold.

2.4 Discussion

In this study, we introduced a GABA resolved measurement by the MEGA-sSPECIAL method at

7T with the subtraction of co-edited MM signal and evaluated between-session reproducibil-

ity and inter-sequence agreement between the MEGA-sSPECIAL and non-editing short-TE

method in vivo.
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Figure 2.10: Coefficients of variation (CVs) of GABA were obtained with averages of 32, 64, 96,
and 128 in the motor cortex (M1) and medial prefrontal cortex (mPFC). The mean CVs are
presented in the figure and the error bars show SD. For visualization purposes, only positive
SD values for sSPECIAL and negative SD values for MEGA-diff are illustrated. CV changes
over the number of averaged spectra are evaluated in both regions by the two methods. The
measured concentrations of GABA are 60% higher in the mPFC than those in the M1

2.4.1 In vivo GABA measures in the M1 and mPFC

At 7T even though NAAG, Glu, and Gln can now be detected with low CRLB (< 20%), low

concentrated and overlapping metabolite signals such as GABA, Gly, or GSH remains still

challenging [81]. The reported mean GABA concentrations at 7T were 1.6 mM by the sLASER

sequence in the mPFC [77] and 0.8 mM in the M1 by the LASER [69]. GABA/tCr ratios at 7T

were 0.14 in the mPFC by the sLASER [81] and 0.11 – 0.16 in the M1 by sLASER and MEGA-

sLASER [37]. In our study, obtained GABA levels were 1.56 ± 0.49 and 1.01 ± 0.09 in the mPFC

and 0.92 ± 0.26 and 0.51 ± 0.05 in the M1 by the sSPECIAL and MEGA-sSPECIAL respectively.

The mean concentrations of quantified metabolites reported in both brain regions in our

study lie within the range of recently published literature [69, 82, 83].

Hong, et al. [37] reported higher GABA and GABA/tCr values by the sLASER than those of

MEGA-sLASER at 7T. In this study, MMs were not included in the basis set of the sLASER and a

Lorentzian lineshape singlet peak to mimic MM signal at 3 ppm is included in the basis set

of MEGA-sLASER. Even though the measured MM spectrum is included in the basis set of

the short-TE sSPECIAL, the measurement accuracy may still be affected by the estimation of

spline baseline (e.g. in LCModel) [70].

CRLBs for GABA were in the ranges of 16.7 – 18.7% using the sSPECIAL and 9.4 – 11.6% using

the MEGA-sSPECIAL in the M1. They are in the ranges of 9.8 – 13.0% using the sSPECIAL

and 8.8 – 9.7% using the MEGA-sSPECIAL in the mPFC. Relative CRLB values have been
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used to estimate uncertainties and exclude poor quality data. However, especially for low

concentrated metabolites with overlapped peaks like GABA, the usage of CRLB as a quality

control threshold can lead to biased estimation of metabolites concentrations [84]. It has been

shown that even with low percentage CRLB values such as 2 – 7%, LCModel concentration

estimation can be imprecise by over/underestimating the levels of metabolites in short-TE

measurements [41, 70].

2.4.2 Between-session reproducibility and inter-sequence agreement

To our knowledge, there are very few reproducibility studies that reported GABA levels at 7T

in multi-region using different measurement methods. Prinsen et al. reported a test-retest

GABA CV of 9.5% in the occipital cortex using sLASER localization with IR for MM suppression

[32]. Meng Gu et al. reported a test-retest GABA/tCr CV of 7% using the MEGA-SPECIAL

sequence (scheme 2) at 3T for 8 min 40 seconds of acquisition time [50]. The mean CVs of

GABA measurements by the sSPECIAL were 21.5% in the M1 and 10.2% in the mPFC. It is

comparable to the CV of 9.5% by the global inversion-preparation method by Prinsen et al in

the occipital cortex where the GABA concentration is higher than that in the M1 and similar to

the one in the mPFC. On the other hand, the mean CVs of GABA measures by MEGA-sSPECIAL

showed 4.1% in the M1 and 5.8% in the mPFC, which suggests that MEGA-sSPECIAL (scheme

1) has better measurement reproducibility than the sSPECIAL and previously reported study

using scheme 2 [50].

Furthermore, between-session Pearson’s correlation coefficients showed strong correlation

for GABA measures across regions by both sSPECIAL (r = 0.81, p < 0.01) and MEGA-diff (r =

0.98, p < 0.001), where MEGA-diff showed even better performance. Even though the regional

correlation coefficients were not statistically significant, this may be due to the small sample

size and limited range of observation within individual region, which influences the correlation

coefficients [85]. On the other hand, ICC of MEGA-diff (ICC = 0.98) is also better than that of

sSPECIAL (ICC = 0.82) across regions. Taking all three test-rest reliability assessments together,

our experiment proposes that MEGA-sSPECIAL can be a more sensitive method to detect

small changes in GABA in longitudinal and case-control studies.

Evaluating the correlation between two measurement methods was proposed by Dhamala et

al. as an alternative MRS validation method to compliment the current use of CRLB and test-

retest reproducibility evaluation since CRLB and reproducibility can show similar uncertainty

estimation in a reproducible manner not the accuracy of the measurement method [68]. In our

results, the sSPECIAL and MEGA-sSPECIAL show overall strong correlations in the M1, mPFC,

and across the regions for NAA, Glu, GABA, and GABA/tCr except for GABA and GABA/tCr

in the M1 in Figure 2.8. The correlation coefficients are comparable to the reported in the

literature (NAA = 0.61 – 0.70; Glu = 0.85 – 0.87; GABA = 0.30 – 0.51) [68]. Furthermore, the

homogeneous distribution of differences in Glu quantifications indicates that there was no

systematic difference between the two methods in the M1 (2.0%) and mPFC (2.6%). Regarding
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GABA measures, even though differences are uniformly distributed, there were biases in GABA

quantification of 51.0% in the M1 and 39.1% in the mPFC respectively [86], which may be

induced by the systematic over/underestimation of GABA by LCModel. The discrepancy

in GABA concentrations between short-TE and editing methods was also reported in other

comparison studies in Table 2.6 where 30 to 50% bias was observed [37].

2.4.3 Reproducibility vs. the number of averaged spectra

In a GABA+ between-session reproducibility study at 3T by MEGA-PRESS for 20-min long

acquisition, CVs were notably improved up to around 218 repetitions (approximately 13 min)

and further increase of the scanning times resulted in modest gains [87]. In our study, the CVs

were decreasing by increasing the number of averages for both regions. However, unlike the

3T study, CVs of GABA measures by the sSPECIAL at 7T were not drastically diminished with

the increasing number of averaged spectra. With the increasing number of averages from 32

to 128, the CVs of GABA reduced dramatically by 67 and 57% when using the MEGA-sSPECIAL

in the M1 (from 12.5% to 4.1%) and mPFC (from 13.7% to 5.8%. However, the reduction in

CVs using the sSPECIAL sequence is moderate, i.e. 39% in the M1 (from 36.4% to 21.8%)

and 33% in the mPFC (from 15.4% to 10.2%). As both spectral dispersion and SNR affect

metabolite quantification, the moderate reduction in CV by the short-TE method suggests that

the spectral overlap even at 7T remains a limiting factor for reliable quantification of GABA

regardless of the improvement in SNR.

In regions of low GABA concentrations such as the M1, the editing method demonstrated

substantially better reproducibility than the short-TE sSPECIAL with any number of averages.

In such brain regions, spectral editing methods with resolved peak detection should be a

method of choice. In the GABA-rich region such as mPFC, both the short-TE sSPECIAL and

MEGA-sSPECIAL showed good and comparable reproducibility especially for 32, 64, and 96

averages, therefore short-TE methods may be a favorable choice for these brain regions even

with a small voxel size, as they are less sensitive to alterations in T2 relaxation times and offer

simultaneously reliable quantification for other metabolites such as Gln, Lac, GSH, and Gly

(CV < 15% in Table 2.5). Since the improvement in CVs is minor by increasing the number

of averages using the short-TE sSPECIAL, a short measurement protocol with 64 averages

could be used to reduce the measurement time by half (4 min) without affecting substantially

the reliability of GABA measurement. The CV values provided in our study can be used as a

guidance for protocol optimization in future clinical studies.

2.4.4 Limitations

Scheme 1 was chosen for in vivo comparison with the short-TE method, since it was the

least sensitive method to frequency drift and B1 inhomogeneity in terms of GABA editing

efficiency, however, it did not outperform the other schemes taking the susceptibility of MM

subtraction efficiency into account. Scheme 2 does not have co-edited MMs, while the GABA
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editing efficacy is sensitive to both B0 and B1 inhomogeneity. The symmetric editing pulse

application scheme (scheme 3) has been extensively used to measure GABA without MM

contamination [48, 53], and MM subtraction works efficiently at the on-resonance condition

[88]. The main drawbacks of this method are the high sensitivity to the frequency drift due

to its dependency on symmetric editing pulse application and the degraded GABA efficiency

due to B1 inhomogeneity [88]. As the ground truth of metabolites in vivo is unknown, it is

challenging to figure out the proportion of MM contamination in the acquired GABA signal

by scheme 3. The susceptibility to frequency drift of all three schemes can be reduced by

the real-time frequency update using the prospective motion correction and shim update

[89]. Future studies could be extended to evaluate the reproducibility of the other two editing

schemes.

There is also a limitation in simulation and phantom experiments using Lys. Due to the

complexity of in vivo MMs, Lys has been commonly used as a surrogate of co-edited MM

signal around 1.7 ppm [58]. It is noteworthy that Lys does not fully represent MM contribution

in in vivo spectra.

For statistical analyses to assess test-retest reliability and inter-sequence agreement, we used

calculations of CV, Pearson’s r correlation method, ICC evaluation, and the Bland-Altman plots

together. However, considering the limited number of data samples and CV calculation using

two scan sessions, the results should be interpreted with caution. The strength of correlations

of GABA measures was different from the mPFC and M1. It is very strongly correlated in the

mPFC but weakly inversely correlated in the M1 and it is similar for those of GABA/tCr. In

Dhamala, et al.’s study [68], r-value ranged from -0.11 to 0.37 for MEGA-diff vs. MEGA-off and

from 0.42 to 0.51 for SPECIAL vs. MEGA-diff. There is a significant difference in reproducibility

in the M1 between the sSPECIAL and MEGA-sSPECIAL. Therefore, the weak inverse correlation

between GABA measurements in the M1 can be caused by larger SD of values by sSPECIAL

than that by MEGA-diff.

Even though our study shows GABA measure using the editing method shows better repro-

ducibility than the short-TE method, it has to be considered that 4 sub-spectra alignment

is more sensitive to subject motion and frequency drift, especially for clinical applications.

A single-shot localization method may improve the susceptibility to motion. For example,

MEAG-sLASER sequence was introduced using optimized TE to achieve improved editing

efficiency and reduced chemical shift displacement error [44]. Since it is based on a single-shot

localization sequence, in total 2 sub-spectra are used, which is less susceptible to motion

artifacts.

In addition, it should be noted that the add-subtract scheme of the editing method is more

susceptible to artifacts from spurious echoes that are originated from residual water in distance

regions due to large magnetic field inhomogeneity outside the voxel especially in applications

using small voxels. Therefore, non-editing methods may outperform editing methods in these

cases, which requires further validation in future studies.
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2.5 Conclusions

In conclusion, the MEGA-sSPECIAL shows better reproducibility than the short-TE sSPECIAL

in both the M1 and mPFC at 7T. GABA measurements can be achieved reproducibly using

both methods even with low SNR in GABA-rich regions where the short-TE sSPECIAL could

provide the assessment of full neurochemical profile simultaneously. In areas of low GABA

concentration, the editing method is a more sensitive method to detect small changes in GABA

concentration than the short-TE method. T2 relaxation times should be estimated for accurate

quantification especially where relaxation times can be altered depending on pathological

states, tissue types, and age [73]. Lastly, the reproducibility obtained with the sSPECIAL

and MEGA-sSPECIAL sequences in multi-region at 7T with in vivo measured neurochemical

profiles can be used as guidance for setting up measurement protocols in future clinical

applications.
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3 31P metabolites relaxation time mea-
surement using MRF

Part of the work presented in this chapter was submitted under the title "Time-efficient relax-

ation measurements by 31P MR fingerprinting in human brain at 7T" as a research article to

Magnetic Resonance in Medicine. The major revision comments were incorporated and this

chapter included the revised manuscript. The preprint version is submitted to biorxiv [90]. It

is a collaboration work with Prof. Jiang Yun in Michigan, US. Contributions are as follows:

• Songi Lim (thesis author): MRF sequence design, all sequences preparation and imple-

mentation used in data acquisition, MR data acquisitions, data processing, statistical

analysis, and drafting the manuscript including revision of the first draft.
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The goal of the study is to develop 31P spectroscopic MRF at 7T to measure T1 and T2 relax-

ation times of 31P metabolites simultaneously and to compare time efficiency and test-retest

reproducibility of MRF with those of IR and multi-TE methods.

A 31P MRF scheme was designed based on a bSSFP type sequence. Dictionary was generated

using the Bloch equations. B0 map was acquired experimentally and incorporated into the

dictionary. 5 phantoms with different T1 and T2 relaxation times were prepared for MRF

validation. Simulations were performed to evaluate estimation bias. 6 volunteers were scanned

twice using the IR, multi-TE, and MRF methods to evaluate the reproducibility.

