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Abstract

[ron plays an important role in the metabolism of the human brain. There is evidence
that the iron metabolism is disturbed, and abnormal iron accumulation can occur in neu-
rological diseases such as multiple sclerosis (MS). Magnetic resonance imaging (MRI) is
a suitable tool to assess iron inside biological tissue. State of the art MRI techniques
to quantify iron are restricted to gray matter, due to the confounding influence of dia-
magnetic contributions caused by myelin. Thus, there is need for a suitable technique
to quantify iron independent of myelin. In this thesis, a novel MRI technique for iron
mapping, independent of diamagnetic contributions, is presented. This technique is based
on the temperature dependency of the paramagnetic susceptibility, described by Curie’s
law. Temperature dependent MRI was applied on post-mortem MS brain tissue. The
captured iron maps based on the temperature coefficient of R; were in agreement with
histopathological results and literature. In post-mortem MRI, temperature, tissue fixa-
tion and autolysis processes are affecting MRI image contrast and quantitative relaxation
parameters. A detailed examination of the post-mortem effects in MRI was part of the
thesis. This work showed for the first time quantitative iron maps of white and gray
matter structures. In conclusion, this technique showed the suitability of temperature

dependent MRI to reveal novel insights into the iron distribution in MS brain tissue.
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magnetic susceptibility, iron, multiple sclerosis, temperature dependent MRI, post-mortem
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Kurzfassung

Eisen ist ein wichtiges Element im Stoffwechsel des menschlichen Gehirns. Es gibt Hin-
weise dass bei neurodegenerativen Erkrankungen wie beispielsweise Multipler Sklerose
(MS) der Eisenhaushalt im Gehirn gestort ist und abnormale Eisenablagerungen auftreten
konnen. Die Magnetresonanztomographie, kurz MRT, ist die wichtigste Bildgebende
Technik um Eisenablagerungen im Gehirn zu quantifizieren. Die derzeit eingesetzten
MRT basierenden Methoden zur Eisenquantifizierung sind nur in Gehirnregionen mit sehr
geringem Myelingehalt, wie in der tiefen grauen Substanz, valide einsetzbar. Aussagen
zum Eisenstoffwechsel in weiler Substanz konnten bis dato nur durch histopathologis-
che Untersuchungen getroffen werden. In dieser Arbeit wird eine neu entwickelte Meth-
ode prasentiert welche mittels temperaturabhéngiger Messung von Relaxationszeiten die
Berechnung eines Temperaturkoeffizienten ermoglicht. Dieser Temperaturkoeffizient wird
als Eisenmarker eingesetzt. Diese Methode basiert auf der Temperaturabhiangigkeit der
paramagnetischen Suszeptibilitat, welche durch das Curie Gesetz beschrieben wird. Die
diamagnetische Suszeptibilitat, welche stark von Myelin beinflusst wird, ist von der Tem-
peratur unabhéngig und kann somit von der paramagnetischen Suszeptibilitit, welche
stark vom Eisen beeinflusst wird, unterschieden werden. Somit ist es erstmalig moglich,
mittels MRT, Eisen unabhéngig von Myelin in der weiflen Substanz valide zu quatifizieren.
Die hier préasentierten Daten wurden anhand verschiedener postmortalen MRT Aufnah-
men gewonnen. Bei postmortalen MRT Untersuchungen spielen Faktoren wie Temperatur,
Fixierung und Autolyse eine wichtige Rolle und beeinflussen den Bildkontrast, sowie quan-
titative MR Parameter. Der Einfluss dieser Faktoren in der postmortalen MRT wurde
im Zuge dieser Arbeit untersucht. Durch diese Arbeit ist es nun moglich, genauere Aus-
sagen zum Eisengehalt in weifler Substanz zu treffen und diese mit den verschiedenen

Krankheitsaspekten bei MS zu verkniipfen.

Schlusselworter

Magnetische Suszeptibilitat, Eisen, Multiple Sklerose, Temperatur abhangige MRT, post-

mortale MRT, Formalin Fixierung
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Post-mortem Iron Mapping using MRI

Introduction and Motivation

"Non recuso laborem.”

— Anonymus

1.1 Introduction

The brain is the most complex organ of the human body, but therefore only fragmentary
understood. For a very long time, the only way to ”look inside” the human body was
by performing an autopsy. In 1895 Wilhelm Conrad Rontgen discovered ”a new kind of
radiation” called x-rays or Rontgenstrahlen [1]. In 1901 Rontgen received the first Nobel
Prize in Physics for his discovery of x-rays. For the first time it was possible to acquire
images from inside the human body. Rontgen’s discovery introduced medical imaging as a
new and fast growing discipline in science. The first important improvement of the simple
x-ray projection technique was the development of computed tomography (CT) scanning
by Sir Godfrey Newbold Hounsfield [2] and Allan McLeod Cormack in 1971 [3,4] (Nobel
Prize in Physiology or Medicine 1979). CT scanning is a highly dynamic technique to
acquire slice images based on multiple x-ray projections at different angles. The mathe-

matical theory for CT image reconstruction was described by Johann Radon in 1917 [5].
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1 Introduction and Motivation

After the discovery of nuclear magnetic resonance (NMR) by Felix Bloch [6] and Edward
Mills Purcell [7] in the 1940’s (Nobel Prize in Physics 1952) it took until the 1970’s that
Paul Christian Lauterbur [8,9] and Sir Peter Mansfield [10,11] convert this into Magnetic
Resonance Imaging (MRI) (Nobel Prize in Physiology or Medicine 2003). Nowadays,
there exists a wide spectrum of medical imaging techniques. The most promising image
acquisition of the human brain, in remarkable detail, is MRI. But we are interested in
more than the pure structure of the brain. In nature, there is no structure without func-
tion and no function without structure.

The complexity of the human brain and its capability to process an enormous amount
of information is reflected in a network of more than 100 billion interacting neuronal
cells. Further complexity of brain metabolism needs to be considered in the presence of
a neurological disease. The investigation of the origin and course of neurological diseases
is a challenging field in neuroscience. Thus, there is need for quantitative, image-based

markers for diagnosis and monitoring the progression of neurological diseases.

Iron plays an important role in the human brain. To maintain a normal brain function,
iron is involved in many different processes, such as oxygen transport, myelin production
and mitochondrial respiration [12]. A disturbed iron metabolism has been linked with
several neurological disorders like Alzheimer’s disease (AD), Parkinsons’s disease (PD)
or multiple sclerosis (MS) [13]. MS is an inflammatory disease of the central nervous
system (CNS) and the most common neurological disorder in young adults [14]. Focal
demyelination of the white matter (WM) is causing axonal damage, resulting in a de-
creased signal conduction [15]. Furthermore, a decreased iron content is found in the
center of the demyelinated WM lesions [16], in contrast to an increased iron content in
the edge of WM lesions [16] and the basal ganglia [17]. There is strong evidence that the
disturbed iron metabolism is linked with MS and its progression [18]. As this observation
has been made in other neurodegenerative diseases as well, there is an increasing interest

to non-invasively map the distribution of iron in tissue.

MRI is an attractive tool to assess regional iron concentrations based on the param-
agnetic effect of iron inside a magnetic field. Quantitative MR parameters promise to
serve as biomarkers for iron in the human brain [19]. There are several MRI techniques
available to assess the iron content in human brain tissue based on relaxation time map-

ping [20—22], phase imaging [23,24], magnetic field correlation [25,26], direct saturation
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1 Introduction and Motivation

imaging [27] and quantitative susceptibility mapping (QSM) [28-30]. These techniques
can be used to reliable assess the iron content in neurodegenerative diseases, such as MS
[31].

As the number of novel MRI techniques for iron assessment increases, the validation of
these techniques is of increasing importance. Here, post-mortem MRI has shown a high
potential to validate novel MRI iron mapping techniques [22,28]. Furthermore, findings of
post-mortem MRI studies of brain tissue increase the understanding of underlying struc-

ture and microarchitecture and its influence on biophysical contrast mechanisms.

Evidence suggests that iron accumulation is most prominent in deep gray matter (DGM)
structures and can be reliably estimated using MRI [17]. Reliable quantification of iron
is possible with varying sensitivity based on the chosen MRI technique, but restricted to
gray matter (GM) structures. Common iron mapping techniques fail in the assessment of
iron in WM, based on the strong counteracting contribution of the myelin [32].

Especially in normal appearing white matter (NAWM) and WM lesions of MS, disease
related iron accumulation is not fully understood. Thus, there is need for a suitable MRI

technique to quantify iron, independent of any diamagnetic contribution.

1.2 Objectives of the Thesis

The lack of a reliable MR method for iron mapping in all brain structures, especially in
white matter, was the motivation for developing a novel MR based method to quantify
iron using the temperature dependency of the magnetic susceptibility, described by Curie’s
law [33].
Therefore the main objectives of this project are:
e the development of a novel MRI-based technique to assess iron,
o independent of any diamagnetic contribution, e.g. caused by myelin,
o suitable for all brain regions;
e the application of the developed technique on formalin fixed post-mortem brain
tissue of:
o MS patients,

o healthy controls;
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1 Introduction and Motivation

e the comparison between MR-iron maps and histopathological staining.

The assessment of iron in post-mortem MRI depends on meeting the following special

objectives:

e understanding the influence of the temperature in a post-mortem MRI experiment

on the contrast and quantitative MR parameters;

e quantificating the influence of formalin fixation of brain tissue on MR relaxation

times.

1.3 Structure of the Thesis

Chapter 2 summarizes the state of the art in research of multiple sclerosis and iron in
the healthy and diseased human brain from a medical and biological perspectives.

The fundamental physical basics of the magnetic susceptibility and the influence of iron
on the magnetic susceptibility is discussed. The most important methods for detecting

iron using MRI are discussed.

Chapter 3 presents a study of the temperature dependency of the relaxation times 77,
Ty, Ty and the magnetization transfer ratio (MTR) measured in unfixed human brain

tissue.

Chapter 4 focuses on the newly developed method to assess iron based on the tem-
perature dependency of the paramagnetic susceptibility, described by ” Curie’s law”. Ac-
cording to that only the paramagnetic part of the susceptibility changes with temperature
while the diamagnetic part remains unaffected. Using temperature dependent relaxation
time mapping, the iron content was estimated in different brain regions and validated

using mass spectrometry and magnetometry.

Chapter 5 studies the influence of formaldehyde fixation and temperature on MR re-
laxation times. The changes of the relaxation times were linked to the change in water
content and molecular structure after fixation to evaluate the origin of the relaxation time

decrease after formaldehyde fixation.

Chapter 6 applies the newly developed method to assess iron based on the temperature
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1 Introduction and Motivation

dependency of the magnetic susceptibility on formalin fixed tissue of multiple sclerosis
brains. A validation was provided with subsequent immunohistopathology using ferritin
light chain staining. The regional variations observed in histopathology were correlated
with quantitative MR parameters. This work showed that the new proposed method is
a valid and promising approach for iron mapping in all tissue structures, without a bias

from diamagnetic contributions.

December 2015 - 15 -




Post-mortem Iron Mapping using MRI

Theory and State of the Art

"Es gibt nichts Praktischeres als

eine gute Theorie.”
~ Gustav Robert Kirchhoff (1824-1887)

2.1 lIron in the Human Brain

Iron is a fundamental part of many different processes in the human brain, such as oxygen
transport, myelin production, DNA synthesis, mitochondrial respiration, neurotransmit-
ter synthesis and neurotransmitter metabolism [12,34-36]. A balanced iron metabolism
is important to maintain normal brain function [13]. Iron enters the brain via the blood-
brain-barrier or the CSF-brain barrier via the choroid plexus [37,38]. The main iron
components in the human brain are: (i) iron bound haemoglobin in the blood, (ii) iron
bound ferritin for storage, (iii) to a lesser part iron bound in magnetite (Fe3O,) and
maghemit (7 — Fe203) and (iv) iron bound to transferrin [39].

The ability of iron to switch the state from ferrous iron Fe** to ferric iron Fe?*, and
vice versa, through electron exchange is important to maintain the balance between iron

intake and iron storage. During iron intake, ferrous iron is oxidized by hydrogen peroxide
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2 Theory and State of the Art

to ferric iron leading to a hydroxyl radical and a hydroxyde (equation 2.1). Upon storage,
ferric iron is reduced to ferrous iron by hydrogen peroxide releasing hydroperoxyl radical

and a proton as shown in equation 2.2.

