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Abstract

Perfusion measurements in brain and liver are of high clinical interest. While changes in
brain perfusion can by an indicator for neurological diseases such as stroke or Alzheimer’s
disease, changes in liver perfusion might be correlated with the presence of cirrhosis. In
both organs, tumors can also be identified by an increase of perfusion in affected areas.
Arterial spin labeling (ASL) magnetic resonance imaging (MRI) has the potential to be an
alternative to invasive measurements of perfusion using contrast agent-based techniques.
However, the clinical application of ASL is currently limited. This is primarily due to the
fact of intrinsically low SNR in perfusion-weighted images, which is especially
problematic in liver with low perfusion rates. As a result, long scan times are required,
which increase the sensitivity to subject motion. Unfortunately, motion during clinical
scans is common and some sources of motion, such as respiration, are almost unavoidable.
The goal of this thesis is to develop novel methods which address the motion sensitivity of

ASL sequences.

The developed techniques include novel optimized approaches for background
suppression, an automatic detection of breathholds during ASL experiments to suppress
respiratory motion artifacts, prospective correction of respiratory motion during free-
breathing scans as well as three-dimensional retrospective motion correction using a 3D
GRASE PROPELLER (3DGP) readout. In addition, a novel 3DGP reconstruction,
allowing joint estimation of motion and geometric distortion, is presented. Algorithms are
implemented and validated in brain and liver ASL perfusion imaging using healthy
volunteers. Finally, recommendations for future improvements of the developed techniques

are given.
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General Introduction and Outline

The correct function of the human body heavily depends on the distribution of blood to
different types of tissue and organs. The blood fulfills different tasks, such as the
distribution of nutrients, the defense from external threats (e.g., bacteria) or the regulation
of the body temperature (1). Consequently, many diseases often entail a change in blood
supply. Tumorous tissue typically shows a fast rate of growth. The high demand for
nutrients and oxygen results in an increased blood supply to the affected region. Other
examples are diseases like stroke, Alzheimer’s, and liver cirrhosis, which are all
accompanied with changes in the blood supply (2)(3)(4). The assessment of the so-called
tissue perfusion in brain and liver, which describes the volume of blood flowing through a

fixed amount of tissue, is therefore of high clinical interest.

Different methods exist which allow measurement of perfusion (5)(6)(7). Among those
methods, perfusion measurements using magnetic resonance imaging achieve a high
spatial resolution without ionizing radiation, making it an attractive imaging modality.
Typically, the assessment of perfusion using MRI is based on local signal variation as
induced by exogenous contrast agents, which were injected prior to the imaging
experiment. Unfortunately, these contrast agents are not applicable to subjects with certain
diseases. One such example is renal failure (8). Therefore, the potential of non-invasive
assessment of tissue perfusion using arterial spin labeling (ASL) MRI as an alternative to

contrast agent-based methods began to increase since the early 1990s (9).

In ASL perfusion imaging, inflowing blood is magnetically inverted, making it an
endogenous tracer. This results in a so-called label image. The perfusion-weighted
information is revealed by subtracting the label image from a control image without blood
inversion. Since no contrast agents accumulate in the blood, ASL is suited for repetitive
measurements. Although the technique was first described almost 30 years ago, the
application of ASL to routine imaging in clinics is still restricted. This especially holds for
liver, which shows lower perfusion rates compared to brain. The main reason is the
intrinsically low SNR in perfusion-weighted ASL images. Low SNR makes it necessary to
average several measurements, which are acquired over a long period of scan time. These

long scan times in combination with the subtractive nature result in a high sensitivity to
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e.g., random or respiratory subject motion during the scan, which potentially cause strong
artifacts in images, making them unusable for diagnostic purposes. The motion sensitivity
of ASL is a major factor which currently restricts the general applicability in clinical
environments. Hence, the motivation of this thesis is the development of novel techniques
for compensation of motion related artifacts in ASL perfusion-weighted images. Novel
approaches for improved background suppression, motion correction using 3D GRASE
PROPELLER readouts and strategies especially designed for compensation of respiratory
motion in abdominal ASL imaging are introduced in Part II of this thesis. Developed
techniques are validated in brain and liver ASL imaging using healthy volunteers and a

general discussion is finally given.
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Outline

Part I introduces fundamental concepts which are needed to understand the novel methods

presented in this work.

