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Neurological disorders are the leading cause of diminished health and disabilities worldwide1. 
Approximately 43.1% of the world population, or 3.40 billion individuals, are estimated to 
have a neurological disorder affecting their central nervous system (CNS); an increase of 
58.8% compared with 1990. In addition to the growing number of individual cases, the total 
disability-adjusted life years (DALYs) of neurological disorders, a method to measure the 
burden of a disease or condition, increased by 18.2% since 19901 (see Figure 1.1). Strokes, 
neonatal encephalopathy, migraine, dementia, diabetic neuropathy, meningitis, epilepsy, 
pre-term birth, autism spectrum disorder, and nervous system cancer constitute the top 
ten major contributors of neurological conditions with the highest DALYs, many of which 
reported an increase in occurrence since 1990 (see Figure 1.1). Besides significant personal 

Figure 1.1 Total number of years lived with disability (YLDs) or disability-adjusted life-years (DALYs) for the top ten 
neurological disorders from 204 countries and territories in 2021, compared to 1990. Each Figure represents one 
million (1 000 000) counts. For visualization purposes, numbers have been rounded to the nearest million count. 
Data obtained from the G. B. D. Nervous System Disorders Collaborators1.
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1. NEUROLOGICAL CONDITIONS, THE IMMUNE SYSTEM, 
AND TOLL-LIKE RECEPTORS

impact, neurological disorders impose a substantial economic impact; the annual costs were 
estimated at approximately 800 billion US dollars in both the United States of America and 
Europe2,3. These numbers are expected to escalate in the coming decades. For instance, the 
number of people suffering from Alzheimer’s disease, the most common form of dementia, 
is projected to rise from 48 million in 2015 to 131.5 million in 2050, an astonishing increase 
of 274% in 35 years4. The projected growth in the number of patients, combined with rising 
costs and a current lack of effective treatments for many neurological disorders, underscores 
the urgent need for scientific research focused on understanding the underlying pathological 
mechanisms and developing potential therapies.

Animal models of human neurological disorders play a crucial role in many scientific studies5,6. 
These models allow researchers to study the complexities of neurological diseases, facilitating 
a comprehensive understanding of their development and progression. To a much higher 
level than possible with human subjects, animal models enable longitudinal studies that 
track the pathological progression from very early stages, or even before the onset of the 
disease, providing invaluable insights into the earliest detectable changes. Additionally, animal 
models offer the unique advantage of controlled experimental conditions, which are often 
not feasible in human studies. This control allows for precise manipulation of variables and 
detailed observation of the effects of potential therapies over extended periods. Researchers 
can systematically explore the efficacy and safety of new treatments, identify potential 
side effects, and refine therapies with a level of detail and accuracy that is unattainable in 
human clinical trials. Moreover, animal models allow studying the genetic, molecular, and 
cellular mechanisms underlying neurological disorders. By replicating specific aspects of 
human diseases in animals, scientists can investigate the role of genes, proteins, and cellular 
processes in disease onset and progression. This knowledge is essential for identifying novel 
therapeutic targets and developing treatments that can more effectively address the root 
causes of these conditions.

1.1  The immune system
Many neurological disorders are intricately linked to the immune system. Conditions 
including multiple sclerosis7, Alzheimer’s disease8, and Parkinson’s disease9 show significant 
associations with immune system dysregulation. The immune system operates on two primary 
defence mechanisms: innate immunity and adaptive immunity. The adaptive immunity is a 
specialised defence mechanism that recognises and targets specific pathogens. Its receptors 
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are formed through the somatic recombination of gene segments, allowing the immune system 
to recognise a wide variety of pathogens and mount specific responses against them. This 
process enables the immune system to adapt to the extensive diversity of antigenic structures 
and the adaptive capabilities of pathogens to mutate10. Despite the versatility of the adaptive 
immune system, it is slow, potentially requiring weeks to mount a specific response against 
new pathogens10. This timeframe includes the activation and proliferation of antigen-specific 
T and B lymphocytes, leading to the production of antibodies and memory cells that provide 
long-term immunity. Conversely, the innate immune system is the body’s first line of defence 
against many pathogens. It encompasses physical barriers such as the skin and immune cells 
that engulf and eliminate invaders. These immune responses are facilitated by recognition 
receptors encoded in the germline genome, enabling rapid reactions against a broad spectrum 
of pathogens. Part of innate immunity relies on specific molecular determinants that initiate 
immune responses, recognised by pattern recognition receptors (PRRs). PRRs recognise a 
broad range of pathogen-associated molecular patterns (PAMPs), originating from potential 
invasive pathogens, including fungi, bacteria, parasites, and viruses11. Due to their indispensable 
roles, many PAMPs exhibit high degrees of conservation and are resistant to mutations that 
could potentially compromise their functionality12. Beyond PAMPs, PRRs recognise danger-
associated molecular patterns (DAMPs), endogenous molecular determinants released during 
processes including infection, inflammation, and cellular stress13,14. DAMPs signal danger to 
the immune system, triggering inflammatory responses and facilitating tissue repair. The PRRs 
of the innate immunity are categorised in eight groups: toll-like receptors (TLR), C type lectin 
receptors (CLR), nucleotide-binding oligomerisation domain-like receptors (NLR), retinoic 
acid-inducible gene-I-like receptors (RLR), opsonic receptors, AIM2-like receptors (ALR), 
scavenger receptors, and stimulator of interferon genes (STING)15. 

1.2  Toll-like receptors
Of the eight PRR groups, TLRs are the most studied for they are seen as the primary triggers of 
innate immune responses15. Specific TLRs are essential for distinguishing unique PAMPs and 
DAMPs, playing a crucial role in the immune response. TLRs are type I integral transmembrane 
proteins consisting of three main regions: the N-terminal domain, the transmembrane domain, 
and the C-terminal domain. The ligand binding domain at the N-terminus is responsible for 
the recognition and binding of PAMPs and DAMPs and located in the ectodomain, extending 
into the extracellular space. This TLR region is crucial for ligand binding and consists of 16 
– 28 Leucine-rich repeats (LRRs) with a horseshoe shape, resembling structures formed by 
parallel β strands16. Conventionally, TLRs are categorised based on their cellular location, 
either on the cell surface or within the intracellular endosomal membrane. The key differences 
between TLRs located on the cell surface and those within the endosomal membrane are 
the types of molecular determinants they recognise and their roles in immune signalling. For 
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humans, TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are located on the cell surface recognizing 
microbial ligands expressed in the cell wall of pathogens. TLR2 forms heterodimers with 
TLR1, TLR6, and TLR10 and recognises a wide range of microbial ligands, including triacylated 
lipoproteins, diacylated lipoproteins, and peptidoglycan (PGN)17. Furthermore, TLR4 recognises 
lipopolysaccharide (LPS) and TLR5 recognises the flagella of motile bacteria12. Conversely, 
TLR located on endosomal membranes bind and recognise pathogen-derived nucleic acid 
motifs present inside the intracellular space12. In humans, these concern TLR3, TLR7, TLR8, and 
TLR9. TLR3 recognises viral double-stranded RNA (dsRNA), TLR7 and TLR8 single-stranded 
RNA (ssRNA), and TLR9 the nonmethylated 5’-C-phosphate-G-3’ motifs in the DNA (CpG 
DNA) of viruses and bacteria12. The transmembrane domains of TLRs are characteristic of 

Table 1.1 Toll-like receptors identified in humans, mice, and zebrafish17,22,23
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single-pass membrane proteins, consisting of a single transmembrane α-helix that connects 
the N-terminal extracellular domain to the C-terminal intracellular domain. This region is 
responsible for anchoring the receptor to the membrane18. Finally, the toll-interleukin-1 
receptor homology (TIR) at the C-terminus extends into the intracellular space. The TIR is 
composed of approximately 150 amino acids and initiates signalling. Downstream signalling 
of TLR after activation is, roughly, defined through two pathways. The majority of TLRs in 
humans, except TLR3, initiate downstream signalling by recruiting myeloid differentiation 
primary response 88 (MyD88)12,19. Subsequently, MyD88 interacts with Interleukin-1 receptor-
associated kinase-4 (IRAK-4), interacting with IRAK-1 and IRAK-220. The IRAKs dissociate from 
MyD88 and interact with tumor necrosis factor (TNF) receptor-associated factor adaptor 
protein (TRAF6). TRAF6 subsequently generates the formation of an unconjugated free 
polyubiquitin chain onto itself21, which leads to the release of nuclear factor-kappa B (NF-κB), 
regulating a wide range of immune response genes12,19. The second pathway, utilized by TLR3 
after dsRNA stimulation, involves the TIR domain-containing adaptor-inducing interferon-β 
(TRIF). This pathway activates interferon regulatory factor 3 (IRF3), leading to the induction 
of type I interferons12,19. Additionally, TLR4 can initiate the TRIF pathway through the TRIF-
related adaptor molecule (TRAM), alongside the MyD88 pathway12,19.

The number of TLRs varies across species; humans (Homo sapiens) possess 10 TLRs, mice 
(Mus musculus) have at least 12 TLRs, and zebrafish (Danio rerio) have 20 functional TLRs 
encoded in their genomes17,22,23 (see Table 1.1). Additionally, the expression patterns of 
TLRs differ among species. For instance, in zebrafish, TLRs are highly expressed in the skin, 
indicating that the skin plays a crucial role in the immune system of zebrafish24.

1.3  Toll like receptors in neurological disorders
Aside from their presence in cells of the innate immune system, TLRs are expressed in 
different cells in the CNS. For example, human microglia express TLR 1-9, astrocytes express 
TLR2, TLR3, and TLR9, oligodendrocytes express TLR2 and TLR3, and neurons express TLR3 
and TLR7-912. While TLRs play a positive role in the brain by contributing to neurogenesis, 
cognitive functioning, behaviour, and neuronal growth and morphology (reviewed by Acioglu, 
Heary, and Elkabes25), their involvement is not without complications. TLR-mediated 
neuroinflammation, for instance, has been linked to the development of various neurological 
disorders, encompassing both infectious and non-infectious conditions. 