In phantom measurements, T1 values estimated by MRF and those by the IR showed strong

correlation with each other (r = 1, p < 0.001). T2 values matched by MRF and those measured

by the multi-TE method were strongly correlated with each other as well (r = 1, p < 0.001). In in
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vivo experiments, matched T1 values by MRF were in good agreement with those measured by

the IR and literature values. On the other hand, T2 estimates of PCr and inorganic phosphate

(Pi) by MRF were shorter than those measured by the multi-TE method. 31P MRF method can

reduce the acquisition time by 15 min providing less than 10% of mean CV for T1 estimations

and less than 20% of mean CV for T2 estimations of metabolites.

Our results demonstrates the feasibility of simultaneous T1 and T2 measurement of 31P

metabolites in the human brain using MRF at 7T. High reproducibility can be achieved es-

pecially for T1 measurement with 40% time reduction compared to the summed acquisition

time of the IR and multi-TE techniques.

3.1 Introduction

31P MRS is a unique technique to measure energy metabolism non-invasively and longitu-

dinally in the human brain, muscle, and heart [91–93] and has been widely used to study

various pathological conditions and cellular energetics [94–96]. The knowledge of T1 and T2

relaxation times of metabolites is essential to optimize the measurement parameters of 31P

MRS acquisition and quantification of metabolite concentration. Moreover, alterations in T1

and T2 relaxation times could be linked to changes in cellular and molecular environments

caused by pathophysiolgical conditions [97]. However, due to the low SNR, measurement

of T1 and T2 relaxation times suffers from long acquisition duration using IR and multi-TE

measurement methods because of not only the long TR but also the number of acquisitions

with different TI or TE on top of the low sensitivity. Furthermore, it is challenging to measure

T2 relaxation times of scalar coupled metabolites such as ATP with varying TE due to complex

J-coupling interactions in vivo [98] and their short T2. However, so far, only the limited number

of studies have reported T1 and T2 relaxation times in human brain at 7T [99–101] and T2

relaxation time of βATP has not been reported yet.

In order to shorten the acquisition time of T1 measurement, fast IR and dual-angle methods

were proposed [102, 103]. The drawback of short IR method is its low SNR which can result in

overestimation of T1 [104]. The dual angle method can accelerate the acquisition duration by

five-fold by using short TR (TR ≪ T1) and two FAs instead of multiple TIs, which is sensitive to

reduced SNR and B1 inhomogeneities as well due to its dependency on correct excitation FA

setting [103].

Fast T2 acquisition was performed only for T2 measurements of hepatic water and fat using
1H MRS at 3T by shortening TR in order to increase the lipid SNR, which has relatively short

T1 [105]. Considering the importance of T2 value as a potential biomarker indicating pH

level alterations [106] and microstructure integrity changes in tissues [107], it is important to

estimate T2 values accurately in metabolites quantification.

Magnetic resonance fingerprinting (MRF) is a novel technique for fast and quantitative multi-
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parametric acquisition. By changing sequence parameters such as TR, TE, and/or FAs, MRF

signal evolution can provide a unique signal pattern sensitive to tissue parameters (such as T1

and T2 relaxation times, and proton density), B0, and B1 fields [19]. To extract these parame-

ters, the measured signal pattern is then matched with the predefined dictionary generated by

the Bloch simulations. MRF has been extensively studied to further reduce scanning duration

and computational load for dictionary matching and to improve accuracy [108–111]. Even

though MRF technique has proven its robustness and time-efficiency in human MRI studies,

there are sparse studies focusing on spectroscopic MRF for both 1H and X-nuclei [18, 112,

113].

In the current study, we aim to investigate the feasibility of 31P spectroscopic MRF to measure

T1 and T2 relaxation times of 31P metabolites simultaneously in the human brain at 7T. The

performance of the 31P MRF measurement was first evaluated by simulations, then validated

by in vitro experiments, and finally its time efficiency and reproducibility were compared with

the IR and multi-TE methods in vivo.

3.2 Methods

3.2.1 MRF sequence design
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Figure 3.1: Sequence diagram of 31P MRF scheme. One cycle of MRF sequence consists of two
parts: part A) with sinusoidal FA patterns (519 FAs) and part B) with drastically changing FA
patterns sensitive to B0 and B1 inhomogeneities. There is a 5 s of delay between cycles.

The 31P-MRF pulse sequence design is based on a bSSFP type of sequence as the initial

framework [19, 114]. The MRF pulse train contains 0-180° phase alternating RF pulses with

variable FAs following a sinusoidal pattern and a fixed TR (18.9 ms). The DRESS localization
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was achieved using an 1.5-ms Shinnar-le-Roux (SLR) slice-selective excitation pulse with a BW

of 6.6 kHz. Each excitation is followed by a 16.66 ms of acquisition time with 256 data points.

The schematic of the pulse train is illustrated in Figure 3.1, which consists of two parts: A) an

adiabatic inversion pulse (HS4; 10.24 ms; inversion BW = 4.9 kHz; γB1 = 0.5 kHz) with 10 ms of

inversion delay was followed by 249 FAs. The second inversion pulse was identical to the first

inversion pulse. It was applied after 200 ms of delay and followed by 270 FAs. Total 519 FAs

were transmitted and spoiling gradients were applied after both inversion pulses to remove

remaining transverse magnetization. B) 180 drastic changing excitation FAs enveloped in a

sinusoidal shape are followed to increase sensitivity for sensing B1 and B0 inhomogeneities

[115]. Overall, one cycle of MRF acquisition is composed of two inversion pulses with inversion

delays, 699 FAs, and 5 s of delay between cycles (21.5 s per cycle).

3.2.2 Dictionary Simulations

Dictionary was generated based on the Bloch equations. The bSSFP signal profile was simu-

lated and measured experimentally. The effective excitation FA, φeff(n), was found by

φeff(n) = fB1 ·φ(n), (3.1)

where φ(n) is the nth FA in the MRF sequence pattern and fB1 is the B1 scaling factor defined

as

fB1 =
B1

B1,nom
, (3.2)

where B1,nom is the nominal transmit field strength to reach the correct FA and B1 is the actual

transmit magnetic field strength seen. For each metabolite, signal evolutions for isochromats

were simulated in a range of± 60 Hz by 1 Hz (121 steps). The chemical shift ofγ−,α−,βATP and

Pi were set to−2.52 ppm,−7.42 ppm,−15.91 ppm, and 4.71 ppm relative to that of PCr (0 ppm).

A B0 distribution (-60 Hz to 60 Hz; 1 Hz resolution) was incorporated using the histogram

of the measured B0 map (for in vitro and in vivo data) with zero mean. Off-resonance effect

was included by shifting the mean off-resonance frequency of the B0 distribution by foff. For

ATP resonances, linewidth broadening was taken into account using the convolution of the

B0 distribution with Dirac functions separated by the J-coupling constant of each metabolite

(Jβα = 16.1 Hz and Jβγ = 16.3 Hz) [116]. The subject specific signal evolution for one parameter

set was found by the weighted sum of the signal evolutions of each isochromat, given by B0

distribution, foff, J-coupling effects, and spectral leakage due to discrete FFT. T1, T2, fB1 , and

foff were free parameters of the dictionary simulation for each metabolite. The free parameters

were then matched in a pattern matching process.
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Figure 3.2: Pattern matching steps. After generating general dictionaries using different foff,
fB1 , T1, and T2 values, B0 distributions are incorporated in order to create subject-specific
dictionaries. foff and fB1 matching is preceded by relaxation parameter matching step. T1 and
T2 of each metabolite are fitted independently. #: T1 and T2 ranges are presented in Table 3.1

3.2.3 Pattern matching

A diagram of pattern matching steps is illustrated in Figure 3.2. First, general dictionaries were

created for each metabolite with isochromats, foff (−60 Hz to 60 Hz in 121 steps), and fB1 (0.6

to 1.2 in 31 steps). The T1 and T2 relaxation parameters for each metabolite were ranging in 16

and 31 steps respectively, according to the values listed in Table 3.1.

Table 3.1: Lower bounds of MRF dictionaries and their increment per step for simulation, in
vitro, and in vivo data. P1-5 indicate five agarose Pi phantoms containing different concentra-
tions of contrasts agents.

Meta.
lower bound increment

T1 [s] T2 [ms] T1 T2

si
m

u
. PCr 3.10 30 0.05 s 1.05 %

ATP 0.72 20 0.02 s 1.04 %

in
vi

tr
o P1 5.0 75 0.1 s 3 %

P2 & P3 3.5 30 0.05 s 2 %

P4 & P5 1.8 10 0.05 s 2 %

in
vi

vo

PCr 3.0 30 3 % 6 %

γATP 0.6 5 6 % 2 ms

αATP 0.65 5 6 % 2 ms

βATP 0.65 5 6 % 2 ms

Pi 2.8 25 5 % 7 %

A subject-specific dictionary was then created for each metabolite out of their general dictio-

naries as described above. The phase of the resulting complex signal evolutions was corrected
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by minimizing the imaginary components of part A. Dictionary matching was achieved by

inner product of the L2 norm of the measured pattern and the dictionary entries. fB1 was as-

sumed to be equal for all metabolites. Firstly, fB1 was found by fitting concatenated measured
31P MRF signal evolutions of PCr and γATP using both part A and B with the concatenated

dictionaries. Secondly, for each metabolite, the part A and B of the measured 31P MRF signal

evolutions was used to fit foff. In the last step, part A was used to fit the relaxation parameters

of each metabolite. fB1 and foff were set to the prior estimates. All non-assigned parameters in

each fitting step were considered as free parameters, even if their estimates were not used in a

subsequent fitting step.

3.2.4 Simulation validation

The effect of the imhomogeneity matching step on the relaxation parameter estimation was

evaluated by assessing matching error (ME) of fB1 , T1, and T2 values depending on different

ground truth values of fB1 and foff. The ME was calculated as the relative difference between

the estimated parameters and the ground truth values used in the simulation as follows

ME =
X −Xtrue

Xtrue
(3.3)

where X is a matched dictionary entry and Xtrue is its underlying ground truth value. fB1

and foff were ranging from 0.8 to 1.2 and from -10 to 10 Hz, respectively, which were altered

independently. T PCr
1 , T ATP

1 , T PCr
2 , and T ATP

2 were set to 3.8 s, 1.0 s, 60 ms, and 30 ms respectively.

Only a single isochromat was considered as an off-resonance distribution.

A Monte-Carlo simulation was performed to further evaluate the matching procedure, noise

robustness, and error due to quantification steps. 1000 pairs of PCr and γATP signal evolutions

were created with T PCr
1 , T ATP

1 , T PCr
2 , T ATP

2 , foff, and fB1 values, which were initialized uniformly

and randomly in the range [3.3; 4.3] s,[0.8; 1.2] s, [40; 80] ms, [25; 45] ms, [0.8; 1.2], and [-5; 5]

Hz in order. foff and fB1 were set the same for both PCr and γATP signal evolutions.

For both simulation evaluations, the same dictionary was used with foff ranging from −15

Hz to 15 Hz in 31 steps in addition to the chemical shift and fB1 from 0.7 to 1.3 in 31 steps.

The relaxation parameters T1 and T2 for each metabolite were ranging in 29 and 26 steps,

respectively as described in Table 3.1.

The Bloch equations used in the dictionary generation does not include chemical exchange,

which is referred to as a single pool model. In order to evaluate the influence of the dictionary

generation model, the Bloch-McConnell equations were used for simulation of 2 pool and

3 pool models incorporating the chemical exchange between metabolites. 2 pool model

included CK exchange rate constant between PCr and γATP and 3 pool model contained the

exchange between PCr and γATP and between Pi and γATP. The 2 pool model simulation

parameters were as follows. T PCr
2 was altered in 10 ms steps between [90; 190] ms, keeping

T γATP
2 fixed to 30 ms. T γATP

2 was varied in 2 ms steps between [20; 40] ms, keeping T PCr
2 fixed
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to 135 ms. The simulation and dictionary matching were performed independently for each

metaboltes. The 3 pool model simulation parameters were as follows. T PCr
2 was altered in 6

ms steps between [105; 165] ms, keeping T γATP
2 fixed to 30 ms. T γATP

2 was varied in 2 ms steps

in between [20; 40] ms, keeping T PCr
2 fixed to 135 ms. Other parameters were set as follows

for both 2 pool model and 3 pool model simulation: kPCr→γATP = 0.35 s−1, T PCr
1 = 5 s, T γATP

1 = 1

s, fB1 = 1, f PCr
off = 0 Hz, f γATP

off = 301 Hz, and MγATP
0 /M PCr

0 = 0.75. kPi→γATP = 0.23 s−1 was used

only for 3 pool model simulation. The generated signal evolutions were then fitted using

dictionaries created by the single pool model.