Fe*™ + HyOy — Fe?™ + HO o +OH™ (2.1)

Fe*™ + HyOy — Fe?™ + HOO o +H* (2.2)

This redox process were first described by Fenton in 1894 [40] and produces free radi-
cals promoting cytotoxic mechanisms as shown in figure 2.1 [18]. Free hydroxyl radicals
oxidize lipids of membranes, denature proteins, damage DNA, lead to cell dysfunction
and cell death and increase the concentration of intracellular free calcium [18]. Due to
a disturbed iron homeostasis, the oxidative stress level is increased. The initiation of

different cytotoxic meachanisms, lead to the damage of brain structure and function. To

Ferric iron 7 oy
Pro-oxidants -~ A Hydroxyl Mechanisms of cytotoxicity
(e.g. ascorbate / radical Lipid, protein and
superoxide) \ DNA oxidation
Increased proinflammatory
/ \ cytokines
Hydrogen Glutamate toxicity
Oxygen i
e _ perode Decreased DNA repair
Ferrous iron

iron

Figure 2.1: Reaction of ferric iron to ferrous iron and vice versa. The release of hydrozyl radicals
lead to cytotoxic reactions. Taken from [18].
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2 Theory and State of the Art

protect the brain from cytotoxic reactions and damage, iron is chelated through proteins
in an complex called ferritin [41]. Ferritin is a protein consisiting of a mixture of 24
subunits of heavy chain (H-chain) and light chain (L-chain) ferritin proteins. The empty
protein shell, called apoferritin, has a outer diameter of 12-14 nm and a hollow sphere
with a inner diameter of 5-7 nm as shown in figure 2.2. Inside the shell, iron is stored as
hydrated iron oxide (5Fey03 - 9H50) called ferrihydrite [39,42]. The ferritin protein cage
is very stable and resists temperatures >80 °C at pH 7 in a solution. Damaged ferritin

is called hemosiderin which is defined as insoluble cellular iron [41]. Beside iron bound

Fe(2%) + 05 + HyO == Fe(3%) + Hy0,

Figure 2.2: The structure of ferritin protein shell. The shell is consisting of 24 subunits of heavy
(H) and light (L) chain ferritin. The reaction of Fe?+ with Oy and H20 to a safe
ferryhydrite core.

in a non-reactive form to ferritin, small amounts of iron bound to low-molecular-weight
compounds is found in several cellular compartements such as the nucleus, cytosol, lyso-
somes and mitochondria. This represents the labile iron pool reactive for oxygen species

producing hydroxyl radical and leading to tissue damage [43-45].

For the detection of non-haemin iron in tissue slices, primarily histochemical methods are
utilized. The most common staining methods are pearl’s staining, turnbull blue staining
or DAB enhanced turnbull blue staining [46,47]. Additionally to turnbull blue staining,
Hallgren and Sourander determined the iron concentration in homogenized tissue sam-
ples colorimetrically with a spectrophotometer [48]. A more specific method compared to

standard histopathology are immunohistochemical methods based on antibody reactions.
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2 Theory and State of the Art

Specific antibodys bind weakly to receptors of the ferritin protein.

In the healthy brain iron is primarily accumulated in oligodendrocytes, microglia and
macrophages [49]. The normal metabolism in the aging brain include the accumulation
of iron in different brain regions. Hallgren and Sourander showed already in 1958 that
iron increases until the forth decade of live in different deep gray matter structures with
different rates until a plateau is reached. The highest iron concentrations were found in
globus pallidus, caudate nucleus, putamen, dentate, substantia nigra and red nucleus [50].
In figure 2.3 the increase of iron concentration in the globus pallidus is shown.

A disturbed iron metabolism, causes abnormal iron accumulation in different brain re-

m-
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@

myg iran /100 g fresh weight
=
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Figure 2.3: Non haemin iron concentration in the globus pallidus at different age. Taken from [48].

gions and contributes to an increased release of reactive oxygen species. These reactive
oxygen species cause oxidative stress and cell death leading to neurodegeneration. Iron

accumulation beyond the healthy range is observed in several neurodegenerative diseases
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2 Theory and State of the Art

including Alzheimer’s disease, Parkinson’s disease and multiple sclerosis [13]. Until now,
it is still unclear if iron accumulation is the primary effect triggering the disease or a
secondary effect caused by the disease.

As iron is an important part of the myelin production, iron metabolism in multiple scle-

rosis is of great importance and directly linked with the disease.

2.2 Multiple Sclerosis

This chapter summarizes several review articles dealing with multiple sclerosis to give an
overview of the most important facts of this disease [14,15,51]. Multiple sclerosis (MS)
is the most frequent disorder of the CNS with more than 2.5 million affected individuals
around the world. MS is the most common neurological disease in young adults with
a prevalence of one in 400 [14]. Pathologically, MS is an inflammatory disease of the
CNS leading to acute focal demyelinated lesions, diffuse neurodegeneration and axonal
loss in gray and white matter [52]. The disease is categorized into (i) primary progres-
sive MS (PPMS), (ii) relapsing-remitting MS (RRMS) and (iii) secondary progressive MS
(SPMS). In the PPMS course, there is an continuous progression of the disease starting
from the onset [53]. In RRMS, relapses occur approximately 1-2 times per year with
different strengths and different intervalls between the relapses. The relapses are linked
to the formation of new focal lesions where most of them become permanent sclerotic
plaques. Persisting disease duration implicates increased axonal loss, as well as decrease
of the brain volume, in the cause of time. After several years, the relapse remitting course
is followed by the secondary progressive phase. A typical course and the corresponding
pathogenesis of RRMS followed by SPMS is shown in figure 2.4. Inflammatory and neu-
rodegenerative processes are connected and overlapping with ongoing disease duration.
Oligodendrocytes are glial cells of the CNS and responsible for myelin production.
Myelin consists of lipids separated through different layers [54,55]. The myelin sheaths
are wrapped around axons, as an insulating membrane and responsible for fast signal
transduction. This so called saltatory conduction is based on the propagation of action
potentials between the nodes of Ranvier. The nodes of Ranvier are the unmyelinated
spots between the myelinated parts of the axon [54,55]. If the myelination of the axon is
damaged, the signal conduction is dramatically delayed.
Neurodegeneration, caused by myelin loss, results in axonal damage and is typical in an

early stage of active focal lesions. Axonal damage in active focal lesions begin early with
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2 Theory and State of the Art

Relapsing-remitting phase Secondary progression phase

L1l Lt
i

Figure 2.4: The course and pathogenesis of a typical relapsing-remitting and later on secondary
progressive MS. The change of brain volume, axonal losses and inflammation are plotted
compared to disease state. Adapted from [14].

Axonal loss

Inflammation

Brain volumen

Clinical threshold

the formation of new lesions and increases with disease duration. This progressive neu-
rodegeneration is irreversible. In the case of partial remyelination in inactive lesions, the
underlying axonal density is still decreased.

The axonal demyelination lead to a varity of different clinical symptoms. Common symp-
toms are weakness or diminished dexterity in the limbs, sensory disturbance, monocular
visual loss, double vision, gait instability and ataxia. In later stages of disease it comes
to bladder dysfunction, fatigue and heat sensitivity. Further hemifacial weakness, pain,
vertigo and brief tonic spasms could occur. These symptoms are not exclusively MS spe-
cific. Characteristic symptoms for MS are Lhermitte’s symptom, an electrical sensation
running down the spine or limbs during neck flexion and Uhthoff phenomenon, where
worsening of symptoms appear when the body temperature is rising [14,15,51]. The de-
myelination is also reflected in a prolonged latency of visual, auditory and somatosensory
envoked potentials. Further, cognitive dysfunctions with memory loss, impaired atten-
tion, delayed information processing, problem solving difficulties, difficulties in shifting

between cognitive tasks are prominent in MS [56-60].

Inflammation arising from accumulating active T lymphocytes initiate the cascade of
events resulting in demyelination. Inflammatory mediators lead to an impaired blood
brain barrier. Consequently nitric oxide damages axons and block the conduction. Reac-

tive astrocytes release cytokines and growth promoting factors as part of the inflammatory
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2 Theory and State of the Art

process leading to possible remyelination in some cases. On the other hand, gliosis can
occur, blocking the remyelination. WM pathologies are characteristic for MS and reflected

in the diagnostic criterias of MS [61].

In many cases clinical evidences are sufficient for the diagnosis of MS or non-MS and
additional examinations are not needed [15]. If clinical evidence is not sufficient, addi-
tional biomedical analysis of blood or CSF [62,63] or MRI support a definite diagnosis.
Criteria for the diagnosis of MS based on clinical, biomedical and imaging data are visu-
alized in figure 2.5.

In the process of diagnosing MS, MRI plays an important part. More than 95% of the MS
patients show WM abnormalities in 75 weigted images. The focal lesions are represented
as areas with higher signal intensity on 7T, weighted images. Active lesions are caused by
an impaired blood brain barrier and distinguished from other lesions using gadolinium
enhanced MRI. MRI has proven as suitable tool to monitor the progression of MS through
calculating brain atrophy at different disease stages [64] or monitor 77 contrast changes
in lesions [65] or changes in WM tracts using diffusion tensor imaging [66].

For a long time, MS was primary associated as disease of the WM, but more and more
evidence suggest an involvement of gray matter structures. Cortical gray matter lesions
seem to influence the cause of the disease and contribute to motory, sensory and cognitive
dysfunctions [67,68]. Demyelination occurs not only in WM, but also to a certain degree
in cortical or deep gray matter. Gray matter atrophy is observed in pathological studies

and linked with abnormal iron levels in deep gray matter structures [69].

2.2.1 Iron in Multiple Sclerosis

As in many neurodegenerative diseases, a disturbed iron metabolism is associated with
MS. In MS, increased iron levels are found in deep gray matter structures such as globus
pallidus, caudate, putamen, thalamus and substantia nigra [17,23,70-72]. The increased
iron levels are linked to gray matter atrophy, diffuse neurodegeneration on a pathological
level and with disease progression and disability on a clinical level. Abnormal iron levels
and neurodegeneration was found in all types of MS [18,69]. The iron levels of deep
gray matter structures where significantly higher than in the the iron levels in the cortex
and normal appearing white matter (NAWM) of MS patients. Lower iron levels were
found in deep gray matter structures of patients with a clinically isolated syndrome (CIS)

compared to RRMS and SPMS patients [17,71]. No increase of iron in deep gray matter
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Figure 2.5: Criteria for the diagnosis of multiple sclerosis, adapted from the McDonald criteria.
Taken from [15]

structures of MS patients was observed compared to the age dependent increase of iron
in healthy controls [48].

Iron increases in the deep gray matter structures during ageing in healthy controls [50].
In MS no such increase with age was observed.

In focal demyelinated lesions, increased iron levels are observed at the rim around the
lesion core. In the lesion core demyelination and decreased iron was observed in a
histopathological study [16]. Late active lesions show high iron content compared to
chronic and remyelinated lesions where low iron content was observed [16,73]. In some

studies, iron was found around blood vessels such as small veins inside WM lesion cores
[46, 74].
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In NAWM, iron levels are found to be decreased compared to control patients. This de-
crease of iron in NAWM is correlated with the disease duration. Beside low iron levels,
a loss of oligodendrocytes and reduced hephaestin, a membrane protein responsible for
transmembrane iron transport, was observed [16]. This decrease of iron is suggested to

play a protective role against inflammation mediated demyelinisation and oxidative stress.

In MS, it is suggested that several different mechanism contribute to the disturbed iron
metabolism leading to abnormal iron accumulation or iron loss in different brain structures
[18,75,76]. In the healthy brain, iron regulatory proteins, are responsible for a balanced
intake, storage and release of iron. Dysregulation of iron transport, iron storage and other
regulatory molecules might be responsible for abnormal iron accumulation. Transferrin
is responsible for iron transport in the blood and into cells. Iron is transported across
the blood-brain-barrier via transferrin receptors of brain endothelial cells. A dysfunction
or break down of the blood-brain-barrier lead to an unregulated intake of iron from the
blood to the extracellular space. Lysis of erythrocytes, degeneration of haemoglobin and
microhaemorrhages are considered as possible sources of increased iron deposition.

An overload of reactive ferrous iron (Fe?") can increase the amount of reactive oxygen
species, such as hydroxyl radicals, via the Fenton reaction. In MS there is evidence of
widespread mitochontrial damage based on increased oxidative stress. Iron-dependent
enzymes are found in oligodendrocytes and responsible for normal oxidative metabolism.
An overload of reactive iron is toxic to neurons and oligodendrocyes and contribute to
the demyelination process. The most intense demyelination was observed in the center
of focal WM plaques. Beside demyelination in WM, an iron dependent demyelination of
gray matter was observed among all MS types [69]. Variance of demyelination was ob-
served with the highest values in the caudate and hypothalamus. Demyelinated lesions in
the deep gray matter were observed in all types of MS, most frequent in the caudate and
hypothalamus. There are two different strategies to protect the brain from iron mediated
damage: (i) chelation of free iron to a safe and non reactive form and (ii) reducing free
radicals through antioxidants.

Chelators are substances, which bind the free circulating iron and prevent redox reactions
and therefore the production of free radicals. Studies with experimental autoimmune
encephalomyelitis (EAE), which mimics the inflammatory and demyelinating processes
of MS, showed possible benefits of a chelator based therapy against iron abnormal accu-

mulation. If already free radicals are present, antioxidants can be used to prevent tissue
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Figure 2.6: R; map of a patient with CIS (A) and a patient with MS (B). Increased Rj values in
the globus pallidus and putamen were observed in MS compared to CIS, indicating an
increas in iron concentration. Taken from [71].

damage. Several vitamins (A,C,E), coencyme Q10, green tea extract, nitric oxide or
Ginko biloba were successfully applied as antioxidants in EAE studies. In WM plaques a
decreased level of antioxidants and higher levels of oxidative stress markers were observed
[77,78].