Bacterial meningitis is a prime example of an infectious condition where TLR-initiated pathways 
cause severe neurological damage. During bacterial meningitis, pathogens breach the blood-
brain barrier (BBB) and enter the subarachnoid space. In this space, pathogens rapidly replicate 
because the immune system is not activated until a high density of pathogens is reached26. 
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This delay in immune response allows the infection to escalate unchecked. Bacterial meningitis 
results in severe, life-threatening inflammation within the subarachnoid space. However, 
the tissue damage associated with this condition is primarily due to an overreaction of the 
immune system rather than the direct effect of the pathogens themselves27,28. In this context, 
TLRs, specifically TLR2 and TLR4, play a critical role in initiating the biological processes and 
pathways that lead to immune dysregulation and subsequent neurological damage. These 
TLR-mediated pathways highlight the dual role of TLRs in both protecting the CNS and 
contributing to its vulnerability during infections. 

TLRs were revealed to potentially play a role in the pathology of non-infectious neurological 
disorders, including in Alzheimer’s disease29. Alzheimer’s disease is the most prevalent 
form of dementia, characterised by progressive cognitive decline that interferes with daily 
functioning. Amyloid beta (Aβ) plaques, composed of misfolded and aggregated Aβ peptides, 
play a pivotal role in Alzheimer’s pathology. These plaques accumulate outside neurons and 
are implicated as the driving force behind subsequent abnormalities in the brain, triggering 
events leading to neurodegeneration. Aβ plaques stimulate neuroinflammatory responses, 
involving microglia and astrocytes, which further exacerbate neuronal damage. It also has 
been proposed that neuroinflammatory processes are the main event in Alzheimer’s disease 
pathology29-31. The exact role TLRs play in Alzheimer’s disease pathology is still under debate. 
Increased expression of TLR1, TLR2, TLR4, and TLR6 was found in human Alzheimer’s 
disease patients and in Alzheimer’s disease animal models or animal models with increased 
Aβ32-39. In the case of TLR9, research reports are inconsistent, showing both increased34,36 
and decreased32 expression levels in Alzheimer’s disease. In addition, there is evidence of 
disrupted TLR signalling pathways in Alzheimer’s disease40. However, the activation of several 
TLRs, specifically TLR2 and TLR4, show conflicting effects on the pathology of Alzheimer’s 
disease. In the case of TLR4, activation on the one hand leads to enhanced removal of cellular 
waste41, increased Aβ clearance42, lower memory disfunction, Aβ deposition, and the increased 
production of neuroprotective factors and anti-inflammatory cytokines43,44. Conversely, other 
reports show that Aβ induced activation of TLR4 promotes the production of pro-inflammatory 
cytokines, which triggers astrocyte activation and contributes to amyloid-dependent neuronal 
death45. Similarly, activating TLR2 can enhance Aβ clearance46. Animal models of Alzheimer’s 
disease deficient in TLR2 exhibit a more rapid decline in memory and cognitive functions 
compared to a control group47. These models also show elevated levels of Aβ and TGF-β48, 
greater neuronal death, brain atrophy, learning impairments, and diminished glial activity49 

compared to control groups. However, other studies suggest TLR2 activation may significantly 
contribute to Alzheimer’s disease pathology through TLR2 induced NF-κB signalling leading 
to excessive Aβ production50. 
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Besides Alzheimer’s disease, TLRs potentially play an important role in the pathology of other 
non-infectious neurological disorders, including in Parkinson’s disease51, amyotrophic lateral 
sclerosis (ALS)52, and ischemic strokes53. Despite evidence suggesting their involvement, the 
precise mechanisms by which TLRs influence disease progression are not fully understood. 
This highlights the need for further research to elucidate their functions and therapeutic 
potential in neurological disorders.

To study the role specific TLRs play in normal functioning and in pathology, many studies utilize 
TLR-deficient models. These models help in understanding the intricate mechanisms and 
pathways associated with TLRs. Among these, zebrafish models have become increasingly 
popular due to their genetic similarities to humans and the ease of genetic manipulation. 
TLR-deficient zebrafish models offer valuable insights into the physiological and pathological 
roles of TLRs, providing a robust platform for further research. In this thesis, a TLR2-deficient 
zebrafish model is utilized to study the role of TLR2 on normal brain function. The TLR2-
deficient zebrafish model is the tlr2sa19423 mutant, referred to as tlr2-/-. It has a thymine to 
adenine point mutation that creates a premature stop codon. This mutation occurs in the 
sequence coding for the C-terminus of the leucine-rich repeat (LRR) domain. As a result, the 
protein is truncated and lacks the Toll/IL-1 receptor (TIR) domain54. Previously, Hu et al. utilized 
this TLR2-deficient zebrafish model to study the effect of TLR2 on the metabolic profile in 
zebrafish larvae15. Their research demonstrated that the absence of TLR2 significantly altered 
the metabolic pathways, providing crucial insights into how TLR2 influences metabolic 
processes15.

Mammalian models, particularly rodents, are intensively used for studying neurological 
conditions for their anatomical and physiological similarities to humans. Many mammalian 
species have genetic sequences highly homologous to human, allowing gene function 
studies and disease mechanisms relevant to human conditions. For example, mice share 
approximately 85% of their protein-encoding genomes with humans55-58. Despite these 
advantages, mammalian models often provide limited high-throughput screening capabilities 
due to their labour-intensive care requirements59. This necessitates a large, specialised 
staff and infrastructure, significantly increasing both research costs and time. Given these 
challenges, the zebrafish, a tropical fish native to the southern regions of Asia, developed as 
a popular alternative model organism in biomedical research. Following its first use as a model 
organism for studying vertebrate neuronal development by George Streisinger in the 1960s, 
a groundbreaking paper in 1981 introduced genetic techniques for generating homozygous 
diploid zebrafish clones60. However, it wasn’t until the late 1990s that the zebrafish gained 

2. ZEBRAFISH IN NEUROLOGICAL BIOMEDICAL RESEARCH
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significant popularity as a model organism in biomedical research, largely due to the pioneering 
work of Christiane Nüsslein-Volhard (Tübingen, Germany), and Wolfgang Driever and Mark 
Fishman (Boston, USA)61. 

Compared to other model organisms used in biomedical research, zebrafish offer various 
advantages to explain their widespread popularity. Female zebrafish reach reproductive 
maturity within three months and produce approximately 200 to 300 eggs per week. This 
enables rapid reproduction of transgenic models, facilitating high-throughput experimental 
screening. In addition, the development of zebrafish embryos and larvae progresses swiftly 
after ex vivo fertilization (see Figure 1.2). Additionally, the transparent nature of zebrafish 
embryos and larvae allows for internal structures visualization under microscopes. This 
transparency makes zebrafish exceptionally suitable for monitoring developmental processes. 
Furthermore, the complete sequencing of the zebrafish genome revealed 84% of genes 

Figure 1.2 Developmental stages of the zebrafish. After fertilization, the zebrafish embryo develops rapidly, 
hatching as free-swimming larvae after approximately two days. Next, they reach reproductive maturity after 
approximately three months. Created with zebrafish developmental timeline template of Biorender.com and 
printed with permission. 
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associated with human diseases possess corresponding homologous genes in the zebrafish 
genome. This, coupled with the relative ease of manipulating zebrafish genes, facilitated the 
creation of numerous mutations in the zebrafish genome, paving the way for the development 
of many zebrafish models for studying a broad spectrum of pathological conditions.

For biomedical research specifically focussed on neurological disorders, zebrafish gained 
significant popularity in the last few decades as illustrated in Figure 1.3. Given the obvious 
anatomical and physiological differences between humans and zebrafish, the organisation 
of their central nervous systems exhibits remarkable similarities62. Various structures in the 
zebrafish brain exhibit homology with those found in the human brain. For example, the 
zebrafish telencephalon, situated in the forebrain, consists of the olfactory bulb, pallium, and 
subpallium. The olfactory bulb is involved in processing of smell related sensory information 
in both humans and zebrafish, whereas the zebrafish dorsal pallium, medial pallium, lateral 
pallium, and ventral pallium, are homologues of the human isocortex, amygdala, hippocampus, 
and piriform cortex, respectively62. Furthermore, the zebrafish and human brain alike contain 
a similar blood brain barrier, protecting the brain from potentially harmful substances while 
maintaining the brain’s internal environment63. At the cellular level, the composition of the 
zebrafish brain closely resembles that of the human brain. Alongside neurons, the zebrafish 
brain contains similar cells including oligodendrocyte and microglia cells. However, notable 
differences exist, as zebrafish lack classic stellate astrocytes64. Instead, zebrafish fulfil the 

Figure 1.3 Publication count concerning the zebrafish brain and mouse brain in the pubmed database (National 
Library of Medicine, National Center for Biotechnology Information, Bethesda, MD, USA). Data acquired by 
searching for “zebrafish” ”brain”, and “mouse” ”brain”, respectively.
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functions typically carried out by mammal astrocytes through radial glial cells64. Despite 
these distinctions, the zebrafish radial glial cells are commonly referred to as astrocytes in 
literature due to their striking similarities. At the molecular level, the cerebral metabolic profile 
of zebrafish is remarkably similar to humans and other mammals65-67, containing identical 
neurotransmitters, including the main excitatory and inhibitory neurotransmitters glutamate 
and γ-aminobutyric acid (GABA), respectively. Furthermore, both the zebrafish and human 
brain contain the same various cell-specific metabolites, including myo-inositol (m-Ins) and 
N-acetylaspartate (NAA), for glial cells and neurons, respectively.