3.2.5 In vitro validation

All MR acquisitions were performed on a 7T/68cm MR scanner (Magnetom, Siemens Medical

Solutions, Erlangen, Germany) with a quadrature 1H (diameter = 8 cm) and a single loop 31P

coil (diameter = 6 cm) [117]. Three 1.5 L of distilled water bottles with salt were used. Five 30

mL of small bottles containing 100 mM Pi with 1.5% agarose were prepared. Two small bottles

were positioned to face each other in the 1.5 L bottles. Different concentrations of MnCl2 and

gadolinium (gadobutrol, Gadovist; Bayer Healthcare Medical Care, Berlin, Germany) were

added to the five small Pi phantoms to adjust T1 and T2 relaxation times. Concentrations of

contrast agents of each Pi phantom are listed in Table 3.2. All chemicals, otherwise stated,

were ordered from Sigma Aldrich.

B1 was modulated by changing the transmit voltage. Transmitting voltage calibration was

performed by using DRESS technique with a slice-selective SLR excitation pulse (1.5 ms, BW =

6.6 kHz). Input voltage was varied from 50 to 100 V by 10 V and chosen showing the highest Pi

signal. The IR method was used to measure T1 values in each phantom using the same DRESS

sequence (TR = 30 s; inversion delay = 20, 50, 80, 150, 300, 500, 750, 1000, 1500, 2000, 3000,

4000, 5000, 7500, 10000, 12500, 15000, 20000 ms; average = 1; vector size = 2048; slice thickness

= 30 mm). The sSPECIAL was used to measure T2 with variable TE (TR = 30 s; TE = 20, 25, 30,

40, 50, 60, 75, 100, 150, 200, 250, 300, 400 ms; vector size = 2048; VOI = 160×160×30 mm3).

MRF sequence was performed using the parameters described in Figure 3.1 (average = 4; 1

dummy scan; slice thickness = 30 mm). B0 field map acquired by a GRE sequence (TR/TE1/TE2

= 9.6/3.37/8.37 ms; FA = 5°; matrix = 256×256; slice thickness = 5 mm; 8 slices) with 60 V, 80

V, and 100 V of transmit voltages. Two general dictionaries were created with 31 steps of T2

values and 31 steps of T1 values to cover the range of relaxation parameters. Lower bounds of

the dictionaries and step sizes for the relaxation parameter matching are presented in Table

3.1. After generating individual dictionaries and incorporating the B0 maps, fitting procedure

(step 1 and 2) were started for fB1 and foff matching simultaneously.
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3.2.6 In vivo experiments

In vivo experiments were performed in 6 healthy subjects (3 female and 3 males; age 19-27

years) who provided written informed consent under the approval of the Swiss cantonal ethics

committee. Each volunteer was scanned twice to assess test-retest reproducibility of the three

techniques. The order of sequence application was randomized to avoid systematic errors. B0

shimming was performed using the 3D map shim. Transmitting voltage was calibrated using

the identical excitation pulse using a DRESS sequence same as the in vitro experiments. The

voltage was chosen by changing the input voltage by 10 V from 70 to 130 V. The linewidth of

PCr was measured before the application of each sequence in order to have similar shimming

conditions. T1 relaxation time was measured using the same DRESS sequence as the in vitro

measurements (TR = 4 s; inversion delay = 60, 200, 400, 670, 1590, 3000 ms; slice thickness =

20 mm; average = 16; 1 dummy scan; BW = 6000 Hz). Two reference spectra without inversion

pulse were acquired using the same sequence (TR = 20 and 4 s; average = 6 and 16; 1 dummy

scan; slice thickness = 20 mm; BW = 8000 Hz). The sSPECIAL sequence was used to measure

T2 relaxation times (TR = 7.5 s; TE = 15, 20, 27, 35, 48, 70, 100, 200 ms; VOI = 160×160×20 mm3;

varying averages from 8 to 16; 2 dummy scan; BW = 8000 Hz). Total scan duration of T1 and

T2 measurements for 26 min 20 s. The following parameters were used for MRF experiments:

TR/TE = 18.9/9.45 ms, number of FAs = 699, slice thickness = 20 mm, averages = 83, 1 dummy

scan, scan duration = 26 min 36 s). For comparison, the number of averages of MRF was set to

achieve the same scan duration as the T1 and T2 measurements. A B0 field map was acquired

by a GRE sequence (TR/TE1/TE2 = 9.6/3.37/8.37 ms, FA = 5°, matrix = 256×256, slice thickness

= 5 mm; 6 slices) to incorporate its B0 distribution into the dictionary in the post-processing

step.

3.2.7 Data processing

All data processing, simulations, and statistical analysis were performed using MATLAB (Math-

Works, Natick, MA, USA). For data acquired using the DRESS and sSPECIAL sequences, 6 Hz of

Gaussian apodization was applied to all FIDs before FFT using FID-A [56]. Phase correction

was preceded by 31P spectra fitting. Sub-data sets with different number of averages and time

points were prepared to evaluate the time efficiency of all methods. T1 fittings were performed

using a least-squares function lsqcurvefit. The intensity of each 31P peaks was fitted by Voigt

lineshape (a combination of Gaussian and Lorentzian lineshape). Each fitted parameters were

ensured to be within the preset upper and lower bounds. For T2 fitting, LCModel (6.3-1R)

was used for quantification of spectra acquired using the sSPECIAL sequence. The basis-set

was generated using FID-A for LCModel analysis including the following metabolites: PCr, Pi,

γATP, αATP, and βATP. Density matrix simulation was performed for J-coupled metabolites. T1

relaxation time of each metabolites was fitted using the following equation [70].

Mz (T I ) = Mz,eq (1−e
−T R

T1 ) ·
(
1− (1+α) ·e

−T I
T1 +α ·e

−T R
T1

)/(
1−e

−T R
T1

)
(3.4)
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T2 relaxation time of each metabolites was fitted using the following equation

Mx y (T E) = Mx y (0) ·e
T E
T2 (3.5)

3.2.8 Statistical analysis

The percentage CV is defined as follows

CV =
σ

µ
×100, (3.6)

where SD and mean are given as σ and µ. The CV was used to assess test-retest reproducibility

between the two sessions. In order to compare time efficiency of the two methods, mean

of estimated relaxation times and CV changes over the scanning duration were evaluated

by reducing the number of averages and TI and TE points. The number of averages of IR

and multi-TE measurements were diminished by 3/4, 1/2, and 1/4 and the number of MRF

averages were adjusted accordingly. The spectra were chosen in an arbitrary manner before

averaging. T1 and T2 fittings with reduced TI and TE points were performed using the full

averages and time points were chosen as follows: 1) TI = 60, 400, 1590, 3000 ms and TE = 20,

27, 35, 48, 70, 200 ms (total acquisition time = 19 min 48 s); 2) TI = 60, 1590, 3000 and TE =

20, 35, 70, 200 ms (total acquisition time = 13 min 52 s). Since the MRF method can measure

both T1 and T2 simultaneously, the acquisition time of IR and multi-TE was summed for fair

comparison.

Pearson’s correlation coefficient and linear regression were used in order to assess the strength

of the linear relationship between a pair of estimated relaxation parameters and linear trend

prediction [118] for 1-3 pool model simulations and in vitro MRF scheme validation. The

agreement between MRF, IR, multi-TE methods were evaluated using Bland-Altman analysis

for in vitro and in vivo experiments [73].

3.3 Results

3.3.1 31P MRF scheme validation

MEs induced by varying ground truth fB1 and foff values are illustrated in Figure 3.3 (a,d).

Fitted T1 values were not affected neither by fB1 nor foff. One the other hand, fitted T2 values

were underestimated for high fB1 by 4% and in a range between -3 and 3 Hz of foff by 4%. The

SNR dependency of MEs of fB1 , foff, and T1 and T2 of PCr and γATP are presented in Figure 3.3

(b,c,e,f). Estimated fB1 and foff values were rarely affected by SNR and lower than 5.4% and

1.2%, respectively. For relaxation parameter estimation, T1 of PCr fitting was more robust to

SNR deviation than that of γATP. T2 estimation showed similar results for both PCr and γATP

and higher MEs than other parameters. The banding artifacts of bSSFP sequence were tested

using simulation and phantom measurement in Figure 3.4. Since the banding artifacts appear
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regularly, the TR was set to position the main 5 peaks on the plateau of the off-resonance

signal profile and to be shorter than T2 of ATPs. As shown in the Figure 3.4 (b), Pi peak falls

into the banding artifact area, which can lead to significant signal loss for Pi.

Table 3.2: In vitro MRF validation results using 5 Pi phantoms containing different concentra-
tions of gadolinum and MnCl2. Measured T1 and T2 relaxation times using IR and multi-TE
methods are presented for comparison. In order to evaluate the effect of fB1 , MRF experiments
were performed three times using different input voltages (60, 80, and 100 V).

MnCl2 [µM ] Gado [µM ]
Relaxation

times
IR/Multi-TE MRF 60V MRF 80 V MRF 100V

P1 0 0
T1 [s] 6.5 6.2 6.3 6.3

T2 [ms] 95.4 90 93 94

P2 25 0.25
T1 [s] 4.81 4.55 4.6 4.7

T2 [ms] 65.6 66 63 54

P3 50 0.50
T1 [s] 3.89 3.8 3.9 3.9

T2 [ms] 46.9 48 42 42

P4 100 1.00
T1 [s] 3.18 3 3 3

T2 [ms] 32.7 28 26 28

P5 200 2.00
T1 [s] 2.3 2.2 2.3 2.4

T2 [ms] 17.4 20 18 16

Representative phantom reference image and pattern matching results are presented in Figure

3.5. Figure 3.6 shows the comparison of T1 and T2 values estimated by the IR, multi-TE, and

MRF methods. In vitro experiments present that T1 values obtained by the MRF method are

in excellent agreement (within 5% of difference) with those by the IR method. The Pearson’s

correlation coefficients for both T1 estimates by MRF and IR and T2 estimates by MRF and

multi-TE are 1 (p*** < 0.001), showing strong positive relationship between the estimated

relaxation parameters. Linear regression lines are illustrated in Figure 3.6.

In order to evaluate the effect of transmit voltage on relaxation value estimation, input trans-

mit voltage varies in a range of 60 and 100 V. The matched fB1 values increased linearly in

accordance with the increasing input transmit voltage. Similar to the simulation results, the

transmit voltage has minor effects on matched T1 and T2 values. The agreement between

the measurement methods are illustrated in 3.6 (c-d) using the Bland-Altman plots. The

estimation bias of T1 measure is 0.13 s, which is the mean difference of measured T1 values by

the IR and MRF techniques. All paired differences lied between -0.1 and 0.35 s. In case of T2

estimation agreement between the multi-TE and MRF methods, the mean difference is 3.27

ms and paired differences range from -4 ms to 10.53 ms.

The matching results compared to the ground truth 2 pool and 3 pool values are shown in

Figure 3.7. The Pearson’s correlation coefficients of matched T PCr
2 are 1 for 1 pool vs. 2 pool

and 0.99 for 1 pool vs. 3 pool (p*** < 0.001), illustrating strong positive correlation. The

coefficients r of estimated T ATP
2 are 1 for both 1 pool vs. 2 pool and 1 pool vs. 3 pool (p*** <

0.001), presenting strong positive correlation as well. The matched T PCr
2 are linearly correlated
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with the 2 pool and 3 pool ground truth values, with an significant underestimation of around

33-35% in the examined range. T ATP
2 shows an offset leading to an overestimation of 3-5 ms.

3.3.2 In vivo measurement

The representative in vivo MR fingerprints and dictionary matches are presented in Figure

3.9. The measured fingerprints of all metabolites and corresponding dictionary matches align

well with each other. T1 and T2 fitting curves acquired using the IR and multi-TE techniques

are shown in Figure 3.8. It is acquired by averaging all spectra across the subjects and the

two scans. Estimated T1 and T2 values acquired in our experiments and literature values are

provided in Table 3.3.

Table 3.3: Estimated T1 and T2 values of 31P metabolites in human brain at 7T using IR, multi-
TE, and MRF with literature values.

Meta. IR/multi-TE MRF References

T1 [s]

PCr 3.43 ± 0.17 3.76 ± 0.17 3.37-3.39 [99, 100]

Pi 3.85 ± 0.34 3.89 ± 0.84 3.19-3.70 [99, 100]

γATP 1.34 ± 0.19 1.11 ± 0.18 1.27-1.70 [99, 100]

αATP 1.25 ± 0.15 0.88 ± 0.11 1.26-1.35 [99, 100]

βATP 1.06 ± 0.16 0.81 ± 0.14 1.02-1.13 [99, 100]

T2 [ms]

PCr 126.41 ± 13.20 64.9 ± 9.0 132.0 ± 12.8 [99]

Pi 59.22 ± 7.88 46.5 ± 12.6 86 ± 2 [101]

γATP 25.65 ± 3.63 34.0 ± 4.5 26.1 ± 9.6 [99]

αATP 27.69 ± 3.43 23.3 ± 6.3 25.8 ± 6.6 [99]

βATP - 25.0 ± 8.3 -

The Bland-Altman plots shows the differences of T1 and T2 values measured by MRF, IR, and

multi-TE methods for PCr, Pi, γ-, α-, and βATP in Figure 3.10. The mean difference and

±1.96×SD of the differences are written in Figure 3.10. For the difference of T PCr
1 estimates,

the mean difference is -0.24 s and all the differences lies between -0.62 and 0.12 s. For T Pi
1

estimates, the mean difference between the IR and MRF methods is 0.03 s and all the paired

differences lies between -1.12 and 1.19 s. In case of T1 measures of ATPs, the mean differences

ranges between 0.2 and 0.38 s. For T γATP
1 , the differences of paired estimates lies between 0.04

and 0.45 s. For TαATP
1 , the differences ranges between 9 and 0.75 s. For T βATP

1 , the differences

are within -0.9 and 0.56 s except one measurement. The differences of estimated TαATP
1 values

between the IR and MRF techniques are bigger than those of T γATP
1 and TαATP

1 .