Chapter 1 gives closer insights into physiological processes in the human body. More
precisely, the function of blood and the vascular system as well as key parameters of the

perfusion process are reviewed.

Chapter 2 introduces the basic concepts of magnetic resonance imaging in terms of the
generation and relaxation of measurable MRI signal as well as spatial image encoding and
the principle of adiabatic inversion. Together, these are the fundamental components of

ASL perfusion imaging.

Chapter 3 reviews the basic concepts of perfusion measurement using ASL. Furthermore,

selected imaging techniques which are applied in this work are briefly discussed.

Part II contains the description and evaluation of novel techniques for motion

compensation in ASL perfusion imaging.

Chapter 4 describes the motivation and technical implementation of novel algorithms.

First, novel techniques for background suppression in ASL imaging are introduced. In
section 4.1.2, an optimized fixed background suppression scheme is proposed. The
algorithm allows selective suppression of short Ti components corresponding to off-
resonant fat, while keeping a residual positive on-resonant magnetization of the organ of
interest. The algorithm is designed for application in combination with additional motion
compensation techniques. In addition, the implementation of an adaptive background
suppression scheme is described in section 4.1.3. The adaptive background suppression
algorithm first estimates and then reduces the magnetization of the actual T; spectrum in

the region of interest.

Next, novel algorithms for retrospective motion correction in ASL imaging using a 3D

GRASE PROPELLER (3DGP) readout are introduced. In section 4.2.2, theory and
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implementation of a novel 3DGP image reconstruction algorithm, allowing joint
estimation of in-plane motion and geometric distortion using 3DGP, are demonstrated.
Subsequently, a novel image space-based estimation and correction of three-

dimensional rigid body motion using 3DGP is presented in section 4.2.3.

Finally, customized solutions for compensation of respiratory motion in liver ASL imaging
are presented. In section 4.3.2, the multi-breathhold technique is introduced, which
allows subjects to personally decide about timepoint and duration of subsequent
breathholds during examinations. In addition, the implementation of a novel technique for
prospective compensation of respiratory motion using navigator matching is described
in section 4.3.3, which aims for correction of motion artifacts in free-breathing liver ASL

examinations.

Chapter 5 applies and evaluates the novels methods for motion compensation in brain and

liver ASL imaging.

As a prerequisite for effective background suppression in ASL imaging, section 5.1.1
describes and evaluates optimal parameters for frequency offset corrected inversion
(FOCI) pulses, yielding high inversion efficiencies in both abdominal and brain ASL

experiments.

The adaptive background suppression is evaluated in a phantom and brain ASL imaging

using two healthy volunteers in section 5.1.2.

Section 5.2.1 covers evaluation of joint estimation of in-plane motion and geometric
distortion using 3DGP in brain ASL imaging in combination with the optimized fixed

background suppression scheme in a study using five healthy volunteers.

The feasibility of three-dimensional rigid body motion estimation and correction using

3DGP is initially demonstrated in a healthy volunteer in section 5.2.2.

Section 5.3.1 evaluates the multi-breathhold technique for compensation of respiratory
motion in combination with the optimized fixed BS scheme in liver ASL experiments of a

healthy volunteer.

Finally, section 5.3.2 analyzes the performance of the prospective respiratory motion
compensation in liver ASL imaging in combination with the optimized fixed BS scheme in

a study using eight healthy volunteers.



xiil

Chapter 6 includes a general discussion of the novel techniques and gives a
recommendation for future work in the field of motion compensation in ASL perfusion

imaging.
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Part 1

Basic Concept






1 Perfusion and Physiology

Besides changes in the structure of tissue, many diseases manifest themselves in changes
of the rate of blood supply to the affected organ or region. These changes can be an
important indicator for e.g., stroke, where parts of the brain can be cut from the supply
with fresh blood, which is a life-threatening condition (2)(10). Here, assessment of tissue
perfusion can deliver valuable information, before changes in the underlying tissue
structure might be detected. Perfusion measurements further have the potential as a
biomarker in neurodegenerative diseases, such as Alzheimer’s, being important for
classification of disease progression (3). Besides the potential in neurological diseases,
perfusion measurements can also add valuable information for certain liver diseases, such
as cirrhosis (11)(12). Cirrhosis describes a chronic liver disease, distorting the hepatic
vasculature, which in turn shows as a change in the global perfusion rate (13). If not
detected or treated, cirrhosis shows a high lethality. Cirrhosis can also result in the
development of liver cancer, which shows overall low survival rates (14). Tumors usually
show high demands for arterial blood due to the higher growth rate when compared to
healthy tissue. Therefore, tumors are likely to show higher perfusion when compared to
healthy surrounding tissue (15), indicating the potential of perfusion measurement for early
cancer detection in liver. The same holds for brain tumors such as glioblastomas (16).
Perfusion measurement in brain and liver is therefore an ongoing interest with high

potential for clinics.