Today, a wide range of transgenic zebrafish models are available for use in biomedical 
research, covering various neurological disorders. Transgenic models have been developed 
for neurodevelopmental disorders, including attention deficit hyperactivity disorder (ADHD)68 
and autism spectrum disorders (ASDs)69. In the field of neurodegenerative disorders, zebrafish 
models exist for Alzheimer’s disease70, amyotrophic lateral sclerosis (ALS)71, Huntington’s 
disease72, and Parkinson’s disease73. Additionally, there are models for stroke74 and 
cerebrovascular disorders75, epilepsy and other seizure disorders76, autoimmune conditions 
including multiple sclerosis (MS)77, Schizophrenia78, traumatic brain injury79, and brain 
cancers including glioblastoma80. Most biomedical research utilizing zebrafish as a model for 
neurological conditions focus on several key areas. These include the pathological impact 
on developmental progression to monitor how neurological disorders manifest and progress 
over time. Behavioural studies are utilized to monitor behavioural changes associated with 
neurological disorders, providing insights into the effects of these conditions on motor 
function, cognition, and social behaviours. Furthermore, transcriptomic studies help identify 
key genes and molecular pathways involved in the onset and progression of these disorders, 
while metabolomic studies can identify metabolic changes related to neurological disorders. 
These studies provide insights into the biochemical pathways and metabolites involved in 
disease mechanisms, potentially revealing new targets for therapeutic intervention81. Finally, 
for their advantages in comparison to rodents, zebrafish are employed in high-throughput 
drug screening to identify potential therapeutic compounds and test for toxicity. 

3. MAGNETIC RESONANCE IMAGING AND MAGNETIC RESONANCE 
SPECTROSCOPY
Among the various techniques utilized and discussed in this thesis, magnetic resonance 
imaging (MRI), diffusion-based MRI (dMRI), and localized magnetic resonance spectroscopy 
(MRS) stand out as the most important contributors. This section serves as an introduction to 
the theoretical and technical background of these techniques.
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MRI is a well-established non-invasive technique for neurological diagnostics and in biomedical 
research. Up to date, MRI is the most precise technique for producing highly detailed images 
of the brain, outperforming other techniques including computed tomography (CT) or Röntgen 
radiation (X-ray). MRI is a versatile imaging technique capable of creating various types of 
contrast by exploiting different tissue properties such as proton density, T1, T2, diffusion 
characteristics, or magnetization transfer. This allows for a wide range of contrast options 
tailored to specific needs. MRI not only differentiates between various cerebral tissue types, 
including white matter, grey matter, and cerebrospinal fluids, MRI is applied in the diagnostics 
of a wide range of neurological conditions including brain tumours82, brain infections83, brain 
damage84, strokes85, hydrocephalus86, and intracranial haemorrhage87. For many of these 
conditions, non-invasive diagnostics would not be possible without MRI. 

Closely related to NMR, localized MRS is a non-invasive technique to locally provide 
quantitative biochemical information. However, unlike traditional NMR, localized MRS allows 
for the selection of a specific region of interest (ROI) through the MRI gradient systems. Hence, 
the biochemical composition of specific tissue can be monitored in their native biological 
environment, eliminating the need for laborious extraction procedures. Although MRS is 
employed for various tissue types88-91, clinical applications mainly focus on brain tissue and 
neurological disorders92-98. Significant changes in cerebral metabolites have been detected 
in various neurodegenerative diseases49,99-111, providing invaluable quantitative biochemical 
information regarding pathological progression.

In Section 1.3.1, the basics of nuclear magnetic resonance (NMR) are discussed, the foundation 
upon which MRI, dMRI, and localized MRS are built. Section 1.3.2 treats MRI, covering MRI 
image construction, generating contrast in MRI, and various MRI pulse sequences utilized in 
the main work of this thesis. In Section 1.3.3, dMRI is discussed, covering the basic concept 
of dMRI, diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI), diffusion kurtosis 
imaging (DKI), and dMRI tractography. Next, in Section 1.3.4, the theoretical background of 
localized MRS is discussed. Finally, as the main work discussed in this thesis was performed 
using ultra-high field (UHF) MRI systems, the opportunities and challenges of utilizing these 
systems is treated in Section 1.3.5.

3.1  Physical basis of nuclear magnetic resonance techniques
MRI and localized MRS are based on the principles of NMR. The NMR phenomenon was 
first observed in 1946 by two independent research groups; the group of Bloch, Hansen, 
and Packard112, and the research group of Purcell, Torrey, and Pound113, for which Bloch and 
Purcell received the Nobel Prize for physics in 1952114. In this section, the basics of the NMR 
phenomena are discussed, essential for understanding the foundations upon which this thesis 
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is constructed. The information provided in this section is mainly provided by “Basic one- and 
two-dimensional NMR spectroscopy, by Horst Friebolin”115, unless stated otherwise.

NMR spectroscopy is based upon the interaction between nuclei with a non-zero nuclear 
spin I and an external magnetic field B0. Biologically significant chemical elements with NMR 
detectable isotopes are 1H, 13C, 31P, and 15N, with spin I = ½. Nuclei with I = 0 include 12C and 
16O, implying two of the abundant isotopes found in organic compounds cannot be detected 
through NMR. Isotopes with I > ½ also exist, e.g. 14N (I = 1), 23Na (I = 3/2), or 43Ca (I = 7/2). The 
focus of this thesis is on the abundant I = ½ 1H nuclei. 

In a simplified view, nuclear spins may be seen as tiny magnets. In the absence of an external 
magnetic field, the individual nuclear moments (µi) are randomly oriented, and their sum 
results in no net magnetization M (see Figure 1.4). However, in an external static magnetic 
field B0, the z-component of the nuclear spin angular momentum Iz is quantified over 2I + 1 
possible spin states. The spin states are indicated by the magnetic quantum number m, with 
m = I, I-1, … -I. For nuclear spins with I = ½, the spin states are commonly referred to as α (m 
= ½, parallel to B0) and β (m = -½, anti-parallel to B0). The energy difference ΔE between the 
spin states α and β is 

 								        (1.1)

where γ is the gyromagnetic ratio (26.7522 · 107 rad T-1 s-1 for 1H), ℏ is h/2π, with h being 

Figure 1.4 Without an applied magnetic field, spins are randomly oriented, and there is no net nuclear magnetization 
M. When an external magnetic field B0​ is applied, the z-component of the nuclear spin angular momentum aligns 
either parallel or antiparallel to B0. Due to a slight preference for parallel alignment over antiparallel alignment, a 
net magnetization M is generated.
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Planck’s constant (6.6256 · 10-34 J s), and B0 is the magnetic field strength in Tesla, 
with		   . The energy difference between the α and β spin states leads to a 
difference in population due to the Boltzmann distribution, where nuclei occupy the lower-
energy α-state more frequently at thermal equilibrium. The nuclear spin state population ratio 

 								        (1.2)

is estimated using the Boltzmann distribution. Here, kB is the Boltzmann constant (1.3805·10-23 
J K-1) and T is the absolute temperature in K.

The energy difference between the spin states α and β creates a minimal population disparity 
between β and α states, resulting in a relatively small M. Consequently, NMR based techniques 
have a low sensitivity compared to other analytical techniques. A way of improving the 
sensitivity of NMR is to increase B0. Table 1.2 provides an overview of magnetic field strengths 
(in T and Hz) typically utilized in NMR and MRI systems, as well as in the present study. It is 
common practice to denote the field strength by referencing the precession frequency of 1H 
at the corresponding magnetic field strength. The precession frequency, or Larmor frequency 
νL, is given by

 								        (1.3)

Hence, a 14.4 T NMR system is also commonly referred to as a 600 MHz system.

Table 1.2 Magnetic field strengths used in NMR and MRI, denoted in Tesla (T) and the Larmor frequency of 
hydrogen (MHz). *Larmor frequencies were rounded to their conventionally used value.

β

α
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3.2  Magnetic resonance imaging
Magnetic resonance imaging (MRI) is a well-established, powerful, non-invasive technique 
primarily used in the clinical field for imaging soft tissues. Its popularity in clinical settings 
can be attributed to its relative safety. It does not involve ionizing radiation as used in 
computed tomography (CT) scans, while offering superior image quality with exceptional 
detail. MRI can provide remarkable structural details in various soft tissues, including the 
lungs116

, stomach117, brain118, muscles119, liver120, breasts121, kidneys122, and the heart123, making 
it invaluable for monitoring a wide range of pathologies and disorders. Outside the clinical 
field, MRI is extensively used in research, not only for humans but also for other organisms 
including rodent models124, zebrafish models125, and plants126. MRI offers a diverse range of 
experimental sequences designed for specific imaging needs; from fundamental T1, and T2 
weighted images, to multi-slice and fast acquisition sequences. Beyond anatomical imaging, 
MRI extents its utility to advanced applications, including quantification of tissue properties 
such as T1 and T2 relaxation times, assessing diffusion characteristics, specific imaging of 
lipid signals for estimation of the fat composition, and unravelling neural connectivity patterns 
through tractography. Central to the diversity of MRI sequences lies the interplay between 
radio frequency (RF) pulses and the gradient systems utilized for spatial encoding. This 
chapter serves to introduce fundamental components of MRI sequences and to elucidate the 
pivotal sequences employed in this thesis.
 
3.2.1  Spin echo and gradient echo sequences
MRI experiments are generally characterised as spin echo- or gradient echo-based sequences. 
Basic pulse programs of these sequences are shown in Figure 1.5. While both are widely used 
in MRI, most experiments in this thesis rely on spin echo sequences. This sub-section will 
focus on exploring and understanding spin echo-based MRI techniques.

Spin echoes, or Hahn echoes, named after E.L. Hahn who first discovered them in 1950127, are 
generated by a sequence of RF pulses. In their most basic form, shown in Figure 1.6, spin echo 
sequences start with a 90° (1/2 π) RF excitation pulse that rotates the magnetization away 
from the z-axis into the xy-plane (Figure 1.6A&B). After the excitation pulse, the spins start to 
fan out due to loss of coherence from T2

* and T2 relaxation processes (Figure 1.6C). Next, a 
180° (π) RF refocusing pulse is applied (Figure 1.6D), compensating the local heterogeneities 
in the magnetic field causing T2

*
 relaxation. Consequently, the spins realign, the magnetization 

is refocused, and an echo of the initial NMR signal is observed at the echo time TE, which 
is in the millisecond range. The 180° refocusing pulse compensates T2

*
 relaxation, while the 

loss of spin coherence caused by pure T2 relaxation processes develops further during the 
refocusing period. This feature is utilized in the estimation of T2 relaxation times of tissue 
(see Section 1.3.2.4). After the echo signal is recorded, a waiting period is initiated allowing 
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T1 and T2 relaxation processes to complete. A next scan starts with a 90° excitation pulse at 
repetition time TR, which is in the order of seconds. Thus, TE << TR. The TE and TR utilized 
depend on the sample, desired contrast, and B0.