For T PCr
2 , the mean difference between the multi-TE and MRF methods is 61.55 ms and the

paired differences lies between 25.86 and 97.2 ms. For T Pi
2 , the mean difference is 12.70 ms

and the paired differences between the two methods ranges from -19.25 to 44.65 ms. In case
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of T γATP
2 , the mean difference is -8.35 ms. The differences of the paired measurements lies

between -19.87 and 3.17 ms. For TαATP
2 , the mean difference is 4.35 ms and all the paired

differences are within -11.18 and 19.89 ms range.

In Figure 3.11, measured T1 and T2 relaxation times are not biased over different acquisition

times are compared between the IR, multi-TE, and MRF techniques. T1 of PCr measured by the

IR method increases with the increasing acquisition time and converges. On the other hand,

T2 values of γ- and αATP, and Pi decrease with the increasing number of averages. In general,

T1 and T2 values estimated by MRF shows over different acquisition durations. Furthermore,

SDs of MRF determined relaxation times are smaller relative to those of the IR and multi-TE

methods especially at short acquisition times, except for T2 of Pi.

The test-retest reproducibility was evaluated using CV. CVs of estimated T1 values of the

metabolites by MRF are lower than those by the IR method (Figure 3.12). For both methods,

CV decreases as the acquisition duration increases. In case of T1 estimation by the MRF

method, it takes 15 min to reach 10% of CV for all metabolites. On the other hands, it takes

approximately 26 min to reach 10% of CV when using the IR and multi-TE methods. Con-

sidering T2 measurement, MRF shows 20% of CV within 15 min of acquisition time, which is

comparable to multi-TE method.

3.4 Discussion

In the current study, fast measurements of T1 and T2 relaxation times of 31P metabolites by

a bSSFP-based MRF framework has been introduced and demonstrated for the first time at

7T in human brain. This MRF scheme was evaluated using simulations and validated by in

vitro experiments. The reproducibility and time efficiency of 31P MRF method were compared

with the IR (T1 measurement) and multi-TE (T2 measurement) methods in vivo, suggesting

that MRF method can estimate T1 values of five metabolites with CV of less than 10% and T2

values of those with CV of less than 20% in 15 min with 40% of time reduction compared to IR

and multi-TE methods.

Measurements of T1 and T2 relaxation times of metabolites are usually time consuming using

IR and multi-TE methods due to the low signal intensity of 31P and multiple acquisition with

several TIs and TEs. MRF techniques are commonly based on bSSFP-type or gradient spoiled

SSFP type sequences. The bSSFP sequence could attain high SNR and the obtained signal

intensity is inherently sensitivity to T1 and T2 relaxation times. However, the bSSFP-type

sequence introduces the commonly known banding artifact due to B0 field inhomogeneity

[119]. In order to avoid such periodical stopband and off-resonance sensitivity, a unbalanced

stead-state type sequence was introduced for usual water signal based MRF studies [110].

Considering the low sensitivity of 31P, the current MRF scheme employed the bSSFP-type

sequence in order to take advantage of its merit in SNR.

Unlike MRF studies in MRI [19], where only one isochromat with a single off-resonance
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frequency could be assumed in small voxels, a distribution of off-resonance frequencies occurs

in a 1D-slice. Therefore, an experimentally acquired B0 map was used to characterize the zero

mean B0 distribution, which allows the accurate modeling of the bandpass induced in the

bSSFP sequence and also reduces the complexity of the parameter estimation by eliminating

one free parameter for dictionary matching. Stopband and passband [120] appear periodically,

which is defined by the dephasing time within a given TR. In this initial approach, stopband

has not been optimized for chemical shift ranges of all metabolites, as Pi peak is located near

stopband, which results in sub-optimal signal intensity of Pi as shown in Figure 3.4. It is worth

to mention that shorter TR can be preferable since less periods of the frequency response

are needed to be taken into account to cover all metabolites at cost of a spectral resolution.

Since the size of each voxel in 2D MRF is much smaller than a whole slice or non-localized

spectroscopic MRF scheme, B0 map acquisition may not be needed but it can be estimated in

the dictionary matching in the future.

Furthermore, there is significant B1 inhomogeneity caused by the surface coil [121]. The effect

of B1 inhomogeneity may not be substantial in small VOIs, while for a large VOI like a whole

slice used in this study, this effect is not negligible. However, unlike acquiring B0 map, B1

mapping of 31P coil is time consuming and lengthens total acquisition duration because of

the low sensitivity [122]. Therefore, a B1 sensitive FA pattern (part B) [115] was added in our

MRF sequence and B1 was then matched together with relaxation parameters.The phantom

experiments also show that estimated T1 and T2 parameters by MRF were not affected by the

input transmit voltage and matched B1 values corresponded to transmit voltages.

In Pi phantom validation results, matched T1 values by the MRF technique agree well with

those acquired using the IR and multi-TE methods. The in vivo measurement also shows that

T1 values of PCr, Pi, and ATPs measured by MRF are in good agreement with those obtained by

the IR method. However, measured T2 values by MRF is shorter than those by multi-TE method.

T2 underestimation has been reported in MRF studies using bSSFP readout [123, 124], which

is mainly caused by intra-voxel phase dispersion especially at large T2. T1 underestimation is

induced by slice profile imperfections [123, 124]. Since slice profile was incorporated in the

dictionary, measured T1 values between MRF and IR did not show statistical difference. In in

vivo results, the estimated T2 values of PCr by MRF was much shorter than those obtained by

multi-TE method, which could be partially resulting from the intra-voxle phase dispersion as

described in previous research [123, 124].

Besides the phase dispersion, MT affects T2 estimation as well. The singl pool model does not

take into account the chemical exchange between PCr and γATP but considers all metabolites

as an independent pool for both in vitro and in vivo. The estimated T2 values of ATP using 1

pool model and ground truth values of 2 pool and 3 pool models are strongly correlated with

each other with correlation coefficients of 1 for both (p∗∗∗ < 0.001). On the other hand, T2 of

PCr fitted using 1 pool model and ground truth values of 2 pool and 3 pool models are also

strongly correlated with each other with correlation coefficients of 1 and 0.99 (p∗∗∗ < 0.001),

respectively. However, linear regression equation indicates 65-67% underestimation trends in
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estimated T2 values using 1 pool model. This may indicate that long T2 values (such as T2 of

PCr and Pi) are more affected by the inclusion of chemical exchange into the fitting model

then short T2 values (ATPs). There was no statistically significant difference between matched

T2 values by 1 pool model between 2 pool and 3 pool models. In our results, the mean T1

of PCr matched by MRF is 64.9 ms. Using the correlation coefficient and intercept of 3 pool

model, T2 of PCr is 126.34 ms, which is closer to the T2 value measured by multi-TE method

and literature values.

Limitations

There are some limitations in this preliminary study. We used 4 s and 7.5 s of TRs for the

IR and multi-TE measurements, respectively, in order to shorten the acquisition duration,

which is shorter than ideal TR to measure fully recovered Mz at thermal equilibrium state

(5×T I ≈ 20s for PCr and Pi). The partially saturated steady-state condition is considered

in Equation (3.4) for T1 measurement but not for T2 measurement. Due to the passband

filter effect, the Pi resonance falls into the stopband area, which affects its signal intensity.

This can be improved in the future study by optimization of MRF acquisition parameters.

Furthermore, our simulation results show that T1 estimation by MRF is more robust than T2

estimation, which may present that T2 estimation is more sensitivity to B1 than that of T1.

The incorporation of B1 map or introducing a B1-insensitive acquisition scheme is expected

to further improve the T2 estimation. J-modulation was considered in T2 measurement

using multi-TE method by using simulated basis-set and LCmodel [125]. However, it was not

considered in MRF dictionary generation. In future study, coupled-spin system in steady-state

can be incorporated to improve accuracy of the MRF model [126].

3.5 Conclusions

In conclusion, our study shows the feasibility of fast and simultaneous T1 and T2 measurement

in the human brain by 31P spectroscopic MRF method with considerations for dictionary

generation. It enables to acquire T1 and T2 relaxation parameters within 15 min providing

improved T1 measurement reproducibility compared to IR and multi-TE methods.
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Figure 3.3: MEs caused by field inhomogeneities and SNR. MEs of T1 and T2 of on-resonance
peak induced by different fB1 (a) and foff (d) inputs. SNR dependency of MEs for fB1 (b), foff

(e), and T1 and T2 of PCr and γATP (c,f). The MEs of foff is expressed in absolute differences as
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Figure 3.5: Representative reference image (a) and dictionary matching results (b). The outer
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T2 values of 5 Pi phantoms using MRF are compared with those acquired from IR (a) and
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Figure 3.9: Representative in vivo MRF spectra and fingerprint matching results. 31P MRF
spectra of each FA (83 averages) are illustrated in (a). The representative anatomical image
with the slice positioning in yellow is shown in (b). (c-g) present MR fingerprints in gray and
their dictionary matches in black for PCr, γATP, αATP, βATP, and Pi, respectively.
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Figure 3.10: Bland-Altman plots for T1 (a,c,e,g,i) and T2 (b,d,f,h) of metabolites. The difference
was calculated by subtracting T1 and T2 estimates by MRF from those acquired by the IR and
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of paired T1 and T2 estimates are in x-axis. The mean difference is indicated in solid red and
values are written above the solid red line. The mean difference ±1.95×SD are illustrated in
dotted green and purple with corresponding values accordingly.

72



31P metabolites relaxation time measurement using MRF Chapter 3

5 10 15 20 25
2.5

3

3.5

4

4.5

5 10 15 20 25
0.5

1

1.5

2

2.5

3

5 10 15 20 25
0.5

1

1.5

2

2.5

3

3.5

4

5 10 15 20 25
0.5

1

1.5

2

2.5

5 10 15 20 25

2

4

6

8

10

12

5 10 15 20 25
0

50

100

150

200

5 10 15 20 25
0

10

20

30

40

50

60

5 10 15 20 25
0

10

20

30

40

50

60

5 10 15 20 25
0

10

20

30

40

50

60

5 10 15 20 25
0

50

100

150

200

time [min]

T
1

 [
s
]

T
2

 [
m

s
]

time [min] time [min] time [min] time [min]

time [min] time [min] time [min] time [min] time [min]

T! PCr T! γATP T! αATP T! βATP T! Pi

T% PCr T% γATP T% αATP T% βATP T% Pi

MRF IR (averages) IR (ti points)

MRF multi-TE (averages) multi-TE (ti points)

a) b) c) d) e)

f) g) h) i) j)

Figure 3.11: Comparison of estimated mean T1 and T2 changes over acquisition time with
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Figure 3.12: Evaluation of mean CV changes over acquisition time with SD. Mean CVs of
T1 estimates acquired using MRF, IR with the different number of averages, and IR with the
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with the different number of TE points are shown in blue, orange, and green, respectively (f-j).

74



4 3D kC K mapping using MRF

31P MRS can quantify PCr synthesis rate via CK in the brain, heart, and skeletal muscle.

However, MT-MRS methods takes long acquisition time to reach adequate SNR due to the low

phosphate metabolites concentrations using magnetization transfer (MT) technique. Various

approaches have been taken in order to shorten the acquisition duration by reducing the

number of acquired spectra either under partially relaxed conditions or assuming an intrinsic

T1 values of PCr. Recently, MRF methods were introduced to measure CK exchange rate using

saturation transfer (ST) in preclinical studies and IT in the human brain, showing improved

test-retest reproducibility and reduced scanning duration.

In this chapter, we extended a 1D IT-MRF method to 3D mapping by incorporating stack-of-

spirals k-space trajectory. In order to acquire PCr and γATP signal separately with minimum

signal contamination from each metabolite, 8-ms long Gaussian excitation pulse was designed

and tested using simulation and phantom. Asymmetric adiabatic inversion pulses were

utilized to invert PCr and γATP peaks alternatively and to amplify MT effect. MRF pattern

was designed to acquire the two metabolites separately in order, while achieving the shortest

possible TR. B0 was acquired experimentally and taken into the dictionary in order to reduce

the number of matching parameters. The feasibility of the scheme was tested in in vivo skeletal

muscle. Using the designed 3D MRF acquisition scheme, one measurement takes 3 min 27 s.

The measurements were repeated 7 times and within-session reliability was evaluated using

ICC and CV across the measurements.

• My contribution: 31P 3D MRF sequence design, all the data acquisition, simulations,

phantom validation, image reconstruction, data processing, and drafting the text.