The following sections will give a brief overview over the perfusion processes in both
organs. Afterwards, the most important perfusion related parameters are defined, and

techniques are introduced which allow to assess the perfusion of tissue.

1.1 Blood, Vascular System and Perfusion

The following description is based on Anatomy & Physiology from the OpenStax College
(1). The main job of blood is to deliver oxygen and remove waste from perfused tissue. In
addition, blood plays an important role in the regulation of body temperature. Blood is a
solution of different components, majorly consisting of so-called plasma, which is

composed of water, proteins, hormones etc. The hematocrit, consisting of red blood cells,
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represents the second major compartment of blood. Finally, a small fraction of the blood
consists of white blood cells and platelets. Taken together, these ingredients make blood a
red, viscous fluid. In order to fulfill its purpose, blood needs to be distributed to all parts of
the human body. Therefore, a widely branched system of arteries exists, which finally end
into smaller microvascular vessels, distributing the oxygen-enriched blood. Blood, carried
by arteries, flows away from the heart. In contrast, veins carry blood whose oxygen has
already been delivered to cells, and it needs to be enriched in the lungs again. The largest
artery in the human body is the aorta, directly exiting the heart. From there, the blood takes
different routes to reach body parts with different organs. This work focusses on brain and
liver perfusion measurements. The blood supplies of both organs are therefore

subsequently described.

1.1.1 Brain Perfusion

Arterial and venous blood supplies of the human brain are shown in Figure 1.1 and Figure
1.2. Coming from the heart, blood travels through the ascending aorta until it reaches the
aortic arch, which is connected to the right and left carotid arteries, from where the blood
finally reaches the brain. The size of the arteries decreases with increased distance from the
heart. Finally, the blood reaches so-called arterioles, which are only about 30 micrometers
in diameter. From there, the blood first enters so-called metarterioles before it finally
enters the capillary bed, which supplies the blood to the surrounding tissue. Here, the
important exchange of substances between blood and the surrounding cells occurs, which
is known as perfusion. From the capillary bed, the blood enters distributed venules, which
are again only a couple of micrometers in diameter. Many venules finally form a vein,
which transports the blood to the heart again. The process of perfusion is visualized in

Figure 1.3.
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Figure 1.1:

Superficial temporal
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Occipital

Internal carotid

s Facial
Carotid sinus

Lingual

Vertebral

External carotid

Arterial blood supplies of the human brain. The graphic was adapted based on

illustrations from Open-Stax College — Anatomy and Physiology (1), which is licensed
under CC BY 4.0
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Occipital sinus
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Vertebral

Temporal
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Figure 1.2: Venous blood supplies of the human brain. The graphic was adapted based on
illustrations from Open-Stax College — Anatomy and Physiology (1), which is licensed
under CC BY 4.0

! https://creativecommons.org/licenses/by/4.0/
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precapillary sphincters
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Figure 1.3: Process of perfusion. Blood is distributed to the capillary bed, where exchange
processes take place. Afterwards, blood enters so-called venules, which combine to larger
veins. The graphic was adapted based on illustrations from Open-Stax College — Anatomy
and Physiology (1), which is licensed under CC BY 4.0°.

1.1.2 Liver Perfusion

The liver is located inferior to the diaphragm in the right upper part of the abdominal
cavity (cf. Figure 1.4a). The liver not only plays an important role in the digestive system,
but is also important for metabolism and regulation (1). In terms of the digestive function,
liver produces bile, which emulsifies lipids. This way, they can be digested in the watery
environment. The liver possesses two unique blood supplies to fulfill this function. Besides
a hepatic artery, which supplies the organ with oxygenated blood, the liver is also
connected to a hepatic portal vein, providing nutrient-rich blood, which is a major
difference when compared to other organs in the human body (cf. Figure 1.4b). Note that
the total blood flow through the liver is not equally distributed to hepatic artery and portal
vein. Instead, only one fifth to one third of the total flow can be traced back to the arterial
component (17). The perfusion process in liver is therefore an unequal mixture of blood

perfusion processes from portal vein and hepatic artery at the same time.