3.2.2  The rapid acquisition with relaxation enhancement (RARE) sequence
As previously stated, basic spin echo MRI experiments record one phase encoding gradient 
line per excitation cycle, making the number of phase encoding lines a significant factor in the 
total measurement time. However, since TE << TR, with TE being in the millisecond range and 
TR in the second range, there is a time interval between TE and TR. During this interval, T1 and 
T2 relaxation processes are progressing. The rapid acquisition with relaxation enhancement 
(RARE) sequence utilizes this time interval by implementation of additional 180° refocussing 
pulses to acquire multiple phase encoding gradient lines per excitation cycle128. The total 
number of 180° refocussing pulses utilized is referred to as the echo train length (ETL), or 
RARE factor. The MRI sequence of RARE is shown in Figure 1.7.

Figure 1.5 Basic [A] spin echo and [B] gradient echo MRI sequences. Typically, the echo time TE is in the 
millisecond range, while the repetition time TR is in the second range. However, the precise values depend on 
the sample, desired contrast, and applied magnetic field strength. Three magnetic gradient systems are utilized 
for the spatial encoding, namely the slice selection gradient (GS), the phase encoding gradient (GP), and the 
frequency encoding gradient (GF). 
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Figure 1.6 Spin echo sequence, illustrating the origin of the echo signal at TE. [A] Initial state. The system starts 
in the initial equilibrium state, with the magnetization M along the z-axis, so Mz = M and Mxy = 0. [B] Excitation 
state. A 90° RF pulse is applied, rotating M into the xy-plane, so Mz = 0 and Mxy = M. [C] Relaxation period. 
Over time, relaxation processes reduce the magnitude of Mxy. In panel C, T2 and T2

* dephasing are shown. [D] 
Refocusing pulse. A 180° x’ RF pulse rotates the spins around the x’-axis. [E] Echo formation. As individual spins 
continue to precess at their respective ω, they rephase at TE, restoring Mxy. An MR signal is recorded as the 
magnetization is rephased. [A] Recovery. Over time, the system will relax to the equilibrium state, so Mz = M and 
Mxy = 0 and [B] a new experiment can be initiated.

Figure 1.7 Rapid acquisition with relaxation enhancement (RARE) MRI sequence. After the initial 90° RF 
excitation pulse, multiple 180° RF refocusing pulses are applied, each with a different phase encoding gradient. 
Consequently, MRI acquisition is significantly faster through the RARE MRI sequence, compared to the basic spin 
echo sequence shown in Figure 1.6, which employs a single phase encoding step per excitation cycle.
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Compared to the basic spin echo sequence utilizing one phase encoding step per excitation 
cycle, the RARE sequence is significantly faster. However, as the ETL increases, relaxation 
effects accumulate, leading to a progressive decline of the MR signal for each subsequent 
echo. This effect becomes more prominent at higher magnetic field strengths, where T2 
relaxation times tend to decrease129,130. Consequently, the effectiveness of very long ETL 
diminishes, rather leading to increased noise in the acquired data. Nonetheless, RARE provides 
a distinct advantage over fast gradient echo MRI sequences due to its inherent refocussing 
of transverse magnetization. 180° refocusing pulses correct for T2

*-induced spin dephasing, 
responsible for susceptibility artifacts131.This makes the RARE sequence less susceptible to 
artifacts from magnetic susceptibility compared to sequences based on gradient echo, a 
benefit that becomes even more pronounced at ultra-high magnetic field strengths where 
susceptibility artifacts tend to worsen132. This phenomenon is further elaborated in Section 
1.3.5.2. 

Additionally, a dominant observation in anatomical imaging with the RARE sequence is an 
atypical bright fat signal. This phenomenon is believed to stem from the utilization of echo 
spacings that disrupt the J-modulation dephasing pattern of lipid protons133. These unusual 
bright lipid signals can significantly affect MRI images through chemical shift displacement 
effects (see Section 1.3.5.2). Such artifacts misalign the fat signal, resulting in the merging of 
the fat signal with surrounding tissues. Therefore, implementing fat suppression methods in 
RARE is essential to mitigate these effects.

3.2.3  Ultra-fast data acquisition with echo planar imaging (EPI)
Echo planar imaging (EPI) is an ultra-fast method for MRI data acquisition134. An example 
of a basic spin echo EPI MRI sequence is shown in Figure 1.8. After the standard 90° RF 
excitation pulse and the 180° RF refocusing pulse, multiple gradient echoes are generated by 
the frequency encoding gradient and a train of short phase encoding gradient pulses, called 
blips, are utilized to fill the k-space. EPI MRI measurements filling the total k-space in a single 
excitation curve is commonly referred to as single shot EPI. In multi-shot EPI, the number 
of excitation cycles utilized to fill the k-space is referred to as the EPI factor, the echo train 
length, or shot factor.

Although the total MRI acquisition time is significantly reduced by EPI, EPI is highly sensitive to 
susceptibility artifacts, particularly as the magnetic field strength and the EPI factor increase134. 
This sensitivity can substantially limit the applicable EPI factor in UHF MRI, as discussed in 
Section 1.3.5.2. In this thesis, EPI is utilized to significantly reduce the total acquisition time of 
multi-shell diffusion tensor imaging measurements. These measurements inherently require 
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extended durations due to their utilization of multiple diffusion-sensitizing factors (b-values) 
and diffusion-encoding directions (see Section 1.3.3.2).

3.2.4  T1 and T2 relaxation time estimation
The longitudinal and transverse relaxation times T1 and T2 in tissue depend on the chemical 
and physical environment in which molecules are present135. Relaxation times directly influence 
MRI sequence parameters, determining the optimal TE and TR needed to achieve sufficient 
signal-to-noise ratio (SNR) and desired MRI contrast. Furthermore, pathology can induce local 
changes in the microstructural environment and consequently modulate relaxation times. This 
is utilized in clinical applications to create contrast between healthy brain tissue and affected 
tissue, including tumours136. Additionally, quantitative analysis of relaxation times provides 
detailed information of the progression in microstructural changes in pathologies135. 

For the estimation of T2 relaxation times, the work presented in this thesis relies on the 
multi-slice multi-echo (MSME) sequence137, which is based on the Carr-Purcell-Meiboom-
Gill (CPMG) sequence138. Although both the RARE MRI sequence (Figure 1.7) and the MSME 
MRI sequence (Figure 1.9) employ a train of 180° refocussing pulses, they obtain different 
results. These differences arise from the difference in their use of the MRI gradient systems. In 
RARE, the phase encoding gradient is employed to acquire multiple echoes each with different 
phases. This allows for anatomical imaging with short total scan time, as discussed in the 
previous chapter. In MSME, however, all echoes within a single excitation cycle are acquired 
with one phase encoding step. Instead, MSME utilizes the 180° refocussing echo train to 

Figure 1.8 Spin echo – echo planar imaging (EPI) MRI sequence for ultra-fast MRI data acquisition. 
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monitor the progression of the signal intensity per voxel at increasing echo times. As stated 
previously, the 180° refocussing pulse compensates for the loss of coherence caused by T2

* 
processes from local heterogeneities of the magnetic field, but not for the T2 processes from 
molecular and atomistic interactions. Therefore, T2 relaxation continues to evolve, and the 
signal intensities decrease with each new echo depending on the local T2.

Figure 1.10A shows the signal loss progression in the brain area of an adult wild-type male 
zebrafish with increasing TE. The MR signal intensity decays exponentially and the transverse 
relaxation time T2 is estimated through mono-exponential line fitting of the MR signal to

		       .						      (1.4)

Here, ITE is the MR signal intensity at TE, A is the absolute bias, and I0 is the signal intensity 
at TE = 0. During data analysis of the MSME MR signal intensities, uneven echoes should 
be excluded as an extension of the workflow proposed by Milford et al.139. Inhomogeneities 
in the RF magnetic field B1 can locally lead to imperfect refocussing pulses (Φ < 180°)140-

142. Consequently, the coherence losses caused by T2
* processes are not fully compensated, 

negatively impacting the observed signal intensity of the echo. However, as the B1 
inhomogeneities remain stable during the measurements, all even echoes fully compensate for 
T2

* processes and thus represent T2 relaxation. This effect can be significant, often resulting 
in a lower intensity for the first MSME echo compared to the second. Figure 1.10B shows the 
results of uncorrected data fitting, which includes all MSME echoes, and corrected data fitting, 
which excludes uneven MSME echoes. As shown, different T2 are estimated by corrected and 

Figure 1.9 Multi-slice multi-echo (MSME) MRI sequence. The MSME sequence is in the current thesis utilized for 
the estimation of T2 relaxation times. The 180° refocusing echo train utilizes a single encoding gradient line per 
excitation cycle, allowing to acquire the exponential decay of the MR signal at increasing TE.
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Figure 1.10 Utilization of the MSME MRI sequence for T2 relaxation time estimation. [A] MRI images of the 
zebrafish brain area, acquired with the multi-slice multi-echo (MSME) sequence at increasing TE. Image intensities 
were scaled to the first echo (TE 5 ms) for comparison of signal intensities. [B] Utilization of MSME data to estimate 
T2 relaxation times. With increased TE, T2 relaxation causes exponential decay in the signal intensity, described by 
[ITE = A + I0 · exp (-TE/T2)]. Mono-exponential data fitting is utilized to estimate local T2 relaxation times. As stated 
by Milford et al. (2015)139, uneven echoes should be excluded in data fitting. Both uncorrected data fitting, which 
includes all MSME echoes, and corrected data fitting, which excludes uneven MSME echoes, are shown here. In 
the current example, an area in the zebrafish pallium was selected for data analysis. [C] T2 map of the zebrafish 
brain area. Acquisition details – Sample information: wild-type young adult male zebrafish, 3 months old, fixated 
in paraformaldehyde for 4 days – MRI hardware: Bruker vertical bore system (Bruker Biospin GmbH, Germany), B0 
17.6 T, Micro5 gradient system (Bruker Biospin GmbH, Germany), Gmax 3 T/m – MSME parameters: TR 2500 ms, τ 5 
ms, ns = 4, resolution 23 × 23 µm, and a slice thickness 200 μm.
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uncorrected data fitting, with improved fitting obtained by the corrected fitting method, as 
evident from the coefficient of determination (R2). Additionally, Figure 1.10C shows a T2 map 
constructed from MSME estimation on a voxel-to-voxel basis, providing a full overview of the 
T2 times distribution in the zebrafish brain region.