Therapies to protect iron mediated damage worked well in animal studies but still now
suitable results from human studies are available. Therefore the benefit in MS therapy is

still an open question.
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2.3 Magnetism of Matter

Magnetism of matter and the origin of magnetic effects can not be explained in terms of
classical physics. If classical physics is used, an equivalence to magnetic dipoles, repre-
sented by circulating currents, is assumed. The existence of magnetic monopoles, analogue
to the electric charge, is not observed in nature. A detailed explanation and discussion of
magnetism of matter without quantum mechanics is not possible. The following funda-

mental principles in this chapter are based on several text books [79-81].

Magnetism is caused by atomic currents as a motion of electric charges and/or by the spin
of elementary particles, such as electrons, protons and neutrons, characterized by their
magnetic moment. Macroscopically, the total magnetic moment of an atom is the sum of
the individual magnetic moments from the electrons, protons and neutrons. In an atomic
system, the total magnetic moment is the sum of all individual magnetic moments inside
the system. Further, a magnetic moment is induced through an external magnetic field
which superimposes the internal magnetic moment in positive or negative manner.

To understand the total magnetization of a system, one has to exploit the intrinsic mag-
netic moment caused by a single particle. Therefore we have to differentiate between the
magnetization caused by the spin of an electron and the magnetization caused by the spin
of a nucleon. One the one hand, the nuclear spin of a proton is the fundamental basis for
nuclear magnetic resonance (NMR) which is fundamental for MRI. On the other hand,
the spin of the electron is the dominating origin for the magnetic property of matter.

At atomic level, the magnetic moment of a free electron inside an atom has two different
origins: (i) the spin S of the electron and (ii) the orbital angular momentum L caused by
the movement of the electrons around the nucleus. The combination of spin and orbital
momentum is summarized as total angular momentum J with J = S + L.

The simplest atom, is the hydrogen atom with one proton and one electron. The magnetic

moment g of the electron is

p=o (5 )3 (2.3

December 2015 - 26 —




2 Theory and State of the Art

where ¢, is the charge of the electron, m, is the mass of the electron and g the ”Landé

g-factor”, which is defined as:

3 S(S+1)— LL+1)
2 T T 2+

g= (2.4)
The Landé g-factor of a atomic system describes the weighting of the momentum and is
equal to g = 1 for pure orbital motion (S = 0) and to g = 2 for a pure spin momentum
(L=0).

When we look only at the nuclei of an atom, we have protons and neutrons moving slightly
around, which possess an intrinsic spin, called nuclear spin I. The total momentum is now
defined as J =1 + L and therefore the magnetic moment of a proton can be expressed

as

Hp = Gn (2:;?) J (2.5)
where m,, is the mass of the proton and g, the nuclear g-factor. The nuclear g-factor
is different to the Lande g-factor. The nuclear g-factor of a proton is +5.585. Like the
electron and proton, the neutron has a magnetic moment with a nuclear g-factor of -3.826.
Since the magnetic moment is scaled with the inverse of the particle mass the magnetic
moments produced by the nucleus are typically much smaller than the magnetic moments

produced by the electrons. Typically the factor is between 1072 to 1074

An atomic magnet, with a magnetic moment proportional to the total angular mo-
mentum, will precess with a distinct frequency when it is placed inside a magnetic field.

Therefore the magnetic moment is expressed as

p=7J (2.6)

where 7 is a particle dependent constant called gyromagnetic ratio. The magnetic moment

precesses around the magnetic field B along the z-axis with the frequency
wr, =B (2.7)

which is called Larmor frequency. The gyromagnetic ratio for the electron can be ex-

pressed as 7 = —¢./2m.. The same holds true for the magnetic moment produced by the
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m,g

Figure 2.7: A charged particle circulating in an orbit shows a magnetic moment p in line with the
angular momentum J. Taken from [79].

proton. Therefore the different nuclei possess a different gyromagnetic ratio and Larmor

frequency.

In quantum mechanics the relationship between magnetic moment and angular momen-
tum is described in terms of energy. The energy of a magnetic moment in a magnetic

field is given as
Ereg=—11-B (2.8)

When we look now on the z component of the angular momentum, with the z axis is par-
allel to the magnetic field, only certain discrete values are possible. If the spin j is given,
there are 2j + 1 possible states and J, can only take values between jh, (j — 1)h, --- , —jh.
For example a system with spin 1/2 has two possible states with —h/2 and +h/2. Hence

the magnetic energy of an atomic system has only certain values corresponding to

de
Emag =49 <2m ) JZBZ (29)
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If we insert for .J, the maximum possible value jh we can express the energy as

Eunag = 9 (5= ) hjiB- (2.10)

2m

and define the "Bohr magneton” now as

_qh
- 2m

e (2.11)

which represents the smallest possible magnetic moment. Finally, the energy of the system

is given as
Emag = g,quBz (212)

If we look again on a electron at rest without an orbital motion we have spin 1/2 and for
full spin moment g = 2. Therefore the energy can either be g B. This is often referred
as spin "up” or spin "down” of the electron. Compared to the electron, the energy of the

proton is given as

Enucleus - _g,upZBz (213)

where i is the z component of the angular momentum of the nucleus. The change in the
sign is based on the positive charge of the nuclei and the negative charge of the electron.
The possible energy states of an electron is shown in figure 2.8. The two energy states
are corresponding to the ”spin-up” and ”spin-down” state of the electron.

We can now calculate the fundamental magnetic moments of the electron and pro-
ton and comapere their values. The magnetic moment of a single electron is ug =
9.274 x 107**Am? and the magnetic moment of a proton is y, = 1.410 x 10726 Am?. Here,
the contribution of the proton is much smaller than the contribution of the electron. Thus,

in many cases the contribution of the nuclear magnetic moment is neglected.

In quantum mechanics the hamiltonian H represents the total energy of an atomic system.

An atom with Z electrons can be represented as

Ho = EZ: (% + w) (2.14)
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mag

L,=+%h

J,=-%h

Figure 2.8: The two possible energy states of an electron inside a magnetic field.

2
where % is the kinetic energy and V; the potential energy of the i*" electron in the atom.
If the atom is placed in a magnetic field the initial hamiltonian H is perturbed through

a paramagnetic and diamagnetic contribution and can be represented as

2

(&
H =Ho+pp(L+98) B+ > (B xr) (2.15)

e X
(2

where yi5(L+4¢S)-B is the paramagnetic term and <~ 57 (B x r;)? the diamagnetic term.

8Mmee

The terminology using the hamiltonian will be useful for describing complex magnetical

effects and interactions between magnetic moments as described later in this chapter.

2.3.1 Magnetization and Field

In the previous chapter the fundamental magnetic moment of the electron and nucleus
were defined and their different contributions were shown. To characterize an atomic
system or material with a large number of individual magnetic moments the magnetization
M is defined. The magnetization M is the net magnetic moment of all atoms per volume.

If there are N atoms in the unit volume the total magnetization is represented as

M=NY (2.16)
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where p; is the average magnetic moment of a single atom inside the volume.

In free space, the magnetic field is represented either using the vector fields B or H

which are related according to
B = uoH (2.17)

where iy is the permeability of the free space. In free space without matter there is no
magnetization. In literature two different unit systems are used: (i) the centimeter, gram,
second (CGS) system and (ii) the meter, kilogram, second (MKS) system which has been
adopted into the SI system of units. In the SI system H is given in ampere/meter (A/m),
B in tesla (T) and £ in joule (J) where as in the CGS system H is given in oersted (Oe),
B in gauss (G) and E in erg. This can be confusing and one has to be aware of the chosen

unit system when comparing different literature.

If a material is placed inside a magnetic field, the relationship between B and H is

getting more complex and is given as
B = pno(H+ M). (2.18)

Depending on the properties of the material, the magnetization M increases or decreases
with the external magnetic field. This leads to the magnetic induction B in Tesla (T). H
is called the magnetic field and is given in Ampere/meter (A/m). In the SI system B is
defined as described in equation 2.18 and in the CGS system B is defined as

B = H + 47M (2.19)

Often both, the magnetic induction B and the magnetic field strength H, are referred as
the magnetic field. So, confusion between the usage and definition of B and H is common.
In MRI, it is preferred to determine the magnetic field as B in units of Tesla. Here in

this thesis, the SI units are used if not explicitly quoted.

2.3.2 Magnetic Susceptibility

The magnetic susceptibility is a fundamental physical quantity relating the magnetization

with the magnetic field and describes the magnetic properties of matter. The magnetic
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properties are classically classified into weak induced magnetism (diamagnetism and para-
magnetism) and into strong spontaneous magnetism (ferromagnetism, ferrimagnetism and
antiferromagnetism).

In materials with fully filled electron shells, permanent magnetic moments are missing.
Thus, these materials are called diamagnetic. If a diamagnetic material is placed inside a
magnetic field, a current is induced according to Lentz’s law leading to a decreased mag-
netic field. Materials with unfilled electron shells possess small magnetic moments and
are called paramagnetic. These small magnetic moments are oriented randomly based on
the thermal motion. If a magnetic field is applied, the magnetic moments start to align
in the direction of the magnetic field.

The difference between diamagnetic an paramagnetic materials can be shown in a simple
experiment where a material is placed between the poles of a magnet as shown in figure
2.9. A diamagnetic material will be repelled out of the field, whereas a paramagnetic

material will be attracted towards the field. Materials with aligned permanent magnetic

I
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Figure 2.9: A small cylinder of material is repelled or attracted toward the sharp pole of a magnet
depending of the magnetic property. Taken from [79].

moments are called spontaneous magnetic materials. Ferromagnetic materials show spon-
taneous magnetization, even in absence of an external magnetic field. In a ferromagnet, all
magnetic moments are aligned in the same direction and interacting to a strong net mag-

netic moment. In an antiferromagnetic material, the direction of the magnetic moments
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are depending on the neighbourhood and are spontaneous oriented in an antiparallel way.
In an ideal antiferromagnet, no magnetic effects are observed outside the object because
the magnetic moments are ideal antiparallel matched, resulting in zero net magnetiza-
tion. In ferrimagnetic materials, the magnetic moments are interacting. There is a mixed
ordering in parallel and antiparallel direction with one dominating direction resulting in
a total non-zero magnetic moment. The different ordering states without magnetic field

are shown in figure 2.10.

The magnetic property of a material is represented by the magnetic susceptibility x
which can be defined as (i) volume susceptibility, (ii) mass susceptibility and (iii) molar

susceptibility. The volume susceptibility is defined as

S 2.20
X=g (2.20)
in the CGS system and defined as
poM
= 2.21
X="5 (2.21)

in the SI system. The magnetic susceptibility is principal referred to the volume suscep-
tibility and a dimension less quantity in both, the CGS and the SI unit system. The

magnetic susceptibility can additionally be defined as mass susceptibility according to
Xm = X (2.22)
p

where p is the density of the material. The mass susceptibility has the unit m?3/kg in the
ST system and emu/g in the CGS system. The molar susceptibility is given by

XMW
p

ot (2.23)

where MW is the molecular weight in g/mol (CGS) or kg/mol (SI).
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Figure 2.10: The different ordering of the magnetic moments without an external magnetic field.
In a paramagnetic material the spins are arranged based on the thermal average. In

antiferromagnetic materials the two sublatice are canceling each other.

Where as in

a ferrimagnetic material one sublatice is dominating leading to a net magnetic mo-
ment. The spins in ferromagnetic materials are pointing in the same direction without

magnetic field.
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2.3.3 Diamagnetism

Diamagnetism is a purely quantum mechanical effect. Atoms or molecules with fully filled
orbitals have no permanent magnetic moment and called diamagnetic. If a diamagnetic
material is placed inside a magnetic field, a current is induced based on ”Lentz’s law”.
This leads to a magnetic moment opposite to the external magnetic field which induced
the current. The maximum diamagnetic contribution is given in the case of a magnetic
field perpendicular to the orbital plane, which represents the current loop.

In the case of diamagnetism, there is no magnetic moment without an external magnetic
field. Through the external magnetic field, the frequency of the current inside the atom

is changed, an the relation ship is described by the Larmor frequency:

q.B
wWr =
L 2me

(2.24)

The change of the electron rotation caused by the external field is leading to a reduction

of the magnetic moment Ay described by:

2
qe 2 2

Ap=——" B 2.25

= (* +y7) (2.25)

If there are Z electrons per atom and N atoms per unit volume, the diamagnetic suscep-

tibility is defined as:

Z

2 2
N 9 5 ¢NZ , ,

_ e ' § + =2 . 2.26

X 4me, — (aj Y )’ 6me. ) ( )

The diamagnetic susceptibility has negative values and is not depending on the temper-
ature. The largest diamagnetic contribution is present in materials with delocalized 7
electrons. This electrons are very mobile and the induced current can reach large values.
Diamagnetism is present in all materials but usually very weak and in many materials

the diamagnetic contribution is negligible compared to other stronger magnetic effects.

2.3.4 Paramagnetism

Paramagnetic materials have positive susceptibility compared to the negative suscepti-
bility of diamagnetic materials. Atoms without a fully filled shell have an non vanishing

orbital and/or spin momentum and hence a net magnetic moment. In a material with
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a certain amount of magnetic moments and no external magnetic field, this magnetic
moments are pointing in all directions based on their thermal motion. If a paramagnetic
material is placed in a magnetic field, the small magnetic moments start to align with
the field, as shown in figure 2.11, leading to an additional positive contribution in the
direction of the external field. With increasing field strength the alignment of the mag-
netic moments is getting stronger. Whereas an increasing temperature counteracts the
alignment and randomizes the spins.