2 https://creativecommons.org/licenses/by/4.0/
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Figure 1.4: a.) Location of the liver in the abdomen; and b.) System of blood supplies in
the human body. The liver shows the special characteristic that two supplies, delivering
oxygenated blood as well as nutrition-rich blood to the organ while blood leaves the organ
through a single vein. The graphic was adapted based on illustrations from Open-Stax

Lungs

Pulmonary vein

Aorta

Liver

Hepatic artery

Hepatic portal vein

Stomach,
intestines

Renal artery
Kidneys

Lower body

Hl Vessels transporting
oxygenated blood

B Vessels transporting
deoxygenated blood

I Vessels involved in
gas excange

College — Anatomy and Physiology (1), which is licensed under CC BY 4.0°.

3 https://creativecommons.org/licenses/by/4.0/
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1.2 Key Parameters of Perfusion

For better understanding of the concepts described in the following sections, some
perfusion related parameters are briefly mentioned and defined, based on the description in

(18).

Perfusion is defined as

F [1.1]

Here, F depicts the blood flow rate in milliliters of blood per minute and W is the tissue
mass. An alternative definition uses the tissue volume instead of the mass and describes the

so-called perfusion rate

[1.2]

\'\
Il
<I=

In brain perfusion imaging, f is commonly referred to as cerebral blood flow (CBF).

1.3 Measurement of perfusion

Different methods exist which enable the measurement of tissue perfusion. Early
quantitative methods were based on measuring the arterial and venous washout curves of a
freely diffusible tracer, such as nitrous oxide using catheters (19)(20). Other techniques
relied on the injection (nowadays inhalation) of radioactive agents such as Krypton®>. The
distribution of the injected agent was followed by measuring the position of corresponding
radioactive decay processes (5). Today, Position-Emission-Tomography (PET) is often
used to measure perfusion. Here, a tracer is injected which shows B* decay. The
simultaneous detection of two photons resulting from the annulation of the f* with a B~
particle is recorded and transferred to a two- or three-dimensional map of tracer
distribution (6). The spatial resolution using PET is however usually restricted. This arises
from the fact that the B particle does not immediately interact with the surrounding tissue

but travels a certain distance.
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In 1973, the concept of magnetic resonance imaging (MRI) was first described, which
enables measurement of perfusion with high spatial resolution (7). Here, an external
magnetic field acts on the distribution of spin in the body, resulting in formation of a
macroscopic magnetization. Application of radiofrequency pulses then allows to excite
these spins, which generates a measurable signal in receive coils. The assessment of
perfusion using MRI is based on local signal variation as induced by contrast agents. Based
on the type of contrast agent or tracer, MRI methods can be divided into two major
subgroups (18): Techniques based on exogenous tracers and techniques based on
endogenous tracers. Dynamic susceptibility contrast (DSC) and dynamic contrast enhanced
(DCE) imaging are the most important representatives of the first group (21)(22)(23).
Here, contrast agent is injected, and many images of the region or organ of interest are
rapidly acquired. As the contrast agent passes by, a signal change is observed in perfused
voxels, depending on the applied image contrast. This change can be fitted to a model to
derive quantitative parameters, describing the functional condition of the tissue. Although
this technique is quite effective and commonly used in clinical reality, the invasive nature
comes with some potential drawbacks. One disadvantage is a potential relation between
gadolinium-based contrast agents and the development of nephrogenic systemic fibrosis in
patients with renal insufficiency (8)(24). In addition, perfusion measurements using
contrast agents cannot be repeated an arbitrary number of times due to the accumulation of
the agent in blood. The agent therefore needs to be excreted prior to an additional
measurement. Finally, recent discussion about the effects of deposition of gadolinium-
based contrast agents in brain increase the demand for a non-invasive alternative in clinical
routine (25)(26)(27). Arterial spin labeling (ASL) magnetic resonance imaging (MRI)
allows non-invasive measurement and quantification of the perfusion rate by magnetically
inverting the blood, flowing into the region of interest, utilizing it as endogenous tracer.
Thus, ASL is a potential candidate to overcome the potential risks associated with injection
of contrast agents. Unfortunately, ASL shows a high sensitivity to motion during the MRI
examinations, which will be addressed in this work. As a basis for understanding the
developed methods, the general concept of signal generation and spatial image encoding

using MRI is discussed next.
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2 Generation of the MRI Signal