T1 relaxation times are estimated by monitoring the longitudinal magnetization Mz recovery, 
accomplished by measuring the MR signal at various repetition times. To reduce the total 
measurement time, the work in this thesis utilizes a sequence combining the RARE MRI 
sequence presented in Section 1.3.2.2 with variable repetition times (RAREVTR). The RAREVTR 
MRI sequence is shown in Figure 1.11.

Figure 1.12A shows the increasing signal intensity progression observed by measuring 
at increasing repetition times in the brain area of an adult wild-type male zebrafish. The 
exponential recovery of the longitudinal magnetization is shown in Figure 1.12B, utilizing the 
MR signal of an ROI selected in the pallium of the zebrafish brain. The longitudinal repetition 
time T1 is estimated through mono-exponential line fitting of the MR signal to

			   .					     (1.5)

Here, ITR is the signal intensity at TR and I0 is the signal intensity at TR = 0. Additionally, T1 can 
be estimated on a voxel-by-voxel basis, for the construction of T1 maps (see Figure 1.12C).

Figure 1.11 RARE with variable repetition times (RAREVTR) MRI sequence for the estimation of T1 relaxation times.
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Figure 1.12 Utilization of the RAREVTR MRI sequence for T1 relaxation time estimation. [A] MRI images of the 
zebrafish brain area, acquired with the rapid acquisition with relaxation enhancement with variable repetition time 
(RAREVTR) MRI sequence at increasing TR. Image intensities were scaled to the longest repetition time echo 
(TR 10000 ms) for visualization of the longitudinal magnetization Mz recovery. [B] Utilization of RAREVTR data to 
estimate T1 relaxation times. With increased TR, T1 relaxation gives rise to exponential recovery with increasing TR, 
described by [ITR = A + I0 · (1- exp (-TR/T1))]. Mono-exponential data fitting is utilized to estimate local T1 relaxation 
times. Here, an area in the zebrafish pallium was selected for data analysis as example. [C] T1 map of the zebrafish 
brain area. Acquisition details – Sample information: wild-type young adult male zebrafish, 3 months old, fixated 
in paraformaldehyde for 4 days – MRI hardware: Bruker vertical bore system (Bruker Biospin GmbH, Germany), B0 
17.6 T, Micro5 gradient system (Bruker Biospin GmbH, Germany) Gmax = 3 T/m – RAREVTR parameters: TR = 300, 
600, 1000, 1400, 2000, 2800, 4100, or 10000 ms, TE = 3 ms, ns = 2, resolution 47 × 47 µm, and a slice thickness 
200 μm. 
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3.3  Diffusion-based MRI
Molecular diffusion describes the spontaneous and random movement of molecules, known 
as Brownian motion, driven by the thermal energy of molecules. This phenomenon was for 
the first time thoroughly elucidated by Albert Einstein in 1905143. Diffusion-based MRI stands 
out as a unique tool with the extraordinary ability to non-invasively monitor the random 
movements of water within biological tissue144. Particularly in the realm of brain imaging, 
dMRI has demonstrated its invaluable utility in investigating neurological disorders. However, 
the versatility of dMRI extends beyond neuroimaging to applications in other fields including 
oncology145, musculoskeletal imaging146, and cardiovascular research147, making it a powerful 
tool in modern medical diagnostics and research. dMRI offers a diverse array of non-invasive 
analytical tools that surpass the capabilities of conventional MRI and other clinical techniques, 
enabling unprecedented insights into the complexities of brain structure and connectivity. 
In its most fundamental form, dMRI provides additional contrast beyond those provided by 
T1, T2, and proton density differences, exhibiting exceptional sensitivity in both detecting 
and precisely localizing acute ischemic brain lesions148. Furthermore, fundamental dMRI is 
utilized for estimating the apparent diffusion coefficient (ADC), quantifying the diffusion rate 
of water molecules within tissues, thereby providing information about tissue microstructure 
and integrity149-151. Advanced dMRI techniques offer rich data by capturing higher-dimensional 
information, including estimation of the diffusivity anisotropy152, deviation from Gaussian 
distribution153, axonal diameter154, and white matter connectivity155. In this thesis, various 
dMRI techniques were utilized for the analysis of the zebrafish brain including its pathology; 
diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI), diffusion kurtosis imaging 
(DKI), and diffusion tractography. The basic principles of these techniques are discussed in 
this section.

3.3.1  Diffusion-weighted imaging
DWI is the most fundamental diffusion-based MRI technique, first described by Le Bihan et al. 
in 1986156, nowadays vastly utilized in clinical MRI to generate diffusion-based MRI contrast or 
to estimate local ADC157. Figure 1.13A shows the spin echo DWI sequence. Diffusion sensitivity 
is introduced in MRI through its gradient system Gdiff, utilized on both sides of the 180° 
RF refocussing pulse. The “dephasing” Gdiff applied prior to the 180° RF refocussing pulse, 
induces phase variations across spins in three dimensions, linking spin phase to their spatial 
distribution within the sample. For stationary nuclei, the rephasing Gdiff applied after the 180° 
RF refocussing pulse would reinstate the spin phase, yielding an MR signal intensity similar to 
a conventional spin echo sequence. However, thermally induced random motions cause the 
nuclei to move between the dephasing and rephasing Gdiff. As a result, the rephasing Gdiff will 
not fully rephase those spins that moved away from their starting position, resulting in MR 
signal loss. Consequently, the observed MR signal intensity reflects local diffusivity: samples 
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with high diffusivity exhibit weak signal intensity, whereas those with low diffusivity display 
strong signal intensity. This is visualized in Figure 1.13B.

Figure 1.13 [A] Pulse sequence of a basic diffusion-based MRI sequence. [B] Effect of diffusivity on observed 
signal as a consequence of the dephasing and rephasing gradient pulses. A sample with a high diffusivity will lead 
to a low diffusion-weighted (DW) signal, while a sample with a low diffusivity will lead to a high DW signal. In this 
example, only the effect of dephasing and rephasing for one of the three gradient directions is visualized.
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The total diffusion weighting of a dMRI experiment is determined by the gradient amplitude 
(G), gradient duration (δ), and gradient time interval (∆). Conventionally, these are summarised 
in the b-value, according to 

			                .						     (1.6)

In DWI, the diffusion-weighted MR signal is measured at a specific, or at various b-values. 
In this work, the DWI methods utilize fixed values for δ and ∆, and the b-values are set by 
changing the gradient strengths G. A lower b-value signifies minimal diffusion weighting, 
whereas a higher b-value signifies heightened diffusion weighting. 

Figure 1.14A shows the loss of MR signal intensity at increasing b-values, indicating strong 
diffusion weighting is applied. Notably, diffusion-weighted MRI enhances the contrast between 
the zebrafish brain and its surroundings compared to conventional MRI techniques discussed 
earlier. This heightened contrast arises from the diminished water diffusivity within brain 
tissue relative to other tissues, accentuating tissue boundaries. Figure 1.14B demonstrates 
how the local diffusion rate of water molecules can be estimated by fitting the MR signal to a 
mono-exponential decay function at increasing b according to

			           .						      (1.7)

Here, Ib is the signal intensity at b and I0 is the signal intensity at b0. ADC analysis performed 
on a voxel-to-voxel basis generates ADC maps as demonstrated in Figure 1.14C.
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Figure 1.14 Utilization of the DWI MRI sequence for apparent diffusion coefficient estimation. [A] MRI images of 
the zebrafish brain area, acquired with the spin echo diffusion-weighted imaging (DWI) MRI sequence at increasing 
b-values. Image intensities were scaled to the lowest diffusion-weighting image (b = 75 s/mm2) for visualization 
MR signal loss by diffusion. [B] Utilization of DWI data to estimate ADC through mono-exponential line fitting. 
With increased b, diffusion processes cause an exponential decay of the MR signal, described by [Ib = A + I0·exp 
(-b·ADC)]. Here, an area in the zebrafish pallium was selected for data analysis as example. [C] ADC map of the 
zebrafish brain area. Acquisition details – Sample information: wild-type young adult male zebrafish, 3 months 
old, fixated in paraformaldehyde for 4 days – MRI hardware: Bruker vertical bore system (Bruker Biospin GmbH, 
Germany), B0 17.6 T, Micro5 gradient system (Bruker Biospin GmbH, Germany) Gmax 3 T/m – DWI parameters: TR = 
1000 ms, TE = 20.2 ms, ns = 4, resolution 23 × 23 µm, slice thickness 200 μm, δ = 4 ms, Δ = 10 ms, b-values 75, 
500, 1000, 3500, 5000, or 7500 s/mm2. 
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3.3.2  Diffusion tensor imaging
In a free medium, such as free flowing water, the Brownian motion induced displacement of 
molecules is described by a Gaussian distribution towards all three spatial dimensions. The 
distance travelled by these molecules is described by the diffusion coefficient D, depending 
on the molecular mass, the temperature, and the viscosity of the medium. A diffusion ellipsoid 
of such a medium is isotropic and the eigenvalues (λ1, λ2, λ3) of its eigenvectors (ε1, ε2, ε3) 
identical; λ1 = λ2 = λ3 = D (Figure 1.15A). Biological tissue contains cell membranes, fibres, 
macromolecules, and other obstacles hindering the motion of its water content. Anisotropic 
diffusion, characterised by directional preferences, is observed in many types of tissue, 
including muscle158, kidney159, liver160, and heart147 tissue. However, the most profound 
instances of anisotropic diffusion occur in white matter structures of the spinal cord161 and 
brain162. The long axonal fibre bundles of white matter create directional preferences, amplified 
by their myelin insulation. The myelin sheet acts as a barrier, confining water movement to 
parallel trajectories along the axons while hindering perpendicular diffusion. Consequently, 
the diffusion ellipsoid and tensor in biological tissues exhibit anisotropic characteristics, 
where the eigenvalues of the diffusion tensor vary accordingly, with λ1 > λ2 > λ3 (Figure 1.15B).