The paramagnetism is usually weak because the lining up forces are relatively small com-

B=0 B
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Figure 2.11: The magnetic moments of a paramagnetic material are randomly oriented without an
external field (left panel). If a magnetic field B is applied, the magnetic moments
start to align with the field depending on the fieldstrength (right panel). If all magnetic
moments are perfectly aligned, a saturation state is reached.

pared to the forces caused by thermal motion. Thermal motion disarranges the ordering
of the magnetic moments and is the strongest contribution counteracting the magnetic
field. Therefore, the paramagnetic susceptibility is strongly depending on the tempera-
ture of the material. The lower the temperature the stronger the effect. The lining up,

caused by the external magnetic field, is stronger at low temperatures.
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In a paramagnetic material the saturation magnetization Mg is given as
Ms = N thmaz (2.27)

where N represents the number of atoms per volume and fi,,4, is the maximum magnetic

moment of a single atom. The actual magnetization is given by
M = N{p.) (2.28)

where (p,) represents the thermal average magnetic moment in the volume.
In the case of classical physics with y << 1 and B ~ ugH we can express the magnetiza-

tion as

~ NpgB

M = 2.29
3kpT (2.29)

where kg is the Boltzmann constant and T the temperature of the material. The ratio

between magnetization and saturation magnetization is given by

M (pz) _ 1425 1/ tmaaz B

_ 2.30
MS Hmaz 3ICBjﬁ ( )
The paramagnetic susceptibility is now given as
N pop? I
= 9J 2.31
AT (2.31)

Using quantum mechanics, there are two possible energy states corresponding to m +1/2
for a system with spin = 1/2. The magnetization, based on the occupation of spin-up

and spin-down states, can be expressed as

B/kT —upB/kT
_N/’LB€+MB / — Upe weB/

M e+#BB/kT + e—/.LBB/kT (232)
which can be written as
B
M = Nug tanh <Z§T) ) (2.33)
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The ratio between magnetization and saturation magnetization is now given as

M <mJ> gupJB
— = = tanh 2.34
Mg g ( ksT (2:34)

and for small fields tanh(z) ~ = and the paramagnetic susceptibility can be written as

N piopdy
_ NHolp 2.35
kT (2.35)

We now consider the general quantum mechanical case where J can have any integer or

half integer value. The saturation magnetization is given as

Mg = NgugJ (2.36)
and the magnetization is now defined as

M = M,By(x) (2.37)

where Bj(x) is representing the ”Brillouin function” which is defined as

2J +1 2J 41 1 x
By(z) = ey 57 2.
sl = —5g—coth < 2J 9“") 57t <2J> (2.38)

and z is defined as

_— gupJ B
kgT

(2.39)

For very low temperatures and high magnetic fields the Brillouin function is approximated

as
J+1)x
B(x) = % (2.40)
The magnetization is now expressed as:
(J+ 1)z FPrEsJ(J+1)
M = NgupJ—————=N—>——-B 241
9B 3 epT ( )
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We now define a new constant ji.s¢ as

pers = g\ J(J + 1) (2.42)

and get the total magnetization M according to

2
Herf
M=N B 92.43
3kpT (2.43)

and with y = ugM /B at low magnetic fields the susceptibility is expressed as

N Moﬂz rr
= — 2.44
3kT (2.44)
In the next step the Curie constant Ccy,e is defined as
N No,ug Ir
Courie = —————= 2.45
¢ 3kg (2.45)
and define Curie’s law as
CCum'e
= 2.46
X T (2.46)

which describes the temperature dependency of the paramagnetic susceptibility at low
magnetic fields. At very high magnetic fields the magnetization saturates and reaches its

maximum Mg.

2.3.5 Interactions of Magnetic Moments

To understand the phenomena of ordered magnetic moments in absence of an external
magnetic field, one must understand the different interaction mechanism. In the param-
agnetic case the spins can be assumed as independent without any coupling.

A very weak interaction is the classical dipole interaction between two magnetic moments
(11 and pg) which are separated by a distance r. The energy of the magnetic moments
can be expressed as

[ 3
= 47r(;3 -z = () (pe o r) | (2.47)
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For magnetic moments in the range y ~ pup and distances r ~ 1A the energy is in the
order of ~ 10723J and therefore too low to be responsible for the spontaneous magnetic
ordering.

In an atomic system with a non vanishing orbital momentum, a spin-orbit interaction is
possible. The spin-orbit interaction is the origin of several physical effects such as magnetic
crystalline anisotropy and magneto-optical effects (Faraday effect and Kerr effect). The

spin-orbit interaction can be expressed in terms of an exchange energy given by

Espin—orbit X a%s L (2.48)
KB

where « is a parameter depending on the structure of the lattice, £ is the interaction
strength, S the spin momentum and L the orbital momentum. The magnetization can
be orientation dependent and anisotropic based on the spin-orbit interaction. In typical
solid state materials, the orbital momentum is quenched (L = 0).

The strongest interaction mechanism is the exchange interaction which is the fundamental
quantum mechanical effect describing the spontaneous magnetic ordering. The exchange
interaction is based on the interaction of spins through their Coulomb potential and
the antisymmetric wave functions of the changing spins described by the Pauli exclusion
principle. The exchange interaction is a pure quantum mechanical effect and is described

by the ”Heisenberg-Hamiltonian” given as
H=-> J;Si-S; (2.49)
]

where J;; represents the exchange integral between the i and the j' spin. S; and S; are
representing spin vectors. This interaction is responsible for the spontaneous magnetiza-
tion and the ferromagnetic ordering.

The exchange integral J;; can be a very complex parameter depending of the differ-
ent exchange processes, such as indirect exchange, direct exchange, double exchange or
asymmetric exchange. In the case of an external magnetic field, the total energy can be

represented as:

]
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Using the mean field approximation theory the spin vectors S; and S; can be replaced by

their thermal average (S;) and (S;) and equation 2.50 can be expressed as

?b:—EZ&-<W@B+2§:LNSa)—22@0-@ﬁ (2.51)
i j ij
which represents the contribution of the exchange interaction in addition to the Zeeman

term in an external field. The mean field approximation theory neglects the quadratic
thermal fluctuations (S; — (S;))? of the spins.

2.3.6 Ferromagnetism

The strongest spontaneous magnetic ordering is the ferromagnetism. In ferromagnetic
materials, there are aligned magnetic moments without an external field caused by the
exchange interaction of the spins. A ferromagnetic material in an external magnetic field

can be expressed with a hamiltonian given as
] J

with a positive exchange integral. The mean field theory states that there is a magnetic
field, called exchanged field Bcychange, Which is proportional to the magnetization and
acting on each atom. The relationship between the exchange field and the magnetization

is given as:
Bexchange =M (253)

The magnetic susceptibility of a ferromagnetic material can be expressed according to the

? Curie-WeiB-law” as

C C
p— = 2. 4
YTTooN T T (2.54)
where T represents the Curie temperature which is defined as
Nty (2.55)
~ 3kp ‘
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where )\ is a constant representing the strength of the molecular field which represents
the ordering of the system.

The spontaneous magnetization of ferromagnetic materials is disturbed with increasing
temperature and breaks down when the temperature is above the Curie temperature. At
the temperature T' = CX the susceptibility has a singularity. There is an approximation

between the exchange integral and the Curie temperature which is given as

3kpTc

/= 225(5 + 1)

(2.56)

where z represents the number of neighbouring atoms.

For temperatures 7' < T there is a spontaneous magnetic moment which is shifting with

M/M,

g 05 1.0 15 2.0

T

c

Figure 2.12: The magnetization of a ferromagnetic material depending on the temperature at varying
field strengths. Figure by courtesy of Prof. Heinz Krenn.

increasing temperature. Above the Curie temperature 7" > T the spontaneous magneti-
zation is vanishing and the symmetry of the system is broken. In general, ferromagnetic

materials can have extremely high susceptibility values.

2.3.7 Antiferromagnetism

In nature, the most common magnetic ordering is the antiferromagnetism. A simple an-
tiferromagnet consists of two antiparallel ferromagnetic sublattices, where each magnetic

moment has an antiparallel neighbour. The exchange integral J;; is negative, indicating
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a antiferromagnetic ordering. Based on the mean field approximation, the hamiltonian

for each sublattice can be expressed as

Hi = gupB + 2p1J1(S1) + 2p2J2(S5) (2.57)

Hi = gupB + 2p1J1(S1) + 2paJa(Ss) (2.58)

where p; the number of parallel neighbouring spins and p, the number of antiparallel
neighbouring spins. The constants p are depending on the crystal structure of the system.
For a simple antiferromagnet with two sublattices the exchange integrals are given as
Ji =0and J; < 0. As compared to a ferromagnet, there is a distinct ordering temperature
for the antiferromagnet which is represented by the ”Neel temperature”. This is similar

to the ”Curie temperature” of ferromagnets. The Neel temperature is defined as

Ty = 2NN ) (259)

j=1
alternatively the Neel temperature can be expressed in terms of fi.¢; as:

2
_ NApugsy

T
N 3kp

(2.60)

The magnetic susceptibility of an antiferromagnet can be expressed using the ”Curie-

Weif-law” as given by

2C
T+ Ty

X = (2.61)
At temperatures below the ordering Neel temperature, the total magnetic moment is
vanishing due to the antiparallel ordering of the spins. Above the Neel temperature
this symmetry is broken. The Curie-Weif-law is valid for ferromagnets at temperatures

T > Te and for antiferromagnets for temperatures T > Thy.
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Figure 2.13: The temperature dependency of a paramagnetic, ferromagnetic and antiferromagnetic
material with their corresponding ordering temperature. Figure by courtesy of Prof.
Heinz Krenn.

2.3.8 Ferrimagnetism

In the case of an antiferromagnetic ordering, it is assumed that the two sublattice are
equal and cancel each other. In a ferrimagnetic material, this is not the case. There, the
two sublattice possess different properties based on the crystal structure of the ferrimag-
netic material. We will describe the concept of ferrimagnetism based on the properties
of magnetite (Fe3O4 or FeOFey03), which is a prominent ferrimagnet and present in
different biological tissue.

Magnetite consists of Fe*™ ions with spin S = 5/2 and of Fe?' ions with spin S = 2.
One would expect that both ion varieties contribute, corresponding to their spin, to the
total magnetization. In an ideal case this would be 14up but experimentally only ap-
proximately 4.1up are observed. The reason for this behaviour is that the Fe3T ions are

aligned antiparallell and do not contribute to the total magnetic moment. In the case
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of magnetite, the magnetic moment is driven by the contribution of Fe?T leading to a
ferrimagnetic ordering.

In the case of two different spin sublattice A and B, exchange interactions occur, which

8 Fe¥*
AAAAAAAA
S=5/2
$=5/2 °=2
YVVYVVYYYVYY 8 FeZ+
8 Fe?*

Figure 2.14: Configuration of Fe3™ and Fe?* spin moments of magnetite.

are described by an exchange field of each sublattice and given as

B, =-\M, — uMjp (2.62)
and

Bg = —uMy — vMp (2.63)

where A\, ;1 and v are constants and the exchange energy can be expressed as

1

E=—3(Ba-Mi+Bg-Mp). (2.64)

The energy has its minimum when both magnetic moments are antiparallel aligned (M 4 =
Mp = 0) and its maximum when M4 and Mp are parallel aligned.
Two different Curie temperatures, C'y and Cp, are defined for the two spin sublattice.

Only antiparallel exchange effects between A and B are assumed. Again, the mean field
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approximation is used to get

MAT = Cx(B — uMp) (2.65)
and

MpT = Cp(B — uMy) (2.66)

thus one can define the ferrimagnetic susceptibility for temperatures 7' > T as

T2
y = Cat 071?2) — HCaCs (2.67)
C

where the ferrimagnetic Curie temperature is defined as T = pu(C4Cp)">2.

The magnetic susceptibility of a ferrimagnet is depending on the crystal structure and

the interactions between the different spin sublattice in the structure.
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2.4 Effects of Iron in MRI

Biological tissue is highly diamagnetic based on its high water content. The susceptibility
is approximately in the range of £10% — 20% of the susceptibility of water. This leads to
an overall diamagnetic susceptibility in the range of —11 X 1076 < yjissue < —7x 1076 [82].
The strong diamagnetic background susceptibility of the tissue structure can additionally
be influenced by diamagnetic contributions of Na™, Kt and C~ or paramagnetic contri-
butions of O, or iron (Fe?*, Fe3*). The mean iron concentration in the whole human
brain is approximately 1-2 mg in total and the highest iron concentrations are found in
the substantia nigra with approximately 210.3 + 74.6 mg/kg [83]. Iron itself is highly
paramagnetic, but the concentrations in the different brain regions are too low to change

the total susceptibility from diamagnetic to paramagnetic.

The effect of iron in MRI was first observed as loss of signal, in T weighted images,
in areas with high iron content [19]. This so called T hypointensitiy is linked to a de-
crease of the T, relaxation time caused by microscopic magnetic fields induced by the iron
particles. The effect of iron particles on the MR signal is even stronger in gradient echo
sequences (GRE) where the decay of the transversal magnetization is described in terms
of T relaxation time.