Magnetic Resonance Imaging (MRI) is a tomographic technique, which allows to measure
and visualize internal chemical and physical characteristics of an object, utilizing the
concept of Nuclear Magnetic Resonance (NMR) (28). In contrast to NMR, MRI applies
magnetic field gradients to encode additional spatial information into the measured signals.
This enables the reconstruction of two-dimensional or three-dimensional images. Unlike
other tomographic modalities, such as Computer Tomography (CT) or Ultrasound, MRI
does not rely on the principle of screening an object of interest. Instead, the emission of
radio frequency signals from precessing spins is measured. The great benefit is that no
ionizing radiation is needed, allowing MRI to operate in the radio frequency range,
avoiding potential harmful effects. In addition, the measured MRI signal allows to recover
many different parameters describing the characteristics of the underlying tissue, such as
relaxation times, spin densities and molecular motion in terms of diffusion and perfusion.

This makes MRI one of the most versatile imaging techniques.

The following sections describes the fundamental behavior of spins in an external magnetic
field and under the influence of external radiofrequency (RF) pulses, which forms the basis
of measuring signals in MRI. In addition, the concept of spatial image encoding is briefly

introduced. The following sections are based on the descriptions in (18), (28) and (29).

2.1 Magnetization and Spin Precession

All relevant MR phenomena, like excitation, relaxation of signal and precession of

magnetization around an external magnetic field, can be described in a classical fashion
using the macroscopic magnetization vector M (29). This section will briefly describe the

underlying concepts which result in a formation of M in presence of an external magnetic

field.

A biological sample consists of atoms, which in turn consist of nuclei and surrounding
electrons. Nuclei with odd atomic numbers or weights possess a so-called spin, which is a

quantum mechanical property (30). For MR, hydrogen 'H is most relevant, possessing a

spin quantum number [ = ; In absence of an external magnetic field, the three-
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dimensional directions of the spin angular momentum I of different 'H nuclei are

distributed randomly as depicted in Figure 2.1a. I is further linked to a magnetic moment

i=y.1 [2.1]

with y = 2w - 42.58 Mhz/T the gyromagnetic ratio in case of 'H (28). The macroscopic

magnetization is given by the sum of individual magnetic moments, yielding
M= i@=7, [22]
7

which means that no macroscopic magnetization M builds up in absence of external fields.

Therefore, an external magnetic field

B=8,-5, [2.3]

pointing along the direction of the unit vector €, of the laboratory frame, is introduced.
According to quantum mechanics, a proton in such a magnetic field has two energy
eigenstates, which form the basis of all possible energy states the proton can populate (29).
These eigenstates are known as spin-up |T) and spin-down |~L> Note, that the eigenstates
are not completely parallel or antiparallel to the external field, but also possess a
transversal component (29). In addition, it is important to note that this does not imply that
all spins are in one of both eigenstates and thus parallel or antiparallel to the external field.
Rather, their distribution is given by the combined spin-state |W), which is a linear

combination of both eigenstates

¥y =c;- [T+ V). [2.4]

Here, ¢; and ¢, depict complex numbers. It follows that spins are still distributed
randomly, but there is a slight tendency to point along the direction of the external field (cf.
in Figure 2.1b). This can be understood, when considering the external field as an
additional energy term, which, however, is much smaller than the thermal energies of

individual spins (29). It follows that a macroscopic magnetization builds up:
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Note that in presence of an external magnetic field, individual magnetic moments
experience a torque, which can be readily derived from classical as well as quantum

mechanical considerations (29). The equation of motion can be formulated according to

di V= [2.6]
qc = YR X Bo,
which is easily solved by
Hxy (£) = piyy(0) - exp(—iyBot + @), [2.7]
and
1z () = 5 (0). [2.8]

It shows that the transverse component i,y (t) of individual spins precesses around the

external magnetic field with an angular frequency of

wy = ¥Bo, [2.9]

which is known as the Larmor frequency. This holds for individual spins as well as for the

macroscopic magnetization vector M. The random initial phase @, of spins explains
cancellation of all transverse components of the magnetization vector. A non-zero
transverse component however is needed to generate a measurable current in so-called
receive coils, based on Faraday’s law (31). The next sections will therefore focus on how

to generate and manipulate measurable transverse components of the magnetization vector