DTI is an advanced dMRI technique, providing orientational information of diffusion 
characteristics in tissue. Whereas DWI assumes isotropic diffusion, DTI measures the MR 
signal in various diffusion-encoding directions to construct the diffusion ellipsoid and tensor 
matrix D. D has six degrees of freedom, necessitating the MR signal to be determined across 
a minimum of six orthogonal orientations163. Yet, employing additional diffusion-encoding 

Figure 1.15 The diffusion trajectories and corresponding diffusion ellipsoid, diffusion tensor eigenvalues, and 
diffusion tensor matrix D in [A] isotropic diffusion, e.g. free flowing water and [B] anisotropic diffusion, e.g. white 
matter structures.
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directions significantly enhances the data quality164. The diffusion tensor eigenvalues are 
utilized to estimate the diffusion tensor metrices; the axial diffusivity (D∥), the radial diffusivity 
(D⊥), the mean diffusivity (MD), and the fractional anisotropy (FA).

D∥ represents the diffusivity along the principal eigenvector ε1 and is represented by the 
principal eigenvalue λ1, D⊥ is the average diffusivity along the two non-principal eigenvectors 
ε2 and ε3, MD is the average diffusivity along ε1, ε2, and ε3, and FA represents the degree of 
anisotropy of the water diffusion between the eigenvectors, ranging from 0 – 1. Hence,

 	  ,							       (1.8)

 	          ,							       (1.9)

			  ,	 and					     (1.10)

  						           .		  (1.11)

Here, I(2) represents the fully symmetric rank 2 isotropic tensor, while ||..|| denotes the 
application of the Frobenius norm165. 

Nowadays, DTI is extensively utilized in clinical studies to monitor pathologically induced 
microstructural changes in the brain. Various neurological disorders including Alzheimer’s 
disease166, Huntington’s disease167, and Parkinson’s disease168 show significant changes 
in the diffusion tensor metrices correlating to the pathological progression. However, non-
neurodegenerative brain disorders, including strokes169, brain tumours170, and attention deficit 
hyperactivity disorder (ADHD)171 also show clear changes in the diffusion tensor metrices. 
Broadly, it is understood that D∥ is a potential marker for axonal degeneration, D⊥

 is particularly 
sensitive to shifts in white matter myelin integrity, MD serves as a potential indicator for 
edema and cellular proliferation in neoplastic growth, and FA stands out as a widely utilized 
marker for assessing the integrity of white matter structures163,172,173. However, it’s important to 
approach the direct correlation of specific changes in diffusion tensor metrics with potential 
microstructural alterations cautiously. Such associations should be carefully validated 
with additional techniques, as various factors can induce similar changes and might cause 
misinterpretation of DTI data174.
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3.3.3  Diffusion kurtosis imaging
DWI and DTI operate under the assumption that diffusivity within the brain conforms to a 
Gaussian distribution, assuming a mono-exponential decay of the MR signal with increasing 
b-value as described by equation 1.7, thereby oversimplifying the actual complexity of 
diffusivity in brain tissue175. For both grey matter and white matter this assumption was 
proven to be invalid at high b-values, when dMRI becomes more sensitive towards shorter 
diffusion distances153. Consequently, beyond highlighting DWI’s and DTI’s inability to fully 
utilize all available information provided by MR diffusion measurements for understanding 
tissue microstructure, this also restricts the use of high b-values in DWI and DTI. High 
b-values introduce deviations from the mono-exponential fit used by DTI, thereby introducing 
deviation in the estimated DTI metrics through line-fitting153. Furthermore, DTI fails to consider 
the complexity of biological tissue, especially in the brain, such as crossing fibres, which 
have a direct influence on estimated diffusion tensor metrics potentially leading to incorrect 
conclusions174. 

In the realm of dMRI, the deviation of water diffusion displacement from a normal distribution is 
referred to as kurtosis. A kurtosis of 0 indicates the diffusion profile perfectly follows a normal 
Gaussian distribution, expected for free-flowing water. In biological tissue, a positive kurtosis 
(kurtosis > 0) is anticipated, indicating diffusion initially occurs at a rapid pace, gradually 
slowing down as water molecules increasingly interact with cellular structures. Elevated 
kurtosis values indicate greater obstacles to regular diffusion and heightened complexity175. 

DKI is a dMRI method building upon DTI to account for non-Gaussian diffusivity towards various 
diffusion-encoding directions. Diffusion kurtosis is characterised by a fully symmetrical 3 × 
3 × 3 × 3 diffusion tensor matrix W with 15 degrees of freedom, necessitating a minimum 22 
MR images, taken across at least 15 diffusion-encoding directions recorded at a minimum of 
3 unique b-values176. Moreover, unlike DWI and DTI, DKI mandates the use of high b-values 
(> 2000 s/mm²), as diffusion at low b-values are predominantly influenced by Gaussian 
diffusion177. A full explanation of the methodology describing the construction of W is provided 
by Veraart et al.178.

From W, the diffusion kurtosis metrics can be estimated; the axial kurtosis (K∥), the radial 
kurtosis (K⊥), the mean kurtosis (MK), and the kurtosis fractional anisotropy (KFA). K∥ 
represents the kurtosis along the principal eigenvector ε1 thus in the same orientation as D∥, 
K⊥ is the average kurtosis along the two non-principal eigenvectors ε2 and ε3 thus in the same 
orientations as D⊥, MK is the average kurtosis along ε1, ε2, and ε3, and KFA represents the 
degree of anisotropy of the kurtosis.
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3.3.4  Diffusion MRI tractography
Diffusion tractography, also known as diffusion fibre tracking, is uniquely distinguished as the 
sole non-invasive method capable of mapping intricate white matter connections in the brain 
by leveraging the directional preferences of water diffusion within axons, offering invaluable 
insights into neural connectivity and function. Strictly ordered white matter fibre bundles in 
combination with their myelin sheets give rise to a high order of directional diffusion preference 
of the water molecules inside their axons. The applications of diffusion MRI tractography 
include white matter structure visualization and identification179 assessment of white matter 
deformation as a consequence of tumours180, preoperative assessment and strategizing181, 
and detection of the early stages of neurodegenerative diseases182.

In diffusion MRI tractography the dMRI signal is collected towards multiple diffusion-encoding 
directions for each voxel, revealing local fibre orientations. Diffusion MRI tractography utilizes 
tracking algorithms to translate local fibre orientations to pathways, of which the first were 
introduced in 1998183,184. Today, there exists a multitude of diffusion MRI tractography algorithms 
and data processing tools, too numerous to cover comprehensively in this work. Broadly, 
diffusion MRI tractography algorithms are categorised into deterministic or probabilistic 
approaches185. In their most basic form, tractography algorithms are deterministic. For each 
voxel, a single fibre orientation is estimated, and pathways are generated based on the 
principal eigenvectors of the diffusion tensors186. However, deterministic algorithms are highly 
susceptible to signal noise and artifacts. Furthermore, they cannot consider the crossing or 
closely passing of white matter fibres in a single voxel, which can lead to erroneous or false 
fibre tracts187,188. Probabilistic diffusion tractography algorithms utilize seed points, which 
define ROIs in the brain through which a large distribution of trajectories is generated. The 
regions in the brain exhibiting a high density of trajectories are considered to possess an 
elevated likelihood to be connected to the seed point185. Diffusion MRI tractography described 
in the current work is based on the probabilistic approach proposed by Dhollander et al.189. It 
utilizes constrained spherical deconvolution (CSD) to generate fibre orientation distribution 
functions (fODF) based on the response function of the white matter fibre populations. In 
short, a white matter response function is generated based on the diffusion-weighted MR 
signal from voxels assumed to contain a single fibre orientation. The response function is used 
to generate fODF’s through CSD by relating the fODF coefficient vectors, the vectors of the 
diffusion-weighted MR signal intensities, and the CSD operation. This process transforms the 
CSD operation into a linear least-squares problem190. Following this, a probabilistic algorithm 
is employed wherein, at each step of the streamline, random samples are drawn from the 
local fODF via trilinear interpolation. This workflow offers the advantage of integrating 
biophysical data, which helps mitigating the occurrence of false-positive tracks from grey 
matter tissue190,191. The exploration of diffusion MRI tractography in the zebrafish brain is an 
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emerging field, with Ullmann et al.’s publication192 being the only other known reference so far. 
The compact size of the zebrafish brain, coupled with the inherent low SNR of MRI techniques 
presents considerable challenges. In this work, diffusion MRI tractography primarily aims 
to visually map the exact localization of white matter structures within the zebrafish brain, 
allowing to examine their integrity through DTI and DKI metrics.

3.4  Localized magnetic resonance spectroscopy
1H MRS is a unique technique offering a window into the local biochemical composition of 
tissue. Where traditional NMR provides 1H NMR spectra of the whole sample inside the scanner, 
localized 1H MRS allows for in vivo selection of regions by utilization of the MRI gradient 
systems. For the brain, MRS enables the non-invasive detection and quantification of various 
cerebral metabolites crucial for understanding brain function and pathology. Predominant 
cerebral metabolites detectable with localized 1H MRS in the human brain include glutamate 
and GABA, two important neurotransmitters in the brain providing valuable insights into the 
brain function and health193,194. Specific metabolites may serve as markers for cell types, and 
NAA, primarily found in neuronal cell bodies and axons, stands as a promising indicator for 
tracking neuronal integrity195. Conversely, m-Ins, mainly located in glial cells, serves as a 
potential marker for osmotic stress or neuroinflammation196.