The effect of magnetical particles, such as iron, inside tissue is modeled using an outer
sphere approach where the particles are magnetized through an external magnetic field By
and therefore induce a microscopic magnetic field which superimposes with the external
magnetic field [19,84,85].

The total magnetic field of the sample can be expressed as the sum of the external field
By and an additional term A B representing the field inhomogeneities caused by magnetic

particles and/or imperfect magnetic fields. The total magnetic field is given as
B=DBy,+AB (2.68)

and if the additional contributions of the spatial encoding are included we can extend

equation 2.68 to

B(r)=Bo+ G, -2+ Gy, -y+ G, -2+ ABy(r) (2.69)
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where G, G and G, are the additional gradient fields. The field inhomogeneities are
now depending on the location. Therefore, the corresponding Larmor frequency is changed

based on the strength of the field inhomogeneities AB(x,y, z) and is given as
w(r) = —yB(r). (2.70)

The magnetic field inhomogeneities can origin from (i) macroscopic field inhomogeneities,
typically larger than the voxel size, and (ii) mesoscopic field inhomogeneities, typically
smaller than the voxel size [86]. Macroscopic field inhomogenities are caused by imperfect
By shimming, large susceptibility shifts at air-tissue interfaces or ferromagnetic objects,
such as implants. Mesoscopic field inhomogeneities arise from susceptibility differences
between different tissue structures inside a voxel or small paramagnetic inclusions, such
as iron. The mesoscopic field inhomogeneities provide valuable information about the mi-
crostructure and properties of biological tissue and is reflected in the 77 relaxation time.

Thus, T is sensitive to contributions of iron, myelination or calcifications inside tissue [87].

To distinguish the different field inhomogeneities we consider a homogeneous voxel of
tissue inside a magnetic field B without perturbation of the magnetic field as shown in
figure 2.15 (a). In a second step we consider an inhomogeneous voxel, including an iron
particle, leading to a field perturbation as shown in figure 2.15 (b). The contribution AB
is depending on the shape and the magnetic properties of the object inside the voxel. For
a spherical object with radius a one can express the field perturbation inside the object

and along the z direction of the magnetic field as

AB, = gAXBO (2.71)

and outside the object as

_ AxBoa® (22% — 22 — y?)

AB, . 2.72
3 (2442 + z2)5/2 ( )
The magnetic field lines of a sphere are shown in figure 2.16.
The time dependent MR signal can be expressed as
S(t) = 5(0) - e /T2 . i® (2.73)
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B, B, + AB,

(a) (b)

Figure 2.15: A homogeneous voxel of tissue (a) and inhomogeneous voxel of tissue with iron particles
(b). The iron particles produce a field perturbation affecting the total magnetic field of
the voxel.

where S(0) is the initial signal and ¢ the phase of the MR signal. The phase in MRI is

expressed as
p=—y-AB-1 (2.74)
where t represents the time and is usually replaced by the discrete echo time TE.

The equilibrium longitudinal magnetization (M) for a system with spin = 1/2 and a

total number of N spins is given as

_ N2R2B,

My = 2.
0= T (2.75)

with v the gyromagnetic ratio, i the Planck’s constant divided by 27, kg the Boltzmann’s

constant and 7" the temperature. The time dependent change of the magnetization in MRI
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Figure 2.16: The magnetic field lines of a uniformly magnetized sphere inside a magnetic field By.
Adapted from [82].

in presence of relaxation mechanisms is described by the Bloch equations [6].

dM M, M, (My—M,)

A MxB)- = _ v M0 TE 2.76
o =7 (MxB) A T (2.76)
After the system is excited by a RF pulse, the transversal magnetization M,, = M, —jM,

is given as
M, (t) = M,,(0) - e /™ / IABO = M, (0) - e 712 (2.77)

where ABy(r) represents the local field inhomogeneities and 77 is the effective transversal
relaxation time in a gradient echo sequence. For a spin echo sequence (SE), the spin
dephasing caused by the field inhomogeneities are refocused with the 180° pulse and the

integral in equation 2.77 is getting equal one. This leads to

M,y = M,,(0) - e ¥/ (2.78)
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where T5, represents the irreversible transversal relaxation time. Therefore we can express
*
1/T5 as

1 1 1

SN S 2.79
5T T (2.79)

with T3 the effective, Th the irreversible and T, the reversible transversal relaxation time.

In terms or relaxation rates equation 2.79 can be written as

Ry =Ry + R, (2.80)
and extended to

R; = Ry +7AB. (2.81)

A magnetic object inside a voxel is causing a preturbation of the magnetic field which
is leading to a change of the magnitude and phase of the MR signal as expressed in the
equations above. The field inhomogeneities cause an additional contribution to the de-
phasing of the spins, resulting in a reduced transversal relaxation which is sensed by a

hydrogen proton close to an iron particle as shown in figure 2.17.

Langkammer et al. [32] reported the counteracting contributions of iron and myelin
on the total magnetic susceptibility of brain tissue. Especially in white matter, there is a
strong contribution of myelin. Thus, a reliable iron quantification is not always possible.
Compared to the susceptibility, iron and myelin are affecting R} in the same direction as
shown in figure 2.18. The influence of iron and myelin to the total R; relaxation rate is

inseparable.

2.5 Methods for Iron Mapping

The concentration of iron in the human brain is high enough to effect the MR signal. It is
suggested that ferritin and hemosiderin are the two major components affecting the MR
signal. The concentration of transferrin and other minor iron compounds are to low to
influence the MR signal [19,20].

The paramagnetic susceptibility of iron and its influence on relaxation mechanisms enables

MRI as suitable tool to assess iron. Several techniques to assess iron based on relaxation
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I Proton
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Figure 2.17: A ferritin molecule, with the proton shell, and the ferrihydrite, consisting of a shell
layer and core layer, is producing a field perturbation which is sensed by the proton
close to the ferritin.

time mapping [20-22], phase imaging [23,24], magnetic field correlation [25,26], direct sat-
uration imaging [27] and quantitative susceptibility mapping (QSM) [28-30] are described
in literature. A possible implementation of these techniques is given in neurological dis-
eases involving disturbed iron metabolism, such as MS [31].

The most promising approaches are quantitative relaxation time mapping 7}, 75 and 7%

and phase imaging, such as quantitative susceptibility mapping (QSM) [31].

2.5.1 Relaxation Time Mapping
Longitudinal Relaxation Time T1

The time dependent magnetization in presence of relaxation effects is described by the
Bloch equations [6], as stated in equation 2.76. The longitudinal equilibrium magnetiza-
tion My (equation 2.75) is excited by a time dependent RF pulse into the transversal plane.
The recovery of the longitudinal magnetization is characterized by the T} relaxation time.

The decay of the transversal magnetization is characterized by the T, relaxation time.
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Figure 2.18: Iron and myelin are counteracting in QSM (a) and summing up in Ry (b). In demyeli-
nated WM lesions, as indicated by the FLAIR images, a suitable assessment of iron
using QSM or R5 is not possible.

The T relaxation is based on the energy exchange between the excited spins and the
surrounding lattice described by dipolar interactions [85]. The rate at which the energy
is transferred from the spin to the lattice is described by the correlation time 7.. The
correlation time is depending on the size of the molecules and the diffusion constant. The
T; relaxation time of brain tissue is strongly depending on the water content [88] and the
molecular structure [89]. Myelin and iron are affecting the 7} relaxation time leading to
the prominent contrast between WM and GM in the human brain [90].

Iron depositions reduce the T} relaxation time, and its inverse R; is linearly depending
on the iron concentration over the whole physiological range [21].

Several methods to calculate the 7 relaxation time, based on inversion recovery (IR) or
saturation recovery (SR) are proposed in the literature [91]. The gold standard to calcu-
late T} is a series of IR sequences with different inversion times (TI). In an IR sequence,
the longitudinal magnetization M, is inverted by a 180° pulse and after a specific time,
defined by TI, the MR signal is measured. Images with a different weighting can be

generated to calculate T based on
S(TT) =My - (1 —a-e /M) (2.82)

where a is a factor and equal two, in case of perfect inversion behaviour.

December 2015 - 53 —




2 Theory and State of the Art

Figure 2.19: A Ty weighted image (left) and the corresponding quantitative Ty map (right) of a 67
year old male patient.

Transverse Relaxation Time T2

The transverse relaxation time 7T, characterizes the decay of the transverse magnetization
after RF excitation. The physical mechanism behind the magnetization decay are based
on spin-spin interactions. Due to random and time dependent fluctuations in the mag-
netic field, different spins may have a slightly different precession frequency leading to a
dephasing of the spins [85]. The loss of coherence through the dephasing spins is leading
to a reduction of the 75 relaxation time. The presence of iron accumulations, cause addi-
tional field gradients and contribute to the dephasing and reduction of T5. The influence
of iron on T3 is observed as hypointensity on 75 weighted images [92]. The reduction of
T» in presence of iron is even stronger at higher field strengths [93]. Ry, the inverse of Ty,
correlates linearly with the iron content of gray matter [22,94].

T is usually obtained using a spin echo (SE) based sequence with multiple echo times to

fit a mono exponential decay according to

S(TE) = My - e TE/T (2.83)
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with typically 16 to 32 echos [95]. Further, 75 can be estimated using an early (T'E;) and
late (T'E5) echo according to

. _TE,—TE
2 In ((S@ED
N\ 5(TE,)

where S(T'Ey) is the signal intensity of the first echo and S(7'Es) the signal intensity of

the second echo [96]. The two above described approaches assume a single T component.

(2.84)

This is usually not the case in the human brain, where different 7, components were
observed [97]. The multiple 75 components are associated with myelin water, which is
trapped inside the myelin sheaths, as well as extracellular water and intracellular water.
The multiple water components are leading to a multi exponential decay of Ty [98-101].
So, the relationship between T, and iron in white matter is confounded by the effects of
myelin and the different water compartments. A precise estimation of T, or multiple T5

components is still a challenging task and topic for further research.

Figure 2.20: A Ty weighted image (left) and the corresponding quantitative To map (right) of a 67
year old male patient.

Effective Transverse Relaxation Time T2%

In contrast to 15, T3 reflects the effective transverse relaxation time due all kind of

perturbations affecting the spin dephasing. While in a spin echo sequence the 180° pulse
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is refocusing the non-random dephasing effects, this is not possible using gradient echo
sequences. The influence of diffusion, spectral broadening, multiple water compartments
and field inhomogeneities additionally contribute to the dephasing leading to an effective

transverse relaxation time 75 [87]. The relation between T, and 75 is given as

1 1 1

S 2.85
T (2:85)

The effective transverse relaxation rate Ry ( = 1/Ty%) can be expressed as sum of an
irreversible (Ry) and reversible (R)) transverse relaxation rate [86]. Ry is representing the
intrinsic tissue properties and R is representing microscopic field variations. These field
variations are caused by paramagnetic contributions, such as iron, and to a lesser part by
other tissue components whit a distinct susceptibility.

The relationship between R} and iron [19] can be expressed as

Ry = & — R + o’[Fe] (2.86)

Ty
where [Fe| represents the iron concentration. The iron concentration can be estimated
using age matched literature data of Hallgren and Sourander [48] or assessed in a post-
mortem set-up by biomedical analysis, such as mass spectrometry [83]. A post-mortem
study by Langkammer et al. [22] showed a linear correlation over the entire range of
iron concentrations, valid for gray matter structures. The contribution of myelin to R} is

disturbing iron quantification based on Rj in brain regions like WM [32].

Assuming a mono-exponential model, R; can be calculated based on T3 weighted im-
ages acquired at different echo times, using a gradient echo sequence (GRE). The signal

at the echo time TE is represented as

—-TE

S(TE) =S -exp < . ) (2.87)
1;

where Sy is the initial signal at zero echo time. The gradient echo signal is effected by

several factors, such as the slice profile, By inhomogeneities, stimulated echoes. To correct

for this influences the signal equation is extended to

S(TE) =Sy - exp (}{F) - |sinc (7 G ?Z : TE) | (2.88)
2
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where 7y is the gyromagnetic ratio, G is the gradient strength and Az is the field gradi-
ent in z direction [102,103]. The correction of the mono-exponential decay term can be
extended to all three directions [104].

The gradient field along the z direction AB, = G - Az can be estimated by several ap-
proaches such as iterative approaches based on a mono-exponential assumption [105,106]

or a direct fit of the phase versus echo time [107].

The influence of different water compartments, such as myelin water, intracellular or
extracellular water, inside a voxel causes a multi exponential decay of T3 [99]. The esti-

mation of the multiple components is based on
S(TE) — Amy . eiTE/T;,my + Ama . eiTE/TZ*,ma + Amz . eiTE/TQ*,mz + Abl (289)

where my represents the myelin water, ma the axonal water, ma the mixed water pool.
The factor A, Amq and A,,, represents the amplitude of corresponding water component
and Ay the residual base line signal [108]. The multi-exponential model is complex
in acquisition and data processing, thus a mono-exponential model is preferred. The
multi-exponential model is suitable to improve R} as myelin dependent marker through
calculation of specific myelin water components.

Previous studies showed the suitability of 73 magnitude and phase as potential marker
for white and gray matter microstructure, depending on size, density and orientation of
the myelinated fibres in respect to the magnetic field [109-113].