—

M.
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a.) No External Field b.) , With External Field
A7 A7
B, M
M=) i@=0 M=) @M >0

Figure 2.1: Schematic representation of the distribution of magnetic moments with/without
application of an external magnetic field. a.) Without external field, no net magnetization is
observed, because the direction of magnetic moments is distributed randomly; and b.) In
presence of an external field, the spin distribution shows a slight tendency to point along

the direction of the main magnetic field, and a macroscopic magnetization vector M builds
up. Note that the illustrations are two-dimensional, but the actual distribution of magnetic
moments rather forms a three-dimensional ball as demonstrated in (29).

2.2 The Rotating Reference Frame

For the analysis of the interaction between macroscopic magnetization and external RF
pulses, it is convenient to introduce the so-called rotating reference frame. In contrast to

the static laboratory frame, the frame is characterized by an anti-clockwise rotation of its

transverse plane around the direction of §0 with angular frequency w,o¢ (28). The relation

between rotating and laboratory frame is given by

COS(wrot t) — Sirl((‘)rot t) 0 [2.10]
Trot = R - Hap = <sin(wmt ‘t)  coS(Wror * t) 0> * lab-
0 0 1

In case of wyot = wy, spins remain stationary in the rotating reference frame.
Consequently, it applies that |§O,mt| = 0 in this case. A schematic representation is given

in Figure 2.2. Note that w.o:(t) can be time dependent. In general, it therefore applies that
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- Wrot(t) [2.11]
BO,rot(t) = By — r(;/ .

The spatial axes in the rotated coordinate system will be denoted with x’, y’ and Z'.

Laboratory Frame Rotating Reference Frame

ZI Z’JL
B, R

|
< 1 =

@Wo

Figure 2.2: Comparison between laboratory and rotating reference frame. In the laboratory
frame, spin ensembles (green arrows) precess around the direction of the main magnetic
field. Here, the rotating frame precesses around the same axis with the same angular
frequency. In the rotating reference frame, spins appear stationary. The matrix R describes
the transition between both coordinate systems. Note that only a small subgroup of spins,
pointing along the direction of the main magnetic field, is shown here for illustration
purposes.

2.3 RF Excitation and Flip Angle

Using the introduced concepts, the interaction between the bulk magnetization vector M
and an external RF pulse can finally be described (18)(28). An arbitrary external RF pulse

in the laboratory frame can be written as

~ B1x(t) cos(wrp(t) - t + ¢g) [2.12]
B1jap(t) = | Byy(t) | = B1(t) - (— sin(wgg(t) - t + q,'>0)>-
0 0
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Eq. [2.12] shows that the RF pulse is oscillating perpendicular to the main magnetic field.
In general, the envelope function B, (t) as well as the modulation frequency wgg(t) can be
time dependent. By applying the concepts of the rotating reference frame from Eq. [2.10],
Eq. [2.12] yields:

Biror(t) =R - | By, (t) — sin((wgrp(t) — Wrot ()  t + $o)

Bix(® cos((@rr(6) — weor(©)) - ¢ + ) | [2:13]
= By (t) - ( )
0 0

Previous analysis showed that the strength of the main magnetic field §0,mt(t) depends on

the modulation frequency of the rotating reference frame. Therefore, an effective magnetic

field results:
§eff(t) = §1,rot(t) + Eo,rot(t) [2'14]
0
cos((wrp(t) — Wret(t)) - t + Po) 0
= By (t) - | = sin((wrp(t) — wror(t)) -t + o) | + Wror(t)
0 By —
14
In case of wy = wWgrp = Wyt and ¢y = 0, it follows that
. 1 [2.15]
Beg(t) = B1(t) - 0 ).
0

Eq. [2.15] describes a time dependent field along the x'-axis in the rotating reference
frame, which is applied at the resonance frequency of the spin system. Note that the time
dependency only refers to the amplitude of the field, since the frequency of the RF pulse is
kept fix. The effect on the bulk magnetization vector Mmt can be described by utilizing Eq.
[2.6]:

dM.or - o [2.16]
dt = yMrot X Beffr
which is solved by
My 1ot (1) = 0, [2.17]
T T
My oc(t) = M sin < f yBl(t)dt> = MJ sin < J wl(t)dt>,
0 0