• Section 4.2.2 and 4.3.3: The work presented in these sections were adjusted from 1D kCK

measurements in the occipital lobe done by Mark Stephan Widmaier. The 1D study was

submitted to NMR in biomedicine under the title of "Fast in vivo assay of creatine kinase

in human brain by 31P magnetic resonance fingerprinting" where I am the second author

of this work. It is currently under major revision. The preprint version is published in

ResearchSquare [127].
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4.1 Introduction

ATP is required for normal cellular activities by satisfying energy demand of tissues such as the

brain, heart or skeletal muscle. Tissues with high energy demand buffer against ATP shortage

via a reservoir of energy in the form of PCr, which is utilized by the CK enzyme reaction to

recycle adenosine diphosphate (ADP) rapidly back to ATP. Therefore, alteration in the kinetics

of the CK reaction rate can be associated with various diseases such as psychiatric diseases

[128], heart failure[129], and ischaemic muscle contractions [130]. The reaction between ATP

and PCr mediated via CK is written by

PCr+ADP+H+ k f

⇄
kr

Cr+ATP (4.1)

where k f and kr is CK forward and reverse flux rate constant in s−1, respectively.

31P MRS is a unique tool to study bioenergetics non-invasively by assessing metabolic turnover

rates using MT. The ST is the most commonly used method to measure the kinetics of

important metabolic reactions that involve phosphorus containing metabolites. However,

ST techniques are inherently time consuming not only because of the low signal intensity

of metabolites but also a long saturation pulse or a train of saturation pulses to destroy the

longitudinal magnetization of one of the chemical exchange pools. For the CK map imaging,

3D turbo spin echo sequence based 31P magnetic resonance spectroscopic imaging (MRSI) is

applied with MT preparation consisting of a train of saturation pulses. The total acquisition

time takes 32 min using classical gradient encoding steps [131] and 60 min together with T1

mapping with different TIs in muscles of the lower leg [132] at 3T. Even though, this study

shorten the acquisition time by 8-fold, it is still time consuming for clinical applications.

Acquisition duration of nD kCK (k f ) mapping can be accelerated in two ways, which includes

utilization of fast MT-MRS and spatial encoding methods. There are several fast ST techniques

such as four angle saturation transfer (FAST) [133] and triple repetition time saturation transfer

(TRiST) [134]. These methods rely on partially saturated conditions with shortened TR and

reduced number of spectral acquisition. Therefore, the accuracy of excitation FAs plays the

key role in the dual-angle-based T1 measurement. When empirical T1 values are assumed,

the number of acquisition can be further decreased as it is used in the two-repetition time

saturation transfer (TwiST) [135] and nominal T1 [136] methods. The disadvantages of the

ST techniques in human study directly at ultra-high field are high specific absorption rate

(SAR) deposition and off-resonance saturation effects [137, 138]. The ST techniques may

activate small hidden pools as well [139]. Alternatively, exchange kinetics by band inversion

transfer (EBIT) is introduced using asymmetric inversion pulses in order to amplify MT effect

in selected pathway [140, 141].

The ST based MRF method demonstrated the feasibility of measuring kCK in rat skeletal

muscle by 20 s of acquisition time showing 42% of CV achieved by 150 s traditional MT-MRS

acquisition and 12% of CV accomplished by 20 s of FAST method in 1D experiment [18].
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However, since it is based on ST, it is hard to apply in human study due to SAR issue. Recently,

MRF technique using IT was introduced to measure kCK in the occipital lobe at 7T in 2 min 15

s [142]. Even though these studies showed the feasibility of accelerated kCK measurements

in vivo via ST and IR, the applications were limited to non-localized or DRESS-localized

measurements.

So far, all the kCK measurements were acquired using traditional spatial encoding methods,

which acquire fully resolved spectra from each voxel. Accelerated spatial encoding methods

have been only tried in dynamic 31P-MRSI without MT. Using spiral gradient, it achieved to

show dynamic PCr, Pi, and ATP changes in 14 min of acquisition with 6 min of exercise period

[143]. Also, spectroscopic imaging by exploiting spatiospectral correlation (SPICE) exploits a

unique property known as partial separability of spectroscopic signals showed that a factor

of 10 acceleration can be achieved with a minimal loss in SNR using low-rank model-based

algorithm [144]. Therefore, by combining fast MT method and efficient k-space sampling, the

measurement time can be further reduced.

The goal of the study is to extend the 1D kCK measurement using MRF to 3D kCK mapping at 7T

using an accelerated spatial encoding method with stack-of-spirals trajectories. Asymmetrical

inversion pulses were utilized to selectively invert PCr and γATP alternatively in order to

amplify MT effect [140] and sample PCr and γATP separately.

4.2 Methods

4.2.1 Sequence design

RF pulse

The separation between PCr and γATP peaks in the human calf muscle is around 2.5 ppm or

300 Hz at 7T. In order to separate the two peaks with minimal signal contamination from the

other peak, it is important to use narrow bandwidth excitation RF pulse as well as to keep the

pulse duration as short as possible to reduce total acquisition time. As shown in Figure 4.1,

8-ms of Gaussian pulse with 370 Hz of FWHM and 0.082 kHz of γ
2πB1. Since the PCr signal

intensity is more than 10-fold higher than that of γATP in vivo, the RF pulse was transmitted at

PCr peak (0 ppm) for PCr imaging and it was transmitted at 3 ppm for γATP imaging in order

to minimize PCr signal contamination in γATP acquisition.

MRF pattern

MRF pattern and 3D k-space trajectory are illustrated in Figure 4.2. Total 350-FA train was ap-

plied to acquire PCr and γATP signal, respectively. For PCr, the first inversion pulse inverts PCr

while γATP is untouched and the second inversion pulse inverts γATP while PCr is unaffected.

For γATP acquisition, the first inversion pulse inverts PCr while γATP is untouched and the
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Figure 4.1: (A) 8-ms Gaussian pulse profile and (B) corresponding excitation profile.

second inversion pulse invert γATP while PCr is unaffected. Stack-of-spirals trajectory was

used to obtain 3D PCr and γATP images. 4 spatial interleaves were used in order to shorten TR.

4.2.2 MRF dictionary generation and matching

Fingerprint simulation

Bloch-McConnell equations were used to generate dictionary. Two-pool exchange model

was used to estimate the forward rate constant of CK between PCr and γATP. Since γATP

is a J-coupled metabolite with 16.1 Hz of J-coupling constant, the doublet is split into two

sub-pools as γATPa and γATPb . It is assumed that there is no magnetic exchange between the

two sub-pools. For convenience of notation, the T1 and T2 relaxation times of PCr and γATP

are denoted as follows

1

T PCr
1

= RPCr
1

1

T γATP
1

= RγATP
1 (4.2)

1

T PCr
2

= RPCr
2

1

T γATP
2

= RγATP
2 (4.3)

The free precession, relaxation and magnetisation exchange matrices can be described as

AL =



−RPCr
1 −k f kr kr

1

2
k f −RγATP

1 −kr 0

1

2
k f 0 −RγATP

1 −kr


(4.4)
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Figure 4.2: (A) MRF FA pattern. PCr and γATP are acquired alternatively in one cycle. Two se-
lective inversion pulses are applied to PCr and γATP, respectively in each PCr/γATP acquisition.
(B,C) Enlarged sequence diagram with gradients. (D) 3D stack-of-spirals k-space trajectory. In
order to minimized TR, 4 spatial interleaves were used to sample the entire k-space.

and

AT =



−RPCr
2 −k f ωPCr kr 0 kr 0

−ωPCr −RPCr
2 −k f 0 kr 0 kr

1

2
k f 0 −RγATP

2 −kr ωγATPa 0 0

0
1

2
k f −ωγATPa −RγATP

2 −kr 0 0

1

2
k f 0 0 0 −RγATP

2 −kr ωγATPb

0
1

2
k f 0 0 −ωγATPb −RγATP

2 −kr



, (4.5)

where the forward CK rate constant is denoted as k f (PCr → γATP) and the reverse rate

constant is defined as

kr = k f ·CR (4.6)

where CR is a concentration ratio of the two exchanging pools as follows

CR =
M PCr

0

MγATP
0

(4.7)

where M PCr
0 and MγATP

0 denote the equilibrium magnetizations of PCr and γATP, respectively.
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The precession frequency ωX is defined as

ωX = 2π( f X
0 + foff) (4.8)

where f X
0 is a resonance frequency of metabolite X and foff is a frequency offset.

The longitudinal magnetization is found by

ML(n +1) = e AL∆t ML(n)+R (4.9)

The transverse magnetization is written as

MT (n +1) = e AT∆t MT (n) (4.10)

where ∆t is the acquisition time, the magnetizations are

ML = [M PCr
z MγATPa

z MγATPb
z ]T (4.11)

MT = [M PCr
x M PCr

y MγATPa
x MγATPa

y MγATPb
x MγATPb

y ]T (4.12)

and the relaxation matrix is

R = (eAL∆t I)A−1
L M PCr

0

[
RPCr

1

RγATP
1

2CR

RγATP
1

2CR

]T

(4.13)

with I as an identity matrix and [•]−1 as an inverse of a matrix.

A B0 distribution and a coil sensitivity approximation of a coil in use were incorporated in the

dictionary. The effective excitation FA (φeff) is defined as

φeff = CRF ·Ccoil · fB1 ·φ (4.14)

where CRF is an excitation pulse profile, Ccoil is a coil sensitivity, φ is a nominal FA, and fB1 is a
γ

2πB1 scaling factor

fB1 =
B1

B1,nom
(4.15)

where B1,nom is the nominal transmit field to reach φ and B1 is the actual transmit magnetic

field strength.

Parameter matching

In dictionary generation, T PCr
2 , T γATP

2 , the resonance frequencies f PCr
0 , and f γATP

0 were fixed

to 135 ms, 30 ms, 0 ppm, and −2.52 ppm, respectively, using literature values [145]. The

following 6 parameters are estimated in the matching procedure: fB1 , the mean off-resonance

foff, T PCr
1 , T γATP

1 , CR, and kCK. Fitting is proceeded with the inner product of the L2 norm of
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the measured pattern and the dictionary entries [19].

We used an nested iteration interpolation method (NIIM) in order to estimate correlated

parameters. The NIIM combines an iterative and interpolating approach to reduce dictionary

generation and fitting time instead of creating MRF dictionary with possible combinations of

free parameters. The problem is solved using n times 4 dictionaries, where n is the number of

k0,n
CK = [1,2, . . . ,n, . . . , N ] starting values. Further, start assumptions will be referred as x0 and

iteration estimates of the nth k0,n
CK starting value as x̂n . All fittings and dictionary creations were

performed on an Intel Xeon Silver 4216. Otherwise stated, the starting values of parameter X

in nth iteration step is denoted as X 0,n and the nth estimate is written as X̂ n .

Iterative part

In the first iteration (IT1) step, f n
B1

and f n
off were determined. For each k0,n

CK , a dictionary with

fB1 ranging in 76 values from 0.60 to 1.35 and foff ranging in 21 values from −10 Hz to 10

Hz is created. T 0,PCr
1 , T 0,γATP

1 and CR0 were fixed to start assumptions with 5 s, 1 s, and 1.33,

respectively. In the first iteration, n estimations of f̂ n
off and f̂ n

B1
are found.

In the second iteration (IT2) and third iteration (IT3), T̂ n
1 and concentration ratio (ĈR

n
) of

PCr and γATP were determined. The estimated f̂ n
off and f̂ n

B1
from the IT1 are used to create a

dictionary for γATP, using start assumptions for T 0,PCr
1 and CR0. Afterward in the third iteration

step (IT3), a dictionary to estimate T PCr
1 is created using all prior estimates ( f̂ n

off, f̂ n
B1

, and

T n,γATP
1 ). T̂ n,γATP

1 and T̂ n,PCr
1 was fitted using γATP and PCr signal evolutions, respectively. For

both metabolites, T1 values are varied with 31 steps and a 2.5% incremental step from a start

value depending on the k0,n
CK , with [0.65,0.62,0.60,0.58,0.55] and [3.00,3.25,3.50,3.75,4.00] for

γATP and PCr respectively. Concentration ratio ĈR
n

was calculated by the scaling factor of

γATP divided by that of PCr such that

CR =
1

K

K∑
k=1

SγATP
k,meas ·SPCr

k,sim

SγATP
k,sim ·SPCr

k,meas

, (4.16)

where K is the number of FAs, k is the FA index with its respective simulated signal Sk,sim and

measured signal Sk,meas.

In the last iteration (IT4), the last free parameter kn
CK was determined. The last set of dictionar-

ies are simulated using the prior estimated five parameters. The dictionary contains 56 steps

of kCK ranging from 0.05 to 0.60 in an incremental step of 0.01.

Interpolation part

Each k̂n
CK might be biased due to the difference between the true underlaying kCK and k0,n

CK .

As demonstrated in the simulations (Figure 4.9), the dependency can be assumed as a linear

81



Chapter 4 3D kC K mapping using MRF

behavior. The final estimate kCK is found by minimizing the absolute linear least-square fit

(LQF) of ∆kCK. Therefore, the final kCK is chosen to minimize the difference between k̂n
CK and

k0,n
CK as follows

kCK = min(|∆kLQF|), (4.17)

where

∆kCK = k0
CK − k̂CK. (4.18)

Furthermore, simulations showed that the all other free parameters are as well linearly depen-

dent on k0,n
CK . Therefore, bias corrected estimations of these parameters can be found, if k0

CK

equals kCK. To correct the bias, interpolations of LQF of T̂ PCr
1 , T̂ γATP

1 and ĈR over kn,0
CK are used.