Although various sequences are available for performing localized one-dimensional 1H MRS, 
including stimulated echo acquisition mode (STEAM)197, image selected in vivo spectroscopy 
(ISIS)198, and localization by adiabatic selective refocusing (LASER)199, the point resolved 
spectroscopy (PRESS) sequence is the most conventional method applied in MRS200. The 
PRESS sequence, visualized in Figure 1.16A, utilizes two spin echoes with three orthogonal 
slice selective RF pulses (90° - 180 ° - 180°). At the intersection of the three slices (fig 1.16B) 
the free induction decay (FID) is captured and converted to the frequency domain using 
Fourier transformation, providing the localized 1H MRS spectra (fig 1.16C). Prior to the initial 
90° RF excitation pulse, outer volume suppression (OVS) and water suppression (WS) pulses 
are typically applied (see fig 1.16A). OVS selectively removes signals originating from outside 
the selected ROI. This technique is commonly employed to suppress lipid signals, which 
significantly overlap with important cerebral metabolites such as lactate and NAA. OVS utilizes 
three repetitions of six narrow suppression slices positioned parallel to the voxel surface. OVS 
reduces the need for high gradient spoilers in the PRESS sequence, thereby lowering the 
minimum TE. Additionally, MRS often necessitates the usage of water suppression pulses. 
The water signal in 1H MRS spectra is typically several orders of magnitude stronger than 
signals from metabolites of interest. This dominant water signal can obscure the detection 
and accurate quantification of these metabolites. By suppressing the water signal, MRS can 
achieve a clear and precise measurement of low concentration metabolites, enhancing the 
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overall quality and reliability of the spectral data. In the current work, water suppression is 
achieved through the variable pulse power and optimized relaxation delays (VAPOR) pulse 
sequence, consisting of 7 RF pulses with variable pulse powers and optimized relaxation 
delays for excellent water suppression with little sensitivity for T1 and B1 inhomogeneities.

3.5  MRI and MRS at ultra-high magnetic fields
Terms like “ultra-high field” or “ultra-strong gradient” are inherently relative to the user’s 
perspective. In clinical MRI, a 7 T field for human imaging is considered ultra-high, as are 
gradients of 300 mT/m. By comparison, systems operating at 17.6 T and 28.2 T with gradient 
strengths (Gmax) of 3 T/m would need to be described with even more emphatic terms, such as 
“super-ultra-high”. To provide clarification on the term usage in this thesis, distinction needs to 
be created between different MRI research fields. Commonly, these are made between three 

Figure 1.16 [A] Point resolved spectroscopy (PRESS) MRI sequence. [B] Each of the three RF pulses (90°-180°-
180°) is accompanied by a slice selective gradient pulses perpendicular to each other. The region where the three 
slices overlap, the ROI is selectively excited and [C] an MRS spectrum is recorded. 
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main groups: clinical MRI, pre-clinical MRI, and micro-MRI, also known as MR microscopy. In 
this thesis, micro-MRI systems are employed and magnetic field strengths above 14.1 T (600 
MHz) are regarded as ultra-strong, for they fall outside the range of more commonly used field 
strengths (7 T – 14.1 T). However, we acknowledge that recent hardware developments, such 
as the availability of 28.2 T (1.2 GHz) for imaging, may alter this perspective to some extent.

3.5.1  SNR and relaxation times
The push to employ higher magnetic field strengths in MRI and MRS primarily stems from 
the enhanced SNR201 and improved spectral resolution achieved at elevated B0. Particularly 
in MRS, higher magnetic fields have greatly enhanced spectral resolutions, facilitating better 
identification and quantification of metabolites202. Metabolites that exhibit significant spectral 
overlap at lower fields may become completely separable at higher fields. Moreover, the 
increased SNR enables the use of smaller ROIs, facilitating metabolic exploration in finer 
tissue areas. Often, the relation SNR ~ B0

7/4 is cited203, although, in practice, experimentally 
comparing SNR across different magnetic fields is challenging201.

Despite the clear benefits of increased SNR and enhanced spectral resolution, using ultra-
high magnetic fields comes with specific challenges that require method adaptation. One 
major challenge is the influence of B0 on the relaxation times T1 and T2. T1 relaxation time 
increases with B0, while the differences in T1 between different tissues decrease. This leads 
to a theoretical reduction in T1-based contrast at higher field strengths, but the practical 
increase in SNR at higher B0 also enhances the contrast-to-noise ratio (CNR). Moreover, 
longer T1 relaxation times at elevated B0 require a longer TR to ensure proper recovery of 
longitudinal magnetization between RF pulses. However, the improved SNR and CNR at higher 
field strengths result in a significantly shorter total acquisition time201. 

Regarding T2 relaxation times, they are theoretically expected to be unaffected by the magnetic 
field strength204. However, in practice, the T2 relaxation times of biological tissues decrease 
significantly with increasing B0

129,130. Longer T2 relaxation times are preferred, as the MR signal 
decays exponentially with T2. This necessitates the use of shorter echo times at higher B0 to 
avoid losing the SNR improvement provided by the increased magnetic field strength.

3.5.2  MRI artifacts at UHF
A common challenge during MRI data acquisition is the presence of MRI artifacts205. MRI 
artifacts are distortions or anomalies in MRI images that can potentially result in misdiagnosis 
or misinterpretation of the MRI data. There are various types of MRI artifacts, each with its 
own unique origin and specific methods to reduce their impact on the data. Some commonly 
observed examples of MRI artifacts include motion artifacts206, chemical shift displacement 
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artifacts207,208, aliasing artifacts209, Gibbs/truncation artifacts210, and susceptibility artifacts211. 
In this discussion, we will specifically focus on chemical shift displacement artifacts and 
susceptibility artifacts due to their dependence on the strength of the applied magnetic field.

Chemical shift displacement effects
Chemical shift displacement effects, also known as chemical shift misregistration or chemical 
shift artifacts, were first described in 1984 through the observation of the fat signal shift207. The 
chemical shift displacement (sδ) depends on B0 and the field gradient strengths208. Chemical 
shift displacement artifacts arise along the frequency encoding gradient direction, where the 
gradient causes variations in Larmor frequencies within columns of the selected slice (see 
Figure 1.17A). Consequently, the Larmor frequency of water molecules, which predominantly 
contribute to the signals observed in MRI, varies depending on their position, B0, and the 
applied gradient strength. For instance, with an excitation bandwidth of 50 kHz and a field 
of view of 6 × 6 mm, the gradient strength is approximately 8333 Hz per mm. This implies 
that for every millimetre distance in the sample, the 1H Larmor frequency varies by 8333 Hz 
(see Figure 1.17A). However, due to the broad excitation bandwidths utilized, not only the 1H 
signal of water is excited but also signals from various other metabolites. These compounds 
do not precess with the same Larmor frequency as water but at a frequency depending on 
B0. For example, at 28.2 T (1.2 GHz), the Larmor frequency difference between water protons 
and lipid protons is approximately 4080 Hz. Consequently, during data processing, the lipid 
signals are assumed to originate from a position that corresponds to a shift of 4080 Hz from 
their true position (see Figure 1.17B), or approximately 0.5 mm with the specified parameters. 
This results in the mismapping of the fat signal commonly observed in anatomical MRI (see 
Figure 1.17C). Although the absolute magnitude of chemical shift displacement artifacts is 
reduced by the increased gradient strengths applied in UHF MRI, the significantly improved 
spatial resolution of these systems results in these artifacts still posing a significant challenge 
during MRI data processing. Increasing the gradient bandwidth can help mitigate these issues, 
although fat-suppression is often the easiest solution.

Beyond anatomical imaging, single voxel 1H localized MRS also experiences significant effects 
from chemical shift displacement. This displacement occurs in three directions due to the way 
the ROI is selectively excited (see Figure 1.16A). As a result, the MRS signal of any metabolite 
not exactly positioned at the excitation frequency—often chosen at 4.7 ppm—originates not 
from the ROI but from a shifted position depending on its Larmor frequency, B0, and the applied 
gradient strengths. This effect can become pronounced if the measurement parameters are 
not sufficiently optimized. For instance, at 28.2 T (1.2 GHz), using excitation pulses of 4200 Hz 
and an ROI of 1 × 1 × 1 mm, sδ = 0.97 mm in the x, y, and z axes (see Figure 1.17D). Consequently, 
hardly any of the observed lipid signals originate from the selected ROI. Although OVS helps 

PhD Rico_25.indd   45PhD Rico_25.indd   45 2/12/25   18:032/12/25   18:03



CHAPTER 1

46

Figure 1.17 Chemical shift displacement artifacts [A] In the frequency encoding direction, the Larmor frequency 
of the spins are modified relative to (γ/2π)B0 ± Glocal. These variations in Larmor frequency are utilized for image 
reconstruction. Chemical shift displacement artifacts occur when the Larmor frequencies of metabolites differ 
from the excitation frequency. During image reconstruction, this frequency difference is erroneously attributed 
to the gradient rather than the actual frequency difference, leading to incorrect visualization of the metabolite 
signals. [B] For example, at 28.2 T the difference in the Larmor frequency of water protons and lipid protons is 
approximately 4080 Hz*. [C] In RARE, this results in significant MR lipid chemical shift displacement artifacts of 
approximately 0.5 mm*. [D] In single voxel localized MRS, chemical shift displacement effects cause the signals of 
metabolites that do not match the excitation frequency to originate from a spurious location. * sδ for fat in RARE 
estimated assuming B0 = 28.2 T / 1200 MHz, a gradient bandwidth of 50 kHz, excitation frequency of 4.7 ppm, 
and an ROI of 6 × 6 mm resulting in GF = 8333 Hz/mm. ** sδ for fat in PRESS estimated assuming B0 = 28.2 T / 
1200 MHz, excitation bandwidths of 4200 Hz, excitation frequency of 4.7 ppm, and an ROI of 0.8 × 0.8 × 0.8 mm.
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to suppress signals from outside the ROI, the signal intensities observed for metabolites with 
different chemical shifts compared to the excitation frequency are significantly reduced. To 
mitigate this effect, it is essential to increase the gradient strength and optimize the excitation 
frequency for the metabolites of interest. Properly optimized measurement parameters can 
significantly reduce the impact of chemical shift displacement, improving the accuracy and 
reliability of the MRS data.