T

T
M, 1or(t) = M) cos (f yBl(t)dt) = M2 cos (f wl(t)dt>,
0 0
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describing a rotation around the x-axis with the time depended angular frequency w4 (t).
Here, the field B;(t) is applied for a total duration T. The term a = fOT w4 (t)dt is

interpreted as the so-called flip angle. According to Eq. [2.17], the flip angle a depends on
the area under the B, (t) envelope function as well as the duration of exposure T (cf. Figure

2.3 for a schematic demonstration of this relation).

a.) t = 0ms t =5ms t =10 ms
7' 7/ z'
w1
A
, y / y' / y
|B1| =B, |B1| =B, |B1| =B,
x' x' x'
b) t=0ms t=5ms t =10 ms
ZI ZI ZI
20)1
r \v ! - ’
7, Y o y B Yy
}/|Bl| = 2B, /lBll = 2B, /
Xf xl Xf

Figure 2.3: Schematic representation of the relation given by Eq. [2.17] with a.) A
rectangular pulse with constant RF field along the x'-axis in the rotated reference frame
with amplitude B; and a duration of 10 ms results in a 90° flip angle of the magnetization
vector M. The relation only holds for a specific strength of the field |§1| = By;and b.) The
same pulse but the amplitude is doubled to 2B;. The same flip angle is achieved after half
the pulse duration, corresponding to the same area under the envelope of B;(t) as in a.).
After the same pulse duration, a 180° flip is achieved.

2.4 Relaxation Processes

After application of the RF pulse, the spin system will not stay excited, but slowly returns

to the equilibrium state, which is related to variation of microscopic magnetic fields in the
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surroundings of each nuclei (28). This results in two distinct processes of decay, namely T
and T relaxation. T relaxation describes the increase of longitudinal magnetization with
time, also referred to as spin-lattice relaxation. T relaxation describes an on-going loss of
phase coherence between spin ensembles in the x-y-plane, also known as spin-spin-

relaxation. In the laboratory frame, both processes result in a damped free precession of the

macroscopic magnetization vector M back to its equilibrium state. In the rotating reference

frame, relaxation can be phenomenologically described by

sz,rot - _ Mz,rot - Mg,rot [2-18]
dt T, '
and
dey,rot _ Mxy,rot [2-19]
dt T,

T, and T, are the characteristic decay constants of the respective process. The process of T}

decay, described by Eq. [2.18], is solved by

t 2.20
Mz,rot(t) = Mg,rot + C - exp (_ T_) [ ]
1

Using the initial condition M,.(0) = 0, corresponding to perfect 90° excitation, it

follows that

t 221
Mz,rot(t) = Mg,rot (1 — exp (_ T_>)r [ ]
1
describing a saturation recovery process. After inversion, My .o(0) = —M2 ., which
yields
t 2.22
Mz,rot(t) = Mg.rot (1 -2 €xp (_ T_>)' [ ]
1
describing an inversion recovery process. The solution of Eq. [2.19] is given by
[2.23]

t
Mxy‘rot(t) = MXy,rot(O) : eXp (— T—) .
2

After initial saturation, the longitudinal magnetization has recovered to a fraction of

(1 — i) of its initial MP.o value after the specific time T;. The transversal magnetization
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. . 1 . .
in contrast has decayed to a fraction of - of its initial My ¢(0) value after the

characteristic time T,. A visualization of both relaxation processes after initial saturation

are given in Figure 2.4.

T, Relaxation T, Relaxation

Mxy,rot [a-u-]
© o o
~ o)) ©

o
o

0
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Time ¢ after excitation [ms] Time ¢ after excitation [ms]

Figure 2.4: Comparison of T and T relaxation processes after initial saturation according
to Eq. [2.21] and [2.23]. Given values roughly correspond to subcutaneous fat (blue), gray
matter (red) and cerebrospinal fluid (CSF, yellow) at a field strength of 3T.

As shown, different types of tissue show differences in their longitudinal and transversal
relaxation behavior. This lays the foundation for generating different image contrasts using
different repetition times TR between individual excitations. Tissue with long T; relaxation
times only recovered a small fraction of its M, magnetization at the time of the next
excitation, while tissue with short T; components recovered more and thus appears brighter
(neglecting T> decay processes after excitation). Another possibility for g