The final estimates are obtained from the linear LQF-function at kCK.

Error estimation by simulations

To investigate the impact of bias of k0
CK on the k̂CK, T̂ γATP

1 and T̂ PCr
1 estimations, simulations

are performed with initial ground truth values set to kCK = 0.37 s−1, T PCr
1 = 5.0 s, T PCr

2 = 135

ms, T γATP
1 = 1.0 s, T γATP

2 = 30 ms, CR = 1.33, fB1 = 1 and foff = 0 Hz. 5 k0,n
CK values are used as

follows: [0.2, 0.3, 0.35, 0.4, 0.5] s−1 to solve the problem. A linear dependency is found in the

interpolation part, which is exploited in the NIIM.

ME of the NIIM approach is evaluated using simulations. The full estimation procedure is

examined by deviate the ground truth value of one parameter at a time, leaving all other

parameters in their initial ground truth values described as above. The ground truth value of

each parameter is varied in a range of ±50% from its initial ground truth values with a 5% step.

The dictionaries are generated having 50 steps with a step size of 2.5% of their initial ground

truth values. The ME is calculated as the relative deviation of an estimated parameter X to its

underlying ground truth Xtrue, where

ME =
X −Xtrue

Xtrue
. (4.19)

The mean matching error (MME) is defined as the average of the absolute ME.

Lastly, the noise robustness of NIIM is evaluated by Monte-Carlo simulations. 1000 signal

evolutions of PCr and γATP are generated. kCK, T γATP
1 , T PCr

1 , and Cr are randomly initialised

in the range of [0.2, 0.5] s−1, [0.7, 1.3] s, [4, 7] s and [0.6, 0.9], respectively. fB1 and foff are

generated using Gaussian distributions (mean = 1 and SD = 0.05; mean = 0 and SD = 3,

respectively). All signal evolutions are processed with NIIM for different Gaussian noise levels

with SNR= [0,3,6,9,12,30] dB.
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4.2.3 PCr and γATP separation

Simulation

In order to evaluate B0 drift and B1 inhomogeneity, frequency offset was ranged between -100

to 100 Hz by 1 Hz and FA was varied from 0 to 90 degree by 1 degree.

Phantom

30 and 50 mM of 125 mL Pi phantoms with different pH levels were prepared to mimic in

vivo PCr and γATP conditions. The two phantoms were positioned in a 1.5 L of distilled water

bottle with salt. Volume coil was used to display the whole phantom. 3D map shim was

used to before the data acquisition and the shimming volume was set to cover the entire FOV

(25×25×25 cm3). Non-localized FID sequence was followed to measure the transmit voltage

to apply correct FA by changing from 150 to 200 V by 10 V. 3D bSSFP sequence was acquired to

acquire 6 slices of 31P MR images (TR/TE = 14/7ms; FA = 30°; FOV = 230×230 mm3; in-plane

resolution = 3.5×3.5×25 mm3; slice thickness = 25 mm; 4 spiral interleaves; average = 1000;

number of slice = 6; acquisition time = 5 min 36 s per each image; center frequency at 0 ppm

and 2.53 ppm alternatively).

Acquisition scheme

The 3D MRF acquisition scheme is illustrated in Figure 4.3. One cycle of MRF acquisition

consists of PCr and γATP signal acquisition parts. One cycle is repeated four times for k-space

sampling and each slice is acuiqred in order. The total acquisition time takes 3 min 27 s.

4.2.4 In vivo data acquisition

All MR acquisitions were performed on a 7T/68cm MR scanner (Magnetom, Siemens Medical

Solutions, Erlangen, Germany) with a quadrature 1H (diameter = 8 cm) and a single loop
31P coil (diameter = 6 cm) [117]. In vivo data were acquired from two healthy subjects (1

female and 1 male; 26-30 y.o). 3D map shim was used to before the data acquisition and the

shimming volume was set to cover the entire FOV(25×25×25 cm3). 1H 2D GRE reference

images were acquired (TR/TE = 6.5/2.82 ms; FOV = 230×230 mm2; matrix = 256×256; slice

thickness = 5 mm; 40 slices; 2 averages). The transmit voltage resulting the highest PCr

signal was chosen as the input voltage for all 31P data acquisitions. Using non-localized FID

sequence with the identical RF pulse (8-ms Gaussian pulse), the transmit voltage calibration

was performed by changing from 60 to 120 V by 10 V. B0 and B1 maps were acquired to evaluate

field inhomogeneities. 3D map shim was performed prior to the data acquisition and the

shimming volume was set to cover the entire FOV (25×25×25 cm3). For B0 map, the double-

echo GRE sequence was applied (TR/TE1/TE2 = 478/3.4/8.37ms; FOV = 230×230mm2; matrix

= 128×128; average = 2; slice thickness = 5 mm; number of slice = 20). 31P GRE sequence was
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Figure 4.3: 3D kCK MRF acquisition diagram. In each cycle, PCr and γATP signals are obtained
alternatively. The order of PCr and γATP acquisition can be switched. In order to complete
measurement in one slice, total 4 spatial interleaves are applied. The number of slice can be
adapted to avoid imaging artifacts. Using the designed MRF pattern, 1 cycle of acquisition
takes 10 s and total acquisition time is 3 min 27 s.

utilized to acquire B1 map using double angle method (DAM) [146] (TR/TE = 500/3.46 ms;

FA1/FA2 = 25/50°; FOV = 200×200 mm2; slice thickness = 30 mm; matrix = 24×24; in-plane

resolution = 9.6×9.6×30 mm3; average = 32). In order to shorten the acquisition duration of

B1 map, 4 s of T1 of PCr was assumed [147]. 3D MRF bSSFP was obtained (TR/TE = 14/7 ms;

average = 7; FOV = 230×230 mm2; in-plane resolution = 7×7×30 mm3; 4 spiral interleaves;

slice thickness = 30 mm; number of slices = 5; total acquisition time = 22 min 5 s). The slice

was positioned perpendicular to the surface coil in transverse direction. For in vivo dictionary

matching, the boundary values and increments of are listed in Table 4.1.

Table 4.1: Lower and upper bounds and increments used in MRF dictionary generation

Lower bound Upper bound Increment

kCK 0.05 0.6 0.01 s−1

γ
2πB1 0.4 1 0.02

CR 0.1 0.5 0.025

4.2.5 Data processing

All the data acquired were processed using MATLAB (MathWorks, Natick, MA, USA).
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B0 field map

∆θ = angle

(∑
j

S2, j S∗
1, j

)
(4.20)

where ∆θ is the weighted mean phase difference in radian, S1, j and S2, j denotes the complex

image at first and second echo for j th channel. S∗ indicates the complex conjugate of S [148].

The ∆B0 in Hz is acquired using the following equation:

B0 = −∆θunwarp

γ1H∆TE

∆B0 =
γ31P

2π
B0

(4.21)

where ∆θunwarp is unwrapped phase difference [149] and γ1H and γ31P are gyromagnetic ratio

of 1H and 31P in rad · s−1 ·T−1, and ∆TE is the difference between TE1 and TE2.

B1 field map

The FA θ is proportional to B1 and duration of RF pulse τ as follows

θ = γB1τ (4.22)

In the DAM, the irradiated FA θ can be obtained using two signal intensities of images acquired

by FA α and FA 2α as follows

θ = arccos

(
S2

2S1

)
(4.23)

where S1 and S2 are signal intensities of images acquired using FAα and FA 2α in order. The FA

map is then acquired by calculating θ values for each voxel. In order to remove T1 dependence

in acquired signal S, a long TR is needed (TR ≥ 5T1). The ratio between the signal intensity

S∞ with TR = ∞ and the signal intensity Sx with TR = x can be obtained using the following

relation:

S∞/Sx =
1−cosαe−

T Rx
T1

1−e−
T Rx
T1

(4.24)

Therefore, S∞ can be obtained using the relation in Equation (4.24) and Sx acquired at any TR.

3D spatial encoding and image reconstruction

Variable density spiral gradients were designed to cover 23×23 cm2 of FOV. The 4.96 ms of

spiral gradients were prepared to shorten the TR and 4 spatial interleaves were used to cover

the entire k-space. Including rewinding gradients, the total duration of gradient projection was

extended to 5.72 ms as shown in Figure 4.4. The zero and first moments of the trajectory equal
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Figure 4.4: Spiral gradient design. (A) 4 normalized spiral gradient k-space trajectories. These
are identical gradients with different rotational angle to cover the k-space. (B,C) Normalized
Gx and Gy gradients without rewinding part (4.96 ms). The total gradient duration including
rewinding part is 5.72 ms.

to zero. A series of images acquired using spiral k-space trajectories were reconstructed using

NUFFT [150]. Denosing methods were not applied to the reconstructed images. The SNR was

calculated using the snr function in the MATLAB, which produces SNR in dB. Measured signal

evolution of each voxel was used as an input. The SNR of PCr, γATP, and concatenated PCr

and γATP data were evaluated separately.

Statistical analysis

Within-session reproduciblility was assessed using ICC [151] and CV by taking each acquisition

as individual measurements. The ICC is calculated as below

ICC =
MSR −MSE

MSR
(4.25)

where MSR denotes between-object variance and MSE indicates error variability. ICC values

between 0.5 and 0.75 are regarded as moderate reliability, between 0.75 and 0.90 are considered

as good reliability, and values greater than 0.9 are taken as excellent reliability [72]. Paired t-test

was performed to compare estimated kCK values between two different muscle compartments

(p∗ < 0.05, p∗∗ < 0.01, p∗∗∗ < 0.001).
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In vivo data preparation

Both 31P PCr images and 3D MRF data were reconstructed using NUFFT. Since the B0 and B1

field maps were obtained using Cartesian k-space trajectories, the images were reconstructed

directly using 2D FFT. The 31P PCr map was used as a reference image to crop MRF data and B0

map. The averaged signal intensity of noise area was used as a threshold for a cropping mask.

Considering the in-plane resolution of 31P MR data, B0 map was resampled from 128×128

matrix to 32×32 matrix by averaging adjacent 4×4 matrix and 5 slices were averaged so that

each voxel matches with corresponding 3D MRF voxels before cropping.

The B0 map was incorporated into the subject-specific dictionary. After dictionary generation,

the matching procedure was performed using cropped MRF data by taking complex dot

product between the measured signal time course and all entries of the dictionary. kCK was

directly retrieved through the matching process.

4.3 Results

4.3.1 Simulation evaluation

B0 and B1 inhomogeneity effects on PCr and γATP signal were presented in Figure 4.5. Taking

the signal intensity ratio between γATP and PCr (< 1/10), PCr signal contamination in γATP

acquisition is more severe than γATP signal in PCr measurement. Therefore, the center

frequency of γATP selective pulse was shifted by 0.5 ppm. For PCr, in ± 100 Hz of frequency

shift range, it showed maximum 12% of γATP signal contamination in Figure 4.5 (B). For

γATP, under the same condition, the estimated maximum PCr signal contamination was 3% in

Figure 4.5 (D).

4.3.2 Phantom validation

The presented spectrum was acquired using sSPECIAL sequence in Figure 4.6 in blue. The

excitation profiles of the RF pulse were illustrated in red. In order to evaluate the selectivity of

the Gaussian pulse, non-localized FID sequence was applied at 0 ppm, 1.26 ppm, and 2.53

ppm, respectively in Figure 4.7. The figure shows that PCr and γATP signal can be separated

using the designed RF pulse.

After FID spectra acquisition, 3D 31P bSSFP sequence was applied to acquire images from

the two phantoms in Figure 4.8. In order to assess the dependency on slice orientation, the

slice was positioned in the transverse (perpendicular to the 31P loop) in Figure 4.8 (A-D) and

coronal directions (parallel to the 31P loop) in Figure 4.8 (E-H). The figure showed that the

current 3D 31P bSSFP scheme with the selective RF pulse application does not excite other

metabolite in another bottle.
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Figure 4.5: Effects of B0 and B1 inhomogeniety in PCr and γATP signal acquisitions. Frequency
offset was varied between -100 to 100 Hz by 1 Hz centered at (A) 0 ppm for PCr and (C) 2.57
ppm for γATP together with FA from 0 to 90°. (B) γATP signal changes when the excitation
pulse was transmitted to 0 ppm with ± 100 Hz frequency drift. (C) PCr signal changes when
the excitation pulse was transmitted to 2.57 ppm with ± 100 Hz frequency drift.
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Figure 4.6: The blue spectrum is acquired using the sSPECIAL sequence (TR/TE = 15000/15
ms) from two bottled Pi phantom with different pH levels. The red lines indicate the excitation
profile applied at 0 ppm and 2.53 ppm to acquire images of each bottle. The y-axis describes
normalized transverse magnetization intensity.

4.3.3 Dictionary matching validation

Figure 4.9 (A) shows the linearity of ∆kCK over k0
CK in nth iteration step. In the interpolation

part of the NIIM, firstly, the point where ∆kCK equals to zero is found as final kCK estimate.