Magnetic susceptibility artifacts
Magnetic susceptibility refers to the tendency of a material to become magnetized when 
exposed to an external magnetic field211. A distortion in the primary magnetic field arises at the 
interface of two materials with different magnetic susceptibility. This distortion in the primary 
magnetic field causes a change in the local Larmor frequency, resulting in T2

* dephasing signal 
loss and a misplacement of the MR signal in the phase encoding direction. Consequently, 
the characteristic pattern of a susceptibility artifact is observed, which is an area without 
signal next to a bright region as a consequence of misplaced signal accumulation (see Figure 
1.18). Common places showing susceptibility artifacts in human MRI include the paranasal 
sinuses and the interface between bones and soft tissue211. In the paranasal sinuses, these 
artifacts stem from susceptibility differences between paramagnetic molecular oxygen 
in air and soft tissue, while in the bone-soft tissue interface, they are primarily due to the 
presence of diamagnetic calcium salts in bones. Additionally, just as paranasal sinuses can 
cause susceptibility artifacts, air bubbles can also induce significant artifacts, particularly 
in UHF micro-MRI, and should therefore be minimized whenever possible. Several imaging 
parameters contribute to the severity of susceptibility artifacts. First, the magnetization M 
(A/m) of a material increases linearly with the external magnetic field132 according to M = χm·B0, 
with χm the magnetic susceptibility of a material and B0 the applied magnetic field strength 
(A/m). Since the severity of susceptibility artifacts increases with the magnetization of tissue, 
they also increase linearly with B0. Second, due to the T2

* refocussing properties of the spin 
echo sequence, these are less affected by susceptibility artifacts compared to gradient 
echo sequences, which do not refocus T2

* relaxation processes. This becomes especially 
clear in sequences incorporating EPI, which utilizes a train of gradient echoes for ultra-fast 
image acquisition (see Figure 1.18). Furthermore, utilization of longer TE will further escalate 
susceptibility artifacts for it provides more time for dephasing. Additionally, lower gradient 
strengths contribute to more pronounced susceptibility artifacts due to the mechanism 
by which spatial information is encoded by the frequency encoding gradient, as explained 
above for chemical shift displacement artifacts. Since magnetic susceptibility variations 
lead to localized changes in the Larmor frequency, MRI data reconstruction produces larger 
susceptibility artifacts at lower gradient strengths.
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Figure 1.18 Susceptibility artifacts at UHF MRI (17.6 T / 750 MHz) The first two images [left & middle] show 
DTI images each obtained with EPI, but at 8 and 20 segments, respectively. As the DTI image obtained with 8 
EPI segments utilizes a longer gradient-echo train length, the susceptibility artifacts are more severe compared 
to the DTI image obtained with 20 EPI segment, although the susceptibility artifacts are still present. Contrary, 
the image obtained with a RARE MRI sequence shows very little susceptibility artifacts around the brain. From all 
three images, a zoomed image of the spinal cord is shown to highlight the severity of the susceptibility artifacts. 
All images were obtained with leptin deficient adult male zebrafish, at B0 17.6 T, Micro2.5 gradient system (Bruker 
Biospin GmbH, Germany) Gmax = 1.5 T/m. 

4. MRI AND MRS OF THE ZEBRAFISH BRAIN

Although zebrafish are increasingly being used as an animal model for neurological disorders, 
the use of MRI or MRS to analyse the zebrafish brain is very limited compared to other model 
organisms (https://pubmed.ncbi.nlm.nih.gov/). The first report utilizing MRI to study anatomical 
structures in adult zebrafish, which included the zebrafish brain, was reported in 2006125. In 
2010 the first high-resolution MRI images at 10 µm isotropic resolution of the zebrafish brain 
were reported212. This study utilized isolated zebrafish brains and employed contrast agents 
to enhance image quality for generating a three-dimensional digital atlas of the zebrafish 
brain213. In 2015, the same research group achieved another milestone by publishing the first 
whole-brain fibre tracking maps of the zebrafish brain through super-resolution track density 
imaging at 5 µm isotropic resolution, revealing intricate white matter structures in an isolated 
brain treated with contrast agents192. In 2023, Hamilton, Allen, and Reynolds conducted the 
first in vivo longitudinal examination of the zebrafish brain214. In addition, in 2009, the first 
and only known publication on performing localized MRS specifically on the zebrafish brain 
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was reported65. These advancements highlight the potential of MRI and MRS in zebrafish 
brain research, although technical challenges continue to limit their widespread application. 
These mainly arise from the tiny size of the zebrafish brain. As illustration in Table 1.3, the 
total volume of the zebrafish brain is approximately 4 mm3, significantly smaller than the brain 
volume of other animal models or the human brain213,215-225.

Obtaining high-resolution images of the zebrafish brain with good SNR within a reasonable 
measurement time, essential for visualizing and studying small structures, remains a challenge. 
It is well known that the SNR in MRI acquisition increases with the applied magnetic field 
strength226, which can be leveraged to significantly reduce the required acquisition time 
needed to achieve the SNR201. To obtain near cellular resolution of 15 – 50 μm requires ultra-
strong gradient systems. Strong gradients allow for superior encoding of spatial information, 
leading to the ability to distinguish smaller structures within the tissue. Since 1960, magnetic 
field strengths for MRI and MRS have increased almost linearly over the years (see Figure 
1.19). Cellular level resolution (7 × 7 × 7 μm ) in imaging of small biological structures has been 
demonstrated for visualizing individual bacteroids in root nodules126. In these experiments 
ultra-high magnetic field strength B0 = 22.3 T was used in combination with ultra-strong 
gradients (Gmax = 3 T/m). By applying these advanced technologies to zebrafish brain imaging, 
we can potentially overcome many of the limitations posed by lower field strengths and 
gradient systems.

Table 1.3 Comparison of average reported weight, volume, and number of neurons in the brain of humans, 
macaques, rats, mice, and zebrafish 213,215-225. Created with biorender.com. 
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Figure 1.19 Historical milestones of narrow bore (0.5 cm) magnetic field strength systems developed by Bruker 
Biospin GmbH, Germany. Data obtained from Bruker.
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In 2020, the introduction of technology operating at the highest commercially available 
magnetic field strength of 28.2 T marked the next historical milestone in the field of micro 
imaging. This UHF strength MRI system promises unparalleled spatial resolution and 
sensitivity, offering new opportunities for detailed anatomical and functional studies. This 
thesis aims to investigate the potential and challenges associated with using this advanced 
technology specifically for the examination of the zebrafish brain, an increasingly popular 
model organism in neurological research. The research presented in this work will focus on 
several key areas: conventional MRI for high-resolution anatomical imaging, dMRI for mapping 
the microstructural properties of neural tissues, and MRS for assessing the biochemical 
composition of the zebrafish brain. Each of these modalities will be evaluated for their efficacy 
in capturing the intricate details of zebrafish neuroanatomy and neurophysiology, which are 
critical for understanding fundamental biological processes and disease mechanisms. The 
ultra-high magnetic field strength of 28.2 T presents both opportunities and challenges. On 
the one hand, it enhances signal-to-noise ratio and spatial resolution, potentially allowing for 
unprecedented visualization of fine neural structures and subtle biochemical changes. On the 
other hand, it introduces technical challenges such as increased susceptibility and chemical 
shift artifacts. This thesis will systematically address these challenges, optimizing imaging 
protocols and developing strategies to mitigate artifacts and other issues.

In Chapter 2, various MRI and dMRI sequences are optimized for microstructural analysis of 
the zebrafish brain at exceptionally high spatial resolutions ranging from 23 to 50 µm. These 
optimizations are performed using the highest commercially available magnetic field strength 
of 28.2 T for imaging. Additionally, this chapter documents the first known instance of dMRI 
tractography of an intact zebrafish brain, employing advanced tractography algorithms 
to isolate white matter signals, thereby reducing noise. This enables the visualization and 
identification of tiny white matter structures at an extraordinary isotropic resolution of 5 µm. 

Chapter 3 details the application of optimized MRI and dMRI techniques at 17.6 T to investigate 
microstructural changes resulting from toll-like receptor 2 (TLR2) deficiency in the zebrafish 
brain. In addition to analysing variations in the T2 and ADC across different brain regions, 
advanced dMRI methods were employed. These included diffusion tensor imaging (DTI) and 
diffusion kurtosis imaging (DKI), which, alongside dMRI tractography, were used to specifically 
examine alterations in the integrity of small white matter structures in the zebrafish brain, 
revealing intriguing microstructural changes associated with compromised white matter 
integrity and axonal degeneration. 

5. THESIS SCOPE
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Chapter 4 describes the optimization of single voxel localized 1H MRS at UHF MRI specifically 
for cerebral metabolic analysis in zebrafish. This chapter explores the potentials and challenges 
associated with UHF localized 1H MRS on the zebrafish brain, with a focus on acquiring highly 
resolved spectra for targeted investigation of distinct brain regions. Highly resolved cerebral 
metabolite spectra were obtained from specific zebrafish brain regions, even from volumes 
as small as 125 nL. This enabled the identification and quantification of brain metabolites with 
exceptional resolution. Localized 1H MRS at 28.2 T significantly enhanced the signal-to-noise 
ratio and improved the baseline separation of metabolite signals from these localized regions 
in the tiny zebrafish brain. This advancement extends the available techniques for utilizing 
zebrafish in neurological disorder research.

In Chapter 5, we delve into the cerebral metabolic changes occurring in the zebrafish brain 
as a direct consequence of TLR2 deficiency. This study employs a sophisticated combination 
of high-resolution magic angle spinning (HR-MAS) at 14.1 T to conduct whole-brain analysis 
and localized 1H MRS at 28.2 T to focus on specific brain regions. Through these advanced 
techniques, we observed significant alterations in the levels of various neurotransmitters 
and metabolites that play critical roles in cerebral energy homeostasis. Notably, there was a 
substantial increase in lactate levels, which may be indicative of an elevated energy demand 
within the brain. Furthermore, we link the observed metabolic changes to previous findings 
to propose a model describing the effect of toll-like receptor 2 deficiency on the brain’s 
microstructure.

Finally, Chapter 6 presents a comprehensive discussion of the work presented in this thesis, 
offers a future outlook, and includes initial results of MRI and dMRI for other pathological 
zebrafish models. In this chapter I also provide suggestions of how the presented methods 
may be applied or modified for in vivo applications.
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