In case of R} as iron marker, no additional benefit is given by the multi-exponential model.
R is a suitable iron marker limited to gray matter structures. This allows a quantitative

assessment of gray matter iron content in neurological diseases such as MS [17,70,71,114].

2.5.2 Quantitative Susceptibility Mapping (QSM)

In human brain tissue, iron, myelin, calcium and lipids [20,109] are the major contribu-
tions to MRI phase contrast. Quantitative susceptibility mapping (QSM) is a novel and
promising technique to assess new insights into microstructure and properties of biological

tissue [30,116]. The relationship between phase and susceptibility is expressed as:

2

1 k
gO(SC,y,Z) == BOTE ' FT?l (g - 72) ®X(.T,y,2) (290)
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Figure 2.21: A RS map (left) and QSM map (right) of a 67 year old male patient. The RS map was
calculated using a mono-exponential model and the QSM map was calculated according
to Langkammer et al [115].

The convolution of the susceptibility is replaced by a multiplication of the Fourier trans-

formed susceptibility. Thus, equation 2.90 is given as

R

where x is the magnetic susceptibility, By the field strength, T'E' the echo time, and F'T'
represents the Fourier transformation and F7~! the inverse Fourier transformation. K?
is representing the magnitude of the k-space vector and k, its z component [117-119].

To calculate the magnetic susceptibility, equation 2.91 is inverted to

X(z,y,2) = FT™! [FT (%) } (2.92)
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where F' denotes the convolution kernel given as

e (2.93)

1 k2

3 K?
The inversion from phase to susceptibility, is leading to an ill-posed inverse problem. There
is a zero value of the kernel function F' at an angle of 54.7° in respect to k.. A simple ker-
nel division and the use of a truncation level will avoid zero values in the kernel, but it is

leading to streaking artefacts and noise amplification in the susceptibility estimation [119].

There are several basic steps for the calculation of susceptibility maps [30,116]:

e Phase reconstruction of multi channel data
Phase images obtained from multi-channel coils possess different phase offsets based
on the coil sensitivity. This may cause an imperfect combination of the complex
phase signal to a combined phase image. Imperfect phase combination results in
open ended fringe lines or signal cancellation which can not be corrected using phase
unwrapping techniques. Several approaches for phase combination are described in
literature [23,120-122].

e Phase unwrapping
In the original phase image, phase wraps occur, because MRI phase is represented
in the range of —7 to 7 which means unwrapping is needed [123,124]. Several QSM
algorithms use the Laplacian of the phase for background field removal, thus no
prior phase unwrapping is needed [115,125]. Imperfections in phase unwrapping
will effect the background field removal and the result of the QSM calculation [116].

e Generation of brain masks
The generation of a brain mask is an important step for background field removal.
Regions with artefacts and unreliable phase information are excluded in the mask
to avoid false susceptibility estimation. Typically brain masks are generated with
tools, such as the Brain Extraction Tool (BET) of the FSL software package [126].

e Background Field Removal
The field inhomogeneities, sensed with phase images, are separated into local and

background field. Thus the total field inhomogeneities are given as

ABz - A-Blocal + ABbackgraund‘ (294)
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The background field ABygckground is produced by susceptibility shifts at air-tissue
interfaces and global magnetic field inhomogeneities. The local field ABj,., is gen-
erated by the local tissue susceptibility distribution, in which we are interested in
QSM. To remove the background field, high pass filter [127], geometry dependent
artifact correction [128], dipole fitting [129] or special methods such as Sophisticated
Harmonic Artifact Reduction for Phase data (SHARP) [130] have been used.

e Solving the ill-posed inverse problem
Over the last decade, several approaches to solve the ill-posed inverse problem and
calculate the susceptibility distribution are proposed in literature and summarized in
recent review articles [30,116]. By solving the ill-posed inverse problem, as stated in
equation 2.92; the susceptibility distribution Ax(x,y, z) can be obtained. Different
approaches such as truncation and division of the k-space kernel [119], incorporating
information of multiple angle acquisition [131], the use of a priori information, gained
in magnitude images [132] or several other high sophisticated approaches [115,133]

are possible.

Calculating QSM based on acquisition of phase images with different orientation of the
object in respect to the main magnetic field is called calculation of susceptibility through
multiple orientation sampling (COSMOS). Through information acquired at multiple an-
gles, the inverse problem is getting over-determined and can be solved [131]. This tech-
nique is preferred for post-mortem MRI, because of the possibility to rotate the object
almost without restriction in the magnetic field. Therefore, an over determination of the
ill-posed problem is easily achieved. Another advantage is the increased SNR, compared
to single orientation approaches. The multi-orientation acquisition is a time consuming
approach and the rotation of the patients head is not always possible. Thus, single angle

approaches are preferred for in vivo imaging.
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2.6 Post-mortem MRI

An ideal post-mortem MRI experiment would produced ”life-like” image contrast close to
in vivo conditions. In principal there are three different ways to aquire post-mortem MRI
images of the human brain tissue: (i) in situ post-mortem MRI of the entire body, (ii) ex
vivo post-mortem MRI of the entire extracted brain in unfixed or fixed condition and (iii)
ex vivo post-mortem MRI of single brain slices in unfixed or fixed condition. There are
several factors affecting post-mortem MRI acquisition and the imaging result, depend-
ing on the chosen set-up. As there are several processes starting at the time of death
or within several hours after death, the tissue properties and composition will change
based on autolysis and degradation processes. These processes influence the contrast and
quantitative MR parameters in all described set-up’s. The most prominent post-mortem
factor confounding MR images is the post-mortem interval between death, autopsy and
MR acquisition. The preparation of tissue plays an important role when performing post-
mortem MRI of entire extracted brains or single brain slices. Extracted tissue can be
measured in unfixed or fixed condition. Fixation solutions are influencing the image con-
trast and quantitative parameter in post-mortem MRI. The temperature is one of the
most prominent influences on the MR signal in a post-mortem MRI set-up. Conven-
tional post-mortem MRI is usually performed at room temperature or below compared to
approximately 37 °C core body temperature in in vivo MRI. Therefore consideration of

different post-mortem effects is important when performing or planing post-mortem MRI.

The post-mortem interval is linked with the autolysis process of the body. Approximately
6 hours after death autolysis begins. Several cell-specific enzymes begin to degrade the
tissue. This degeneration will change the tissue composition and properties and affects
the image contrast and quantitative MR parameters. The post-mortem interval leads to
an increase of the magnetization transfer ratio and a decrease of the diffusion properties
as reported by D’Arceuil [134]. After three days of storage at room temperature human
brain tissue showed an increase in R} values in different brain regions. In subsequent mag-
netometry measurements, a change of the paramagnetic and diamagnetic susceptibility
was observed which is in line with the increase of R; observed in MRI. The temperature
dependent magnetic moment of two brain tissue samples (basal ganglia and white matter)
in fresh condition, directly after autopsy, and after two days of autolysis are compared
in figure 2.23. The magnetic moment was measured at 1000 Oe and in a temperature

range of 2.7 K to 100 K using Superconducting Quantum Interference Device (SQUID)
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in-situ post-mortem MRI
entire body

ex-vivo post-mortem MRI
entire brain

ex-vivo post-mortem MRI
single brain slice

Figure 2.22: The different possible post-mortem MRI acquisition strategies and a representative im-
age acquired by post-mortem MRI of (i) the entire body, (ii) the entire extracted brain
(formalin fized condition) and (iii) a single brain slices (unfized condition).

magnetometry. The change of the paramagnetic and diamagnetic susceptibility caused

by the autolysis is clearly visible.

Post-mortem imaging of the human brain can be performed in-situ or ez-situ. Dur-
ing the in-situ set-up the whole corpus is places in the scanner and the intact skull with
the brain is placed in the head coil. In this set-up the brain is protected against deforma-
tion by the intact skull, comparable to in-vivo. MRI acquisition of extracted brains in an

ez-situ set-up is challenging based on several confounding factors. The most important
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Figure 2.23: The temperature dependent magnetic moment obtained with SQUID magnetometry of
white matter and basal ganglia in fresh condition and after two days following autolysis.

part is the stabilization of the extracted brain, to prevent deformation of the brain during
image acquisition. This step is more important for unfixed brain tissue, than for fixed
brain tissue based on the changed tissue stiffness after fixation. Different embedding pro-
cedures such as surrounding the brain with agar gel or surrounding the brain with a fluid,
e.g. a proton free, inert fluid (Galden SV 80) are possible to protect the brain against
deformation. If the whole brain is sliced before scanning, the embedding can be extended
to a combined embedding with a gel and additional vacuum packing as shown in figure
2.24. To prevent autolysis and to store tissue samples over long time periods, a fixation
reagent is used. Typically the tissue is immersed with formalin solution for a sufficient
time to fix the tissue. This fixation process stops the tissue degradation and enables a
suitable storage over long time periods. The chemical process of formalin fixation will
dramatically change the tissue properties which define the contrast in MR images. For-
malin fixation dramatically changes the relaxation times and diffusion properties. The T}

relaxation time is reduced, up to 76% after formalin fixation. The T, and Ty relaxation
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(a) An unfixed human brain slice. (b) The brain slice after sur- (¢) After vacuumpacking of the
rounding with agar gel. gel surrounded tissue slice.

Figure 2.24: The different steps of embedding an unfized human brain slice (a) with agar gel (b) and
subsequent vacuum packing (c).

times are reduced similar to 77 but with a magnitude between 5% and 35% depending
on the brain region. The reduction of relaxation times is based on the change of water
content and molecular protein structure. Formaldehyde cross links different side groups
of proteins which arrange in huge complexes. These crosslinked structures and a slightly
reduced water content are responsible for the changed tissue properties, leading to de-
creased relaxation times.

Usually post-mortem MRI is performed at room temperature or even at lower temper-
atures. The temperature of the sample during MRI is directly affecting the equilibrium
magnetization and the relaxation processes. The equilibrium magnetization for a sample

with N spins is given as

 NARAI(J +1)
- 3kgT

M, By (2.95)
where ~ is the gyromagnetic ratio, A the Planck’s constant devided by 27 and J the
quantum spin number, kg the Boltzmann constant, T the temperature and By the external

magnetic field [135]. For protons with spin = 1/2 equation 2.95 is expressed as

_ N4?R?B,

My = 2.
0= T (2.96)

If the temperature is reduced, the total steady state magnetization is increased. Beside the

magnetization, all relaxation times (77, 7> and Ty) as well as the magnetization transfer
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ratio (MTR) show a tissue specific temperature dependency. The relaxation times showed
a linear increase with increasing temperature in a range between 4 to 37 °C.

The influence of the temperature on the proton resonance frequency was first described by
Hindman in 1966 [136]. Thus, the temperature of the sample is affecting the magnitude
and phase images resulting in a frequency shift [137]. A temperature difference Ad(r) at

a position r can be calculated using phase images at different echo times according to

e2(r) — ¢1(r)

AY(r) =0a(r) — V1(r) = B (B0 + 200 TE (2.97)
where Ao and Ay are the temperature coefficients of the chemical shift and the sus-
ceptibility and ¢; and ¢y represents the two phase images. MRI is a suitable tool to
monitor temperature changes, such as caused by thermal ablation. This is possible in
post-mortem MRI and in vivo MRI. Several methods for MR thermometry are proposed
in the literature and summarized in a review article of Rieke and Pauly [138].

The temperature effect of the phase is reflecting a change of the magnetic susceptibility

based on the relationship between the phase ¢ and the susceptibility Ay
p=-—-Ax-By-TE (2.98)

where the temperature dependency of the magnetic susceptibility is depending on the
magnetic properties of the material and described by Curie’s law as discussed in the pre-
vious chapter.

The temperature is not only affecting relaxation mechanisms and magnetic susceptibility,
but also to a certain level the diffusion of the water molecules. The decrease of diffusion,
measurable in MRI, is directly linked with the temperature dependency of the Brown-
ian motion. If the temperature is decreased, the random motion is slowed down. The

relationship between the temperature and diffusion is given as

_ Ea(D)

D¢ *8T (2.99)

where D is the diffusion coefficient and FE,(D) the activation energy of the molecular
diffusion [138]. Using MRI, different diffusion properties, such as the mean diffusivity
(MD), the radial diffusivity (RD) or the axial diffusivity (AD) can be calculated based
on diffusion weighted sequences (DWI) [139]. These diffusion parameters shown a strong

temperature influence, which is prominent when performing post-mortem MRI. The in-
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crease of MD with increasing temperature is depending on the brain region as shown in

figure 2.25. As discussed above, the temperature is a key parameter in post-mortem MRI,
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Figure 2.25: The MD of white matter (left) and basal ganglia (right) versus temperature, measured
in unfized post-mortem brain samples. The temperature dependent increase in diffusion
1s depending on the brain region.

which one can manipulate, compared to wn vivo where the core body temperature is kept
constant through a complex thermoregulation network to approximately 37 °C.
Changing the temperature of the sample inside the magnet can be achieved using several
methods. An easy but time consuming method would be to store the sample inside a
refrigerator for several hours, to cool the sample to a certain level. The cooled sample
is than placed inside the scanner for image acquisition. The sample is heated by the
surrounding air until the sample temperature is equal to the room temperature. This is
a slow process depending on the initial sample temperature and surrounding room tem-
perature.