In Figure 4.9 (B,C), the linear dependency of estimated T̂ PCr,n
1 and T̂ γATP,n

1 is observed over

different initial k0,n
CK in nth iteration step. The final estimates of T PCr

1 and T γATP
1 are found

where ∆kCK is equal to 0, which is derived from the result in Figure 4.9 (A). Here, the final

estimates of kCK, T PCr
1 , and T γATP

1 are 0.364 s−1, 4.96 s, and 1.01 s, respectively while the ground

truth of each parameters are 0.37 s−1, 5 s, and 1 s showing less than 1% of difference.

The ME depending on the different ground truth was evaluated by variable ground truth values

of kCK, T PCr
1 , T γATP

1 , T PCr
2 , T γATP

2 , and CR. The deviation of final estimates of the 5 parameters

is described in Figure 4.10. The results shows that the matched values are strongly affected by

the ground truth T2 values of PCr. Less than 5% matching errors are mostly expected for all

estimated parameters in the investigated range of kCK, T PCr
1 , T ATP

1 and CR. At the boundaries

of the investigated range, the ME of T PCr
1 and T γATP

1 reached 11%. Since T2 was not included

in the estimation process, a bias in the assumed T ATP
2 and T PCr

2 leads to different extent of bias

in estimated parameters, especially for kCK values. A bias of −25% to 50% in estimated kCK

value may be introduced by a ± 50% bias in the T PCr
2 value.

The accuracy of NIIM method with different SNR is illustrated in Figure 4.11. The MME of kCK

ranged from 11% to 6% between 0 and 30 dB. Both the mean and SD of the ME decreases with

increasing SNR as shown in Figure 4.11 (A). The kCK estimations show strong correlation with

at an SNR of 12 dB with an R2 value of 0.91 in Figure 4.11 (B). The Bland-Altman plot shows

the difference between estimated kCK values and corresponding ground truth values, showing

89



Chapter 4 3D kC K mapping using MRF

-8-6-4-202468 -8-6-4-202468 -8-6-4-202468

RF at 0 ppm RF at 1.26 ppm RF at 2.53 ppm

ppm ppm ppm

A) B) C)

Figure 4.7: Non-selective FID spectra acquired using 8-ms Gaussian pulse. (A) The RF pulse
was applied to 0 ppm. (B) The RF pulse was transmitted to 1.26 ppm in the middle of the two
peaks. (C) The RF pulse was applied to 2.53 ppm.
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Figure 4.8: (A) Transverse and (C) coronal reference 1H MR image of the phantom. Transverse
31P MR image when (B) 2-ms of Gaussian pulse was applied to 0 ppm, (C) 8-ms Gaussian pulse
was applied to 0 ppm, (D) and 2.53 ppm in order. Coronal 31P MR image when (F) 2-ms of
Gaussian pulse to 0 ppm, (G) 8-ms Gaussian pulse was applied to 0 ppm, and (E) 2.53 ppm,
respectively.
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a zero mean difference with an SD of 0.05 s−1.

4.3.4 In vivo data

The in vivo ∆B0 field map was further evaluated by obtaining data from the skeletal muscle.

Figure 4.12 described the representative B0 map (A), 20-slice averaged ∆B0 from each pixel

(B), and 10-slice averaged ∆B0 from each pixel (C). As it shows in Figure 4.12 (A), the highest

B0 inhomogeneity is presented mostly in the subcutaneous fat and skin area, which can be

cropped later by 31P PCr reference mask. The ∆B0 values lie between -60 to 90 Hz in in vivo

condition.

The acquired B1 maps using the DAM and MRF are illustrated in Figure 4.13. For comparison,

the B1 maps were re-scaled by dividing each B1 value by the maximum values. The pixel-wise

comparison between the two are presented in Figure 4.13 showing percentage difference (C)

and linear regression line (D). The pixel-wise percentage differences between the two methods

were in a range of -20 to 20% for more than 80% of pixels.

For single in vivo measurements, the mean SNR of PCr signal across the voxels ranged from

3.99 to 4.78 dB and that of γATP lied between -7.05 and -6.16 dB. The concatenated PCr and

γATP signal resulted in the SNR range between 2.09 and 2.69 dB. The mean SNR of averaged

signal evolutions of PCr was 10.59 dB. For γATP, the mean SNR was -1.10 dB. The averaged

concatenated PCr and γATP fell into 8.43 dB. There was no significant difference in SD for

both single measurements and averaged data.

The in vivo data acquired in the skeletal muscle are illustrated in Figure 4.14. The representa-

tive GRE reference image, kCK map, overlaid kCK map on top of the GRE image are presented

in Figure 4.14 (A-C). The measured PCr signals from different voxels with matched dictionary
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Figure 4.12: (A) Representative B0 map. (B) ∆B0 map averaged of 20 slices with 5 mm of slice
thickness. (C) ∆B0 map averaged of 10 slices with 5 mm of slice thickness.

entries are described in Figure 4.14 (D,E). The obtained signal evolutions were taken from two

voxels with different kCK values (0.19 s−1 and 0.30 s−1, respectively). Reported kCK values from

the calf muscle are listed in Table 4.2 to compare the matched kCK values by MRF in our study

to literature values.

Considering different muscle compartments in the skeletal muscle, Region A and B are chosen

based on the reconstructed kCK map, which have the same distance from the surface coil.

Region A indicates the left bottom part and Region B points out the right bottom part, which

are marked in Figure 4.15 (A,B). For both regions, 8 voxels were selected. In the selected

regions, voxels are chosen by excluding outliers, which result in dictionary entries equal to the

upper/lower boundary value.

The mean kCK values and SDs across the voxels in two different regions are presented in Figure

4.15 (C,D). One average from each subject was excluded from the analysis since more than 1/3

of matched kCK values reached the boundary values even with comparable SNR with other

sessions.

The CV maps are presented in Figure 4.16. For both subjects, more than half of the voxels

showed lower than 30% of CV values. The ICC values across averages are 0.77 (p∗∗∗ < 0.001)

for subject 1 and 0.65 (p∗∗∗ < 0.001) for subject 2 revealing good and moderate reliability

values, respectively.

4.4 Discussion

This study shows the feasibility of rapid 3D kCK mapping using MRF in human at 7T for the

first time. The MRF scheme is designed to achieve a single measurement in 3 min 27 s and

within-session reproducibility is evaluated using obtained kCK map from each average (total 7

measurements).
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Figure 4.13: (A) B1 map acquired using DAM. (B) B1 map acquired using MRF. (C) Percentage
B1 difference between DAM and MRF. (D) Pixel-wise estimated B1 comparison between DAM
and MRF with linear regression line
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Figure 4.14: (A) Reference image acquired using GRE sequence. (B) kCK map acquired using
3D MRF with 1 average. (C) the kCK map is overlaid on the reference image. (D,E) Measured
signal evolutions and matched dictionary entries with different matched kCK values. The
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0.30 s−1, respectively).
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Figure 4.15: (A,B) Representative kCK maps of subject 1 and 2 acquired using single MRF
measurement were overlaid on top of GRE reference images. Region A and B are marked in
red. (C,D) Mean and SD of kCK values in the selected regions (Region A and B) from subject 1
and 2.
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Figure 4.16: Within-session CV maps. (A) CV map from subject 1 across the averages. (B) CV
histogram of subject 1. (C) CV map from subject 2 across the averages. (D) CV histogram of
subject 2.
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Table 4.2: Summary of reported kCK values in the skeletal muscle

Methods B0 Localization Region Acquisition time kCK [s−1] Ref

FAST 7T DRESS skeletal muscle 3.5 min 0.27 ± 0.02 [152]

EKITa 7T non-localized skeletal muscle 55 min 0.31 ± 0.05 [145]

EBIT 7T non-localized skeletal muscle 8 minb 0.31 ± 0.05 [141]

BOASTc 3T 3D skeletal muscle 60 min 0.31 ± 0.02 [153]

BOAST 7T 3D skeletal muscle 48 min 0.273 ± 0.004d [153]

BOAST 7T 3D skeletal muscle 48 min 0.281 ± 0.002e [153]

ST 3T 3D tibialis anterior 40 min 0.26 ± 0.05 [154]

ST 3T 3D soleus 40 min 0.30 ± 0.04 [154]

ST 3T 3D gastrocnemius lateralis 40 min 0.32 ± 0.05 [154]

ST 3T 3D gastrocnemius medialis 40 min 0.31 ± 0.05 [154]
a exchange kinetics by inversion transfer (EKIT)
b The complete EBIT experiment consists of 4 modules and each module takes 8 min.
c Bloch-Siegert four angle saturation transfer (BOAST)
d Mean of all voxels
e Mean of selected voxels within 20% of the target FAs

4.4.1 Simulation and in vitro validation

The acquisition of PCr and γATP images were validated using simulation and phantom ex-

periments. Considering the coil sensitivity of the surface coil, the volume coil was chosen

to display the whole phantom and reconstruction results. Since PCr has the highest signal

intensity, even though γATP is excited together with it, it can only have maximum 10% of

signal contamination in PCr acquisition, However, For γATP, 10% of PCr signal can be the

same or even higher than acquired γATP signal intensity. Therefore, the selective RF pulse

design was intended to minimize the signal contamination in each acquisition.

As it is shown in Figure 4.12, 98% of ∆B0 values are in a range of ± 40 Hz. Based on the

simulation results in Figure 4.5, the estimated PCr signal contamination in γATP acquisition

is 0-1.5% up to 60° of FA and 2% up to 90° of FA. For both peaks at 0 and 2.53 ppm, acquired

signal shows 1% of signal intensity changes at 0 ppm and 15% of changes at 2.53 ppm, which

was caused by the fact that center frequency of RF pulse for γATP is shifted by 0.5 ppm (60 Hz)

in order to reduce the PCr signal contamination.

The 3D stack-of-spirals trajectory and reconstruction scheme were validated by acquiring 31P

images from the two-bottle phantom. The reconstructed images in Figure 4.8, the 8-ms long

Gaussian pulse can excite each peak at 0 ppm and 2.53 ppm separately. For comparison, 2-ms

Gaussian pulse with the same RF amplitude profile was applied to acquire the images from

the both phantoms.

For in vivo experiment, B0 field map was acquired to compare the results to the simulation

results with the surface coil, which has higher B0 inhomogeneity than the volume coil. Even

using the surface coil, 98% of pixels from 20- and 10-averages slices are within ± 40 Hz of ∆B0
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values. The known frequency drift during data acquisition is 1 Hz per 5 min in 1H MRS at 3T

[155] and 0.7 ± 0.2 Hz per min in 3D chemical exchange saturation transfer MRI based on

glycosaminoglycans of articular cartilage at 7T [156]. Therefore, the maximum frequency drift

might be around 9 Hz for 10 min of acquisition time.

4.4.2 In vivo data

In 31P MRS studies, surface coils are preferred since their higher SNR efficiency than volume

coils. However, they suffer from severe transmit field inhomogeneity. Unlike B0 map, measur-

ing a transmit B1 field map is time consuming which can take longer than MRF measurement

as it took 14 min for the skeletal muscle and 30 min for the heart using the Bloch-Siegert scans

[153].

The limitation of existing FAST kCK measurements in 1D or nD studies is its dependency

on accurate transmitting FA. At ultra high field (≥ 7T), long adiabatic RF pulse with high B1

can easily exceed SAR limitations. Non-adiabatic pulse can have limited ability to achieve

homogeneous FA [152]. Therefore, in order to compensate this limitation, B1 map acquisition

should be preceded by FAST technique to deliver desired FA at the target area or voxels [157].

In our MRF scheme, B1 is taken as a matching parameter in the model without measuring B1

map experimentally to resolve this issue.

The SNR comparison results showed that there is no statistically significant difference in

SNR for PCr, γATP, and concatenated time courses between single measurements. SNR gain

due to the increased number of averages is higher in γATP and concatenated time courses

than in PCr, which can be derived from higher PCr concentration than that of γATP. Based

on the simulation results in Figure 4.11, expected MME of matched kCK values from signal

averages ranges between 7 and 10%, while that of 7 averaged signal evolutions is around 7%.

Considering the acquisition duration, single measurement is more time efficient in terms of

SNR gain and expected MME than the measurement with 7 averages.

The Figure 4.14 (B,C) showed the kCK map acquired in 3 min 27 s. The means of estimated

kCK values in Region A and B are 0.28±0.01 s−1 and 0.25±0.02 s−1 for subject 1 and 0.28±
0.02 and 0.26 ± 0.02 for subject 2, respectively. Region A is mainly located in the soleus

and gastrocnemius medialis and Region B is positioned in the gastrocnemius lateralis and

gastrocnemius medialis areas [131, 132]. The measured kCK values on the muscle in resting

state is 0.27 ± 0.02 s−1, acquired using DRESS-localized FAST method with a surface coil at 7T

[152]. Other studies using IT reported 0.264 ± 0.023 s−1 using non-localized EKIT [145] and

0.31 ± 0.05 s−1 by non-localized EBIT [141] at 7T in the skeletal muscle. Our results are in good

agreement with the literature values.

The ICC values described moderate to good reliability in within-session reproducibility evalu-

ation (ICC = 0.66 - 0.77, p < 0.001). As Figure 4.16 (A,C) showed, the pixels positioned far from

the surface coil and close to the bones have higher CV values than those located close to the
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coil, which is mainly attributed to the sensitivity profile of the surface coil.