A more precise method would be to actively heat the sample using a second media such
as water. To change the sample temperature a water circulation system is used. The
scheme for an active temperature control is shown in figure 2.26. Therefore the sample
is placed inside a sphere which is flooded with water. The temperature of the water is
controlled by an heating and cooling device inside the water bath. The tempered water
is pumped through the container to cool or heat the sample. Through the closed system
the water is continuously exchanged and the temperature inside the sphere is stabilized
after a specific time.

Through the changed temperature the steady state magnetization (equation 2.95), the

contrast and relaxation times are changed depending on the chosen temperature [140] .
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LUXTRON fluoroptic thermometer

water pump

Figure 2.26: A typical set-up for active temperature control based on a water circulation system.
The brain slice is mounted in plastic sphere and the sphere is flushed with water at a
controlled temperature.

The relaxation times 74, 75 and 75 are decreasing with decreasing temperature depending
on the brain region.

The detailed influence of the temperature on the MR relaxation parameters and the sus-
ceptibility was one of the main topics in this thesis and is discussed in detail in the next

sections.
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3.1 Introduction

MR relaxation times are the most dominant sources of tissue contrast in MRI. Because
the rotational and translational motion of water protons is linked with the correlation
time for spin-spin and spin-lattice interaction, it is commonly assumed that 7} and T5
relaxation times are strongly affected by temperature [141,142]. While this is of limited
relevance for in vivo MRI where body temperature is auto regulated within a narrow
range, considerable variations in tissue contrast can arise in post mortem MRI [143, 144]
or in situations where MRI is used to monitor hyperthermia [145, 146] or cryotherapy
[138].

The potential of MRI as a means to monitor tissue temperature is closely related to
the exact knowledge of the temperature dependency of the relaxation times of specific
tissue types. Similarly, findings from post mortem MRI can be translated to clinical
MRI contrasts only if the effect of temperature is properly accounted for. However, the
current knowledge on temperature dependency of relaxation times is very limited and
widely lacking experimental validation. It is unclear for instance, if brain gray and white
matter exhibit a different dependency on temperature. In addition, there seems to be a
big discrepancy between temperature coefficients predicted by theory and those reported
in the very sparse literature. While some conflicting results have been reported for T}
[138] and 75 [142], no temperature coefficients at all are available for 7. Measurements
of the coefficients for 7T} and T5 in liquids or in tissue following chemical tissue fixation
cannot serve to conclude on relaxation properties of the fresh human brain but rather
introduce further bias [143].

Based on the relaxation theory of Bloembergen et al. [147], the effect of temperature on
Ty and T, was modelled by Bottomley et al. [141], Nelson and Tung [142] and Young et al.
[89]. Nelson and Tung described the Fast Exchange Two State (FETS) model predicting
a relationship between 77 and the term exp(—FEa/kT) where Fa is the activation energy
in eV, k the Boltzmann constant and 7" the absolute temperature in Kelvin. Over a small
range of temperature, the relationship between temperature and 7} can be assumed to
be linear. Additionally, the FETS model predicts a small T5 temperature dependency
which is usually neglected. While the 77 model may serve well for water or simple protein
solutions it remains unclear if it is also suited for human tissue where water protons are
usually compartmentalized and further restricted in their molecular mobility.

The goal of this study therefore was to experimentally assess the temperature dependency

of the Ty, T, and T3 relaxation times of different brain structures. Additionally, we
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wanted to investigate how temperature affects the magnetization transfer ratio (MTR),
a semi quantitative measure of magnetization transfer (MT) between tissue water and
bound protons [148]. As formalin fixation can significantly affect the relaxation properties
of tissue, we used in this study fresh unfixed human brain with a short post mortem
interval to minimize autolytic changes. With this work, we expected to provide precise
temperature coefficients which can serve as reference for other studies and to improve
our understanding on the relevance of molecular mobility in highly compartmentalized

structures for relaxation phenomena.

3.2 Methods

3.2.1 Preparation of brain samples

Five deceased subjects (mean age = 70 years) with an autopsy requested by the local
health authorities were included in this study (Table 3.1). Immediately after autopsy
a coronal brain slice with a thickness between 10 mm and 20 mm was harvested from
each subject and prepared for MRI. To increase the stiffness of the unfixed tissue the
brain slabs were embedded in agar gel (14 g/1), vacuum packed, and mounted in a plastic
sphere with a diameter of 180 mm. Before and during MRI, the sealed plastic sphere was
flushed with water at predefined temperatures between 4°C and 37°C. A refrigerated
water bath with a heating immersion circulator (Julabo F20-C, Seelbach, Germany) was
used for circulating the water through the sphere and for maintaining a predefined and
constant temperature of the brain slice. To prevent flow artifacts, the water was not
circulated during the MRI measurements but the temperature of the brain slice was
measured continuously during the entire heating/cooling and scanning process using a
LUXTRON 790 Fluoroptic Thermometer (LumaSense Technologies, Santa Clara, CA,
USA). The temperature variation during the MRI scans at a defined temperature level

was approximately 0.5°C.

3.2.2 MRI

All measurements were performed on a 3 7' whole body MRI system (Magnetom Tim Trio,
Siemens Healthcare, Erlangen, Germany) using a 12 element receive coil array. Starting
at a temperature of approximately 4 °C, the samples were heated up and after a sufficient

time the relaxometry was performed. After each scan the temperature was increased about
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8°C and the described procedure was repeated until the sample reached the maximum
temperature of 37°C. A typical scheme of temperatures was 5°C, 12°C, 21°C, 30°C,
and 37°C. All MR sequences were performed with FOV = 192 x 192 mm?, matrix =
256 x 256, 7 slices, slice thickness = 3mm, and GRAPPA acceleration Factor = 2. T
relaxation time data was acquired using a turbo inversion recovery (TIR) sequence with
TE/TR = 6.4/8000ms, 4 inversion times (TT = 200, 800, 1600, 3200 ms), and a turbo
factor of 9. The T relaxation time was determined with a turbo spin echo (TSE) sequence
with three echo times (TE = 10, 73, 115 ms), a TR of 4000 ms, and a turbo factor of
5. Ty relaxation data was acquired using a 3D RF spoiled gradient echo (GRE) sequence
with 6 echoes (TE = 4.92, 10.34, 15.76, 21.18, 26.60, 32.02 ms), a TR of 300 ms, a flip
angle of 15°, and 5 averages. M'T weighted images were acquired with the same sequence
as used for T mapping, but with an additional off-resonant saturation RF pulse (offset
frequency = 1.2kHz, duration = 10ms, flip angle = 500°) that was applied before the
excitation pulse [148]. Relaxometry for a single temperature step lasted approximately

15 minutes.

3.2.3 Image processing and statistical analysis

Image processing and statistical analysis Image analysis was performed using MATLAB
(The MathWorks, Natick, MA, USA) and statistical analysis was performed using GNU
R Version 2.15.0 (The R Foundation for Statistical Computing). Relaxation times were
assessed in white matter (frontal or occipital WM), cortical gray matter and in deep
gray matter (basal ganglia and thalamus) of each brain sample by manually outlining the
regions of interest. The T} relaxation time was calculated using a 3-parameter mono-
exponential fitting routine which inherently corrects for flip angle errors and coil sensitiv-
ity. Ty was calculated using the approach reported by Hasan et al. [96]. T3 relaxation time
was fitted assuming monoexponential signal decay. The MTR was calculated according
to

M.
MTR =1--2.100 in % (3.1)
My
where Mg and M, are the signal intensities acquired with and without MT saturation,
respectively [149]. A linear regression model was applied to obtain the temperature coeffi-
cient from relaxation data at different temperatures. The temperature coefficient for each

structure was assessed by determining the slope of the regression line between temperature
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and relaxation time or MTR, respectively. After regional assessment, temperature coeffi-
cients were averaged across all samples. Results were considered as statistically significant

with a p-value <0.05. The study was approved by the local ethics committee.

3.3 Results

Visual inspection of the TIR images showed distinct temperature induced changes in gray-
white matter contrast. These changes are exemplarily shown in figure 3.1 which provides
a series of TIR images (TI = 800 ms) acquired at five different temperatures. The best

gray-white matter contrast was observed at temperatures closer to in-vivo conditions.

Table 3.1: Subject Characteristics and post mortem time delay.

Time-delay Time-delay
No. Sex Age (death to MRI) (autopsy to MRI) Cause of death
1 W 58 43 h 10 h Sepsis
2 W 53 44 h 8 h Dilatation of the left ven-
tricular cavity
3 M 76 24 h 10 h Pneumonia
4 M 74 26 h 8 h Multiple organ dysfunction
5 M 88 42 h 10 h Dilatation of the heart

Figure 3.1: Temperature induced change of T1 contrast in a TIR sequence (TI = 800 ms). Images
are shown for a brain temperature of (a) 8.5°C, (b) 15.9°Cs, (¢) 21.5°C, (d) 30.1°C
and (e) 36.5°C. At higher temperatures (right) the gray-white matter contrast is close
to in-vivo conditions, while at lower temperatures the basal ganglia cannot be delineated
owing to the lack of contrast (please see the intersection for these structures in Figure
3.8 at 10°C).

For T, T and MTR no such changes could be observed by visual inspection over the

range of temperature investigated.
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Table 3.2 summarizes all relaxation times (77, T, Ty) and MTR values separately for
white matter (13 ROIs), cortex (9 ROIs), basal ganglia (4 ROIs), and the thalamus (4
ROIs). Among all parameters, T} showed the strongest dependency on temperature. The
highest T} temperature coefficient, i.e. change of the relaxation time with temperature,
was found in the cortex (coefficient = 17.4 ms/°C), followed by the basal ganglia (coeffi-
cient = 13.1 ms/°C), thalamus (coefficient = 7.6 ms/°C), and white matter (coefficient =

3.4ms/°C) (Figure 3.2). In contrast, 75 did not show a significant dependency on tem-

Table 3.2: Relazation times, MTR wvalues and corresponding temperature coefficients of different
brain regions at 3T.

To Temp. coeff. (1/°C) R? P Std. er-
ror slope
()
White Matter 73 (ms) 695.8 +£29.2 3.4 £+ 0.7 0.91 0.007* 0.031
Ty (ms) 91.2 +17.4 -0.2 + 0.2 0.35 0.299 0.016
Ty (ms) 365+66  0.1+0.1 058 0.192  0.007
MTR 0.315 £ 0.036  0.0015 4 8e-04 0.67 0.093 0.060
Cortex T (ms) 962 + 67.7 174 £ 5.3 0.97 0.002* 0.149
Ty (ms) 132.1 4+ 23 0.2 £0.7 0.33 0.319 0.030
Ty (ms) 39.3 + 10 0.24+0.3 0.56 0.171 0.019
MTR 0.231 £+ 0.062 0.0015 4+ 9e-04 0.62 0.108 0.076
Basal Ganglia 77 (ms) 738.5 + 52.2 13.1 + 24 0.96 <0.001* 0.116
Ty (ms) 84.7 £ 27.7 0.3 +£0.2 0.54 0.133 0.038
Ty (ms) 319+ 119  0.2+0.1 0.91 0.003*  0.023
MTR 0.290 £+ 0.029 0.0026 £+ 0.0013 0.87 0.006* 0.036
Thalamus T; (ms) 656.8+11.9 7.6+ 0.4 0.97 <0.001* 0.053
Ty (ms) 82.1 £ 26.7 0.2 £+£0.2 0.33 0.352 0.050
Ty (ms) 19.6 +5.8 02+0 0.79 0.033* 0.011
MTR 0.256 + 0.034 0.002 + 0.0013 0.74 0.040%* 0.125

perature in any of the investigated brain structures. A similar observation was made for
T with the exception of the basal ganglia and the thalamus where a significant positive
relationship was found. In parallel, the MTR showed a positive correlation with tissue
temperature in the basal ganglia (coefficient = 2.6 ms/°C) and the thalamus (coefficient
= 2.0ms/°C) but not in white matter and the cortex as shown in figure 3.3. Using the
linear correlation model the 77, 7, and T3 relaxation times were extrapolated to 37°C

and compared to in-vivo values reported in literature. As shown in Table 3.3, there was
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Figure 3.2: Longitudinal T relaxation time versus temperature in white matter, cortez, basal ganglia
and thalamus. Each symbol corresponds to a brain sample from an individual subject.

an excellent agreement with literature in particular in the cortex and in white matter.

3.4 Discussion and Conclusion

The post mortem setup used in this work enabled the investigation of the relationship

between temperature and relaxation times in brain tissue. In contrast to previously re-
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Figure 3.3: Magnetization transfer ration (MTR) versus temperature in white matter, cortex, basal
ganglia and thalamus. FEach symbol corresponds to a brain sample from an individual
subject.

ported post mortem work, we aimed at assessing these parameters in the absence of any
fixation effects [144,156] by using fresh brain tissue within a post mortem delay of less
than 48 hours. By keeping the time between death and image acquisition as short as
possible, we wanted to minimize autolysis effects and to achieve a situation that is very

close to an in vivo condition. To our knowledge, this work for the first time provides
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Table 3.3: Ty, Ty and Ty relazation times obtained in this study (extrapolated to 37°C) compared to

literature.
Tissue Parameter This study Literature = Reference
White Matter Ty (ms) 821.6 £ 55.1 838 + 50 [150]
Ty (ms) 83.8 + 24.8 76 + 3 [151]
T5* (ms)  40.2 £ 10.3 532 + 1.2 [152]
Cortex Ty (ms) 1605.8 + 263.8 1607 £+ 112 [153]

Ty (ms) 1395 +489 88+ 3 [154]

Ty* (ms) 552 + 14.1 66.0 + 1.4  [155]

Basal Ganglia (Putamen) 7 (ms) 1253.4 £ 50.6 1363 £ 58  [153]
T, (ms)  84.6+21.1 66+ 2 [154]

Ty* (ms) 359 + 6.5 315+ 25 [15]

detailed systematic temperature coefficients of 71, 15, T relaxation times and MTR for
different structures of the human brain.

Longitudinal relaxation showed the strongest temperature dependency with a linear be-
havior in the range of interest. While the linear relationship is predicted by the FETS
model, the estimation of the temperature coefficient by this model fails because the ac-
tivation energy in tissue is an empirically determined constant and is unknown for brain
tissue. The activation energy itself is independent of temperature but is affected by the
chemical structure of the tissue. When comparing the temperature coefficients found in
this study with those reported in the literature, it appears that previous efforts have
markedly underestimated the temperature coefficient for the longitudinal relaxation at
least in gray matter. Rieke and Pauly [138] as well as Quesson et al. [157] reported
a temperature coefficient in the order of 1%/°C which is significantly lower than found
in our specimen. A possible explanation for this discrepancy is that these authors used
mixed tissue samples, i.e. material with contributions from white matter for their inves-
tigations.

A previously unrecognized finding is that different brain compartments exhibit different
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temperature coefficients for 77 with lowest coefficients in white matter. A likely reason
for this is the fact that longitudinal relaxation is strongly determined by the molecular
mobility and is already limited in the intracellular cytoplasm of the myelinated axons.
The approximately 10 % higher water content in gray matter than white matter struc-
tures may have additionally contributed to a three-fold increased temperature coefficient
of gray matter compared to white matter [150,151]. Interestingly, microstructural changes
related to autolysis seem to play only a minor role regarding the temperature coefficient
of T7. While the variation in the post mortem interval of our samples may have intro-
duced some overall changes in T the variability of the temperature coefficient was very
low across samples (Figure 3.1).

The TIR sequence used to obtain 7} is known for its sensitivity for off-resonant satura-
tion effects introduced by the train of refocusing RF pulses. As a consequence, multi-slice
T; mapping can underestimate 7} due to magnetization transfer effects [152]. Neverthe-
less, we have opted for this sequence because a conventional inversion recovery sequence
would have had significantly increased the post mortem delay and also the likelihood of
tissue warming as the water was not circulated during MRI. While the TIR sequence is
insensitive to B; errors or inhomogeneities, other fast methods would have required a B,
correction [158,159]. We expected that the MT effect for the TIR was low, because only
a few slices with a moderate turbo factor were acquired. This could be confirmed when
comparing the temperature corrected 77 values with literature. In contrast to longitudinal
relaxation, our results suggest that temperature does not play a significant role for trans-
verse relaxation. Although a small effect on Tj is predicted by the FETS model and also
has been observed in a 10% Liposyn solution [142], compartmentalization of tissue water
seems to reflect a condition which is not fully addressed by a simple temperature model.
Similar observations were made for 75 with the exception that a positive correlation of 7%
and the temperature was found in deep gray matter structures. These parts of the brain
are known to be rich in iron and the iron content could in fact be an explanation for our
finding. The rate 1/T5 can be considered as the sum of 1/T% and 1/7, with the latter
being proportional to ABj if the magnitude of the magnetic susceptibility y is very small
[82]. According to Curie’s law, the paramagnetism of iron drops with increasing temper-
ature while the diamagnetism constituted by other tissue components is independent of
temperature [86,160]. Consequently, iron induced susceptibility variations DeltaChi are
smaller at higher temperatures which should result in a longer 73 time. Despite blood was

not fully flushed out during brain extraction, we did not expect any effect on the regional
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T3 analyses because all regions were outlined distant from larger vessels and the relative
blood volume constituted by capillaries is very low. Susceptibility changes induced by
deoxyheme are usually much smaller than ferritin induced changes.

In this study we also were interested to investigate the impact of temperature on the
MTR. Most MT validation studies comparing MR and histopathologic findings have been
done at room temperature and this might also explain the differences between MTR val-
ues reported from these experiments and those found under in vivo conditions [156,161].
In brain tissue, modeling of MT is usually done with the two-pool model [148], which
accounts for macromolecular bound protons that act as an additional relaxation sink and
therefore enables the tissue water pool to faster achieve steady state magnetization. The
MTR can be considered as weighted sum of all 6 fundamental pool parameters. Tem-
perature is expected to affect at least two pool parameters, the T relaxation time of
the tissue water pool and the rate of magnetization exchange between both pools medi-
ated by chemical exchange and dipolar coupling. This means that a temperature induced
prolongation of the tissue water T} is counteracted by a faster exchange of magnetiza-
tion with the bound pool which in turn results in a shortening of 77. Which of both T}
modulating mechanisms is more dominant will depend on the underlying pulse sequence
(proton density weighted versus 77 weighted). Thus our finding of an overall small effect
of temperature on the MTR appears plausible. A more quantitative consideration would
require a numerical simulation of the coupled Bloch equations. Again, the significant
association between MTR and temperature which we found in the basal ganglia and tha-
lamus is most likely related to the effect of iron. The temperature induced susceptibility
shift in these structures is expected to decrease microscopic field gradients which in turn
decreases direct saturation effects of the MT pulse by narrowing the resonance peak of
the tissue water [27].

In conclusion, temperature has a strong effect on 77 especially in brain gray matter and
much smaller in white matter. This has to be considered when performing post mortem
MRI studies at room temperature. The temperature coefficients provided by this study
can serve as reference for correcting 77 or for adjusting relaxivity based temperature
mapping methods in the brain given the linearity of observed associations. The trans-
verse relaxation times 7, and T3 as well as MTR do not show a significant temperature
dependency except for the thalamus and basal ganglia. Respective temperature related
variations in these regions appear most likely related to the high iron content of these

structures.
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4.1 Introduction

Iron is the most abundant trace element in the human brain which also reflects its multiple
and important roles in maturation of the central nervous system and brain metabolism.
Not unexpected, iron homeostasis is distorted in several inflammatory and neurodegen-
erative diseases including multiple sclerosis, Alzheimer’s disease, Parkinson’s disease or
amyotrophic lateral sclerosis [92,162-168]. As the etiology of iron in the inflammatory and
neurodegenerative cascade is largely unknown, there is increasing interest in techniques

for non-invasively assessing iron levels.

Magnetic resonance imaging (MRI) is the only imaging technique in this context, be-
cause it is non-invasive and sensitive to local field changes induced by iron compounds.
Several MR based methods for measuring iron concentration in the brain have been pro-
posed including relaxation time mapping [20,104], also under varying field strength [164],
magnetic field correlation imaging [25], direct saturation imaging [27], and quantitative
susceptibility mapping (QSM) [169-171]. So far, QSM and R} mapping have been iden-
tified and validated as the most promising approaches because they can be derived from
a conventional gradient echo sequence that is readily available on clinical scanners and

because they scale linearly over the entire physiological range of iron concentration [22,28].

The latter, however, was shown for gray matter only. White matter has a diamagnetic
bulk susceptibility which is mainly constituted by the myelin and tissue water which means
that the paramagnetic effect of iron is counteracted by the diamagnetic myelin [109,110].
Additionally, the contribution of the myelin depends on the orientation of the myelinated
fiber bundles with respect to the main magnetic field (By) [109,172-174]. Consequently,
iron concentrations derived from white matter are not reliable regardless of the method

applied.

We here present a new approach for iron mapping which is particular relevant for white
matter. It is based on the temperature dependency of the paramagnetic effect of iron,
which is predicted by Curie’s law and which we recently observed in brain structures with
high iron content [140]. The proposed approach was tested in postmortem brain tissue
and validated with Superconducting Quantum Interference Device (SQUID) magnetom-

etry and with ICP mass spectrometry.
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4.2 Theory

The magnetic tissue susceptibility Yiissue 18 the sum of all individual paramagnetic and
diamagnetic contributions. According to Curie’s law, the paramagnetic part of the mag-

netic susceptibility shows an inverse temperature dependency,

C
Xtissue — Xpara + Xdia = m + Xdia (41)

where C' is the material specific Curie constant,i} is the paramagnetic Curie temperature,
and T is the temperature. In contrast, the temperature dependency of the diamagnetism
is based on indirect effects such as tissue volume change due to molecular rearrangement
and is insignificant. While the magnetic susceptibility is often derived from MR phase
images [170,171,175], this work is based on the transverse relaxation rate Ry(= 1/T})
which is directly related to the microscopic susceptibility difference between the tissue

matrix and paramagnetic contributions within a voxel or volume of interest (Ax) [102]
Ry = XyAxBy (4.2)

where \ is a geometric factor that considers the microscopic distribution of susceptibilities,
~ is the gyromagnetic ratio and By is the main magnetic field.

R, cannot be assessed in a single measurement but can be calculated from Rj(= 1/7%)
and Ry(= 1/T5) because R = Ry+ R,. The rate R; reflects the rate of coherence loss due
to non-static dephasing effects which cannot be reversed with an RF refocusing pulse.

Therefore, the susceptibility difference can be calculated by reforming Equation 4.2.

/

(B3~ Ry R,
)\’}/Bo )\"}/BO

Ax = (4.3)
It should be mentioned that Ay is not a measure of bulk susceptibility. However, in most
tissues iron is equally distributed over tissue compartments (e.g. neurons, oligodendro-
cytes, and endothelia cells) rather than focally accumulated. The microscopic variation
of susceptibility therefore is expected to scale with iron concentration which is the basis
for the proposed approach. Microscopic field gradients in a tissue are built up by param-
agnetic and diamagnetic sources. In most biological tissue, the high water content leads
to a weak diamagnetic behavior with a bulk susceptibility of about -9.05 ppm [82]. Con-

sidering the two possible sources of the susceptibility variation only the paramagnetism
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induced dephasing of the transverse magnetization causes a temperature dependency of
R,

R,Z (19) = RlZ,para<Q9) + Rl?,dia (44)

where 9 is the temperature of the tissue.
We here propose to estimate the iron content from a linear model by mapping R, at

different tissue temperatures

/

Ry(¥) = Ry + 9 - TcR2p (4.5)

Here, the temperature coefficient TcR2p of R; represents the paramagnetic source and
the offset (Rlz,o) the diamagnetic source of the microscopic variation of susceptibility. In
biological tissues, where iron is by far the most abundant paramagnetic trace element, the
temperature coefficient T'cR2p is depending on the iron concentration and thus resulting

in
TcR2p(Fe) = TcR2py + k - [Fe] (4.6)

where k is the slope depending on the iron concentration and T'cR2p, the offset which is
expected to be zero in the absence of instrumentation errors.

SQUID magnetometry allows to probe the susceptibility of tissue samples at very low
magnetic fields (5 — 1000 Oe). Additionally, magnetic blocking effects of ultra-small iron
compounds (iron-oxides encapsulated in protein shells such as ferritin) can be investigated
using sophisticated time-measurement protocols. As interacting iron-oxide nanomagnets
relax very slowly (hours or even days) and are therefore beyond the time frame of MR
techniques for a direct detection, SQUID can provide complimentary insights to MR
based susceptibility measurements. Neglecting magnetic blocking phenomena, the tissue
susceptibility as assessed by SQUID can be modeled by Equation 4.1. Then, the Curie
constant C' can be obtained by fitting Equation 4.1 to the SQUID data with (see also
Table VII of Ref. [82])

C

_ NFe,ugff _ CFeNtissue,ugff _ 10760}? [,U/gFe ]MsathB(S+ 1)

4.7
3]433 3kB Gtissue 3kB ( )
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Since iron is sparsely distributed within tissue, the Curie constant C' here is normalized
to the tissue mass in units of emuK /(gsssueO€). The iron concentration Nre in Equation
4.7 is expressed by CpeNyssue with Cre in units of ug-iron/g-tissue. The square of the
effective magnetic moment of Fe-ions is yi2;; = ¢°p3S(S + 1) and can be substituted by
Mfo = gup(S+1)Ma/Niissue, using Myoy = NyissuegpBs as the saturation magnetization
of iron per gram tissue. Mgat corresponds to approximately 500 emu/g (if all tissue atoms
are replaced by iron atoms, i.e. Cp, = 106 pg/g = 1). S is the spin of an iron-atom (S =
2 for Fe?t), g = 2 the Landé-factor, up = 9.274 - 10 — 24 J/T the Bohr’s magneton, and
kg = 1.38 - 10 — 23 J/K Boltzmann’s constant. The Curie constant can slightly vary for

Fe*t and Fe*" depending on a low or high spin moment.

4.3 Methods

4.3.1 Preparation of brain samples

MRI and mass spectroscopic measurements were performed with brain tissue from five
deceased subjects (mean age = 70 years) after an autopsy requested by the local health
authorities. Following autopsy, the brains were cut into 10 mm to 20 mm thick coronal
slices. The unfixed