Limitation

The acquisition time is multiplied by the number of metabolites of interest. In our study, as a

proof of concept, we only considered the chemical exchange between PCr and γATP (2 pool

Bloch-McConnell model). It is possible to extend the current development to measure the

chemical exchange between Pi and γATP in future studies. Better sensitivity homogeneity

can be achieved by using a volume coil. We acquired 5 slices to cover the entire volume to

avoid any imaging artifacts caused. However, we can acquire the signal from a slice positioned

closest to the 31P loop due to the low signal intensity of the phosphorus metabolites and

sensitivity profile the coil. As an example, by reducing the number of spatial interleaves of

the spiral trajectories from other slices, the acquisition time can be further reduced. Even

though B1 was incorporated in the matching steps as a scaling factor, incorporating measured

B1 map can reduce the degree of freedom in the fitting model, helping to improve the fitting

accuracy. As a preliminary result, this study showed within-session reproducibility using the

acquired data from one subject. Therefore, in the future, more data from subjects are required

to further verify the robustness of the method.

4.5 Conclusions

In conclusion, we achieved 3D kCK map in skeletal muscle in 3 min 27 s by using IT-MRF using

stack-of-spirals trajectories. Considering its ultra short acquisition time with high spatial

resolution, it has potential to be applied to study bioenergetics in clinical and research studies

in patients.
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5.1 Summary of the results

Robust and fast data acquisition is essential for clinical research. The novel methodological

developments in this thesis were implemented in MR scanner at 7T for future clinical appli-

cations in two directions: 1) 1H spectral editing to quantify GABA in the brain to improve

measurement reproducibility and to suggest a guideline for GABA measurement at 7T. 2)

Robust and accelerated 31P MRF scheme development to measure relaxation times in 1D and

the CK chemical exchange rate in 3D.

Our results showed that MEGA-sSPECIAL sequence can detect small changes in GABA con-

centrations and more reproducible GABA quantification in low GABA containing regions (i.e.

the M1 area) than short-TE method. GABA is a principal inhibitatory neurotransmitter in the

central nervous system. Multiple medications target the GABA receptor since the alteration of

GABA concentrations is associated with various medical conditions.

The knowledge of T1 and T2 relaxation times of metabolites is important not only for the

optimization of experiment parameter setting and but also for characterizing molecular

dynamics. We presented the proof of a concept to measure the relaxation times of phosphate

metabolites using MRF technique simultaneously. The intrinsic low sensitivity of 31P is the

main challenges to use 31P MRS in clinical applications, which lengthens the acquisition

duration. Less than 10% and 20% of CVs for T1 and T2 estimates was accomplished in 15 min

of scan using MRF in our study.

The kinetics of CK reaction plays a key role to control bioenergetics in tissues and cells

consuming ATP rapidly, which includes the skeletal muscle, heart, and brain. We have shown

that it is feasible to acquire 3D kCK map in a single measurement in the human skeletal muscle

at 7T, presenting different kCK values in the different muscle compartments.
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5.2 Outlook

The MEGA-sSPECIAL sequence is already applied to a longitudinal clinical study to monitor a

modulatory effect of long-term motor training on the sensorimotor cortex GABA level in an

elderly population. In this research, significant increase in GABA level was detected in the

sensorimotor cortex region after training, which was not detected by short-TE method. The

elevated GABA concentration indicates potentially enhanced motor inhibition ability induced

by training. Considering the importance of GABA in the central nervous system, this method

has great potential to be used in various clinical studies.

MRF framework provides great flexibility on the sequence design depending on the target of

the measurement. The DRESS localized 31P MRF presented improved measurement efficiency

while acquiring T1 and T2 values simultaneously for the first time in the human brain at 7T.

However, the robustness of T2 estimation by MRF still needs to be improved in comparison

with reproducibility of T1 estimation. Together with spatial encoding, the MRF scheme may

allow to obtain the efficient quantification of tissue properties.

3D kCK mapping can deliver new insights into muscle bionergetics of healthy volunteers

and patients. The short acquisition time is especially adequate for patient group to monitor

the progress of diseases or the effect of medical interventions. The next step would be CK

exchange reaction rate constants mapping in the brain regions.

5.3 Future directions

5.3.1 Prospective and retrospective motion correction

The effect of motion can lead to incorrect spatial localization, phase fluctuations, line broad-

ening, incoherent averaging, and quantification error in MRS measurement. For MEGA-

sSPECIAL sequence (4 sub-spectra), it is more sensitive to intrascan motion than the short-TE

methods (1 spectrum) or other MEGA-editing sequence which does not use ISIS scheme for

volume selection (2 sub-spectra). There are several methods to correct the motion in MRS.

For clinical MRS studies acquired without real-time motion correction, artifacts caused by

physiological motion or errors can be corrected using post-processing methods. There are

three types of approaches to adjust frequency and phase errors before averaging each signal.

The first method is to use unsuppressed water signal as a reference, which utilizes phase of the

water signal to achieve phase coherence during signal averaging [158]. The second approach

is based on fitting a Cr peak at 3 ppm to a Lorentzian function [159]. The Last one is spectral

registration [65]. It employs a reference scan which can be either the averaged transients or

the first scan. After obtaining a reference scan, individual spectral transient is fitted to the

reference scan in the time domain by adjusting frequency and phase of each scan.

In our GABA measurements, we utilized spectral registration to reduce errors induced by
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motion. It is not sufficient to remove mis-localization. The real-time motion correction can be

achieved by implementing navigator with existing MRS/MRSI sequences [160]. Frequency-

and B0-correction techniques allow to improve the spectral editing sequence by ensuring the

selective editing pulse are applied correctly at target peaks and minimizing interference of

co-edited signals.

5.3.2 Potential improvement for MRF methods

Optimization of MRF pattern and matching algorithm

Optimization of MRF sequence parameters is crucial to achieve high SNR, minimum scan

time, and robustness of the measurement. However, it is very challenging since the space of

possible pulse sequence parameters is high-dimensional. For an automated MRF sequence

design, Jordan et al. [161] proposed a mathematical model for 2D MRF sequence design,

including T1, T2, and proton density with three main sources of error and interactions (Fourier

undersampling artifacts, phase variation by spatial dependence, and random error). A cost

function was defined as a weighted combination of estimates for these values in order to

minimize T1 and T2 matching error and scan time. Neural network can be used for the MRF

sequence optimization [162]. It was applied to MT contrast MRF acquisition. Under a super-

vised learning framework, sequence parameters can be updated to minimize a predefined loss

function which represents tissue quantification error. For spectroscopic MRF, there are more

parameters to be considered such as several metabolites, corresponding relaxation times, and

complex exchange model for optimization than conventional MRF.

The parameter estimation process can be accelerated and improved using a deep learning

neural network for both relaxation time and CK forward rate measurements. The neural

network has showed its efficiency in MRF data reconstructions[108, 163] and rapid parameter

quantification [164–166]. It has a potential to further reduce the simulation and pattern

matching time for training and to incorporate complex biophysical models close to in vivo

conditions.

Extended Bloch-McConnell model

In Chapter 4, we focused on acquiring the chemical exchange between PCr and γATP. However,

the unidirectional flux from Pi to γATP can be measured using inversion recovery model by

alternatively invert Pi and γATP [140]. By extending Bloch-McConnell model from 2 pool

to 3 pool [167], the two chemical exchange rate can be measured by MRF methods. Even

though 3 pool model represents in vivo conditions more accurately than 2 pool model, it

accompanies with increase in dimensionality of dictionary sets and matching steps. Therefore,

the computational costs should be taken into account by reducing the parameter dimension

in an appropriate manner.
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Chapter 5 Thesis summary and future directions

Accelerated spatial encoding

There are various of accelerated 3D k-space sampling strategies such as EPI [168], rosette

[169], and full 3D spiral trajectories [170]. It is possible to shorten the acquisition time by

designing efficient spatial encoding strategy depending on the region of interests. Other

possibility is to utilize undersampling methods. Compressed sensing helps to reconstruct

sparsely sampled k-space points accurately by adding a regularization parameter to balances

the data fidelity and sparsity [171]. Alternatively, deep learning method can be used to learn

an optimal reconstruction function using training data sets [172].
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13. Tkáč, I. et al. Water and lipid suppression techniques for advanced 1H MRS and MRSI

of the human brain: Experts’ consensus recommendations. NMR in Biomedicine 34,

1–25. ISSN: 10991492 (2021).

14. Bogner, W., Hangel, G., Esmaeili, M. & Andronesi, O. C. 1D-spectral editing and 2D

multispectral in vivo 1H-MRS and 1H-MRSI - Methods and applications. Analytical

Biochemistry 529, 48–64. ISSN: 10960309 (2017).

15. Sha, L., Guo, H. & Song, A. W. An improved gridding method for spiral MRI using

nonuniform fast Fourier transform. Journal of Magnetic Resonance 162, 250–258. ISSN:

10907807 (2003).

16. Meyer, C. H., Hu, B. S., Nishimura, D. G. & Macovski, A. Fast Spiral Coronary Artery

Imaging. Magnetic Resonance in Medicine 28, 202–213. ISSN: 07403194 (Dec. 1992).

17. Panda, A. et al. Magnetic resonance fingerprinting – An overview. Current Opinion in

Biomedical Engineering 3, 56–66. ISSN: 24684511 (2017).

18. Wang, C. Y. et al. 31 P magnetic resonance fingerprinting for rapid quantification of

creatine kinase reaction rate in vivo. NMR in biomedicine 30, 1–14. ISSN: 1099-1492

(2017).

19. Ma, D. et al. Magnetic resonance fingerprinting. Nature 495, 187–192. ISSN: 00280836

(2013).

20. Yu, A. C. et al. Development of a Combined MR Fingerprinting and Diffusion Examina-

tion for Prostate Cancer. Radiology 283, 729–738. ISSN: 0033-8419 (June 2017).

21. Chen, Y. et al. MR Fingerprinting for Rapid Quantitative Abdominal Imaging. Radiology

279, 278–286. ISSN: 0033-8419 (Apr. 2016).

22. Cloos, M. A. et al. Multiparametric imaging with heterogeneous radiofrequency fields.

Nature Communications 7. ISSN: 20411723 (2016).

23. Hamilton, J. I. et al. MR fingerprinting for rapid quantification of myocardial T1, T2, and

proton spin density. Magnetic Resonance in Medicine 77, 1446–1458. ISSN: 15222594

(2017).

24. McGivney, D. F. et al. SVD compression for magnetic resonance fingerprinting in the

time domain. IEEE Transactions on Medical Imaging 33, 2311–2322. ISSN: 1558254X

(2014).

25. Pierre, E. Y., Ma, D., Chen, Y., Badve, C. & Griswold, M. A. Multiscale reconstruction

for MR fingerprinting. Magnetic Resonance in Medicine 75, 2481–2492. ISSN: 15222594

(2016).

26. Cline, C. C. et al. AIR-MRF: Accelerated iterative reconstruction for magnetic resonance

fingerprinting. Magnetic Resonance Imaging 41, 29–40. ISSN: 18735894 (2017).

27. Lim, S. I. & Xin, L. γ-aminobutyric acid measurement in the human brain at 7T: Short

echo-time or Mescher–Garwood editing. NMR in Biomedicine, 1–17. ISSN: 10991492

(2022).

106



BIBLIOGRAPHY

28. Taylor, S. F. & Tso, I. F. GABA abnormalities in schizophrenia: A methodological review

of in vivo studies. Schizophrenia Research 167, 84–90. ISSN: 15732509 (2015).

29. Lydiard, R. B. The role of GABA in anxiety disorders. Journal of Clinical Psychiatry 64,

21–27. ISSN: 01606689 (2003).

30. Levy, L. M. & Degnan, A. J. GABA-based evaluation of neurologic conditions: MR spec-

troscopy. American Journal of Neuroradiology 34, 259–265. ISSN: 01956108 (2013).

31. Mekle, R. et al. MR spectroscopy of the human brain with enhanced signal intensity

at ultrashort echo times on a clinical platform at 3T and 7T. Magnetic Resonance in

Medicine 61, 1279–1285. ISSN: 15222594 (2009).

32. Prinsen, H., de Graaf, R. A., Mason, G. F., Pelletier, D. & Juchem, C. Reproducibility

measurement of glutathione, GABA, and glutamate: Towards in vivo neurochemical pro-

filing of multiple sclerosis with MR spectroscopy at 7T. Journal of Magnetic Resonance

Imaging 45, 187–198. ISSN: 15222586 (2017).

33. Gonen, O. M. et al. Reproducibility of Glutamate, Glutathione, and GABA Measurements

in vivo by Single-Voxel STEAM Magnetic Resonance Spectroscopy at 7-Tesla in Healthy

Individuals. Frontiers in Neuroscience 14, 1–9. ISSN: 1662453X (2020).

34. Wijtenburg, S. A., Rowland, L. M., Edden, R. A. E. & Barker, P. B. Reproducibility of brain

spectroscopy at 7T using conventional localization and spectral editing techniques.

Journal of Magnetic Resonance Imaging 38, 460–467. ISSN: 10531807 (2013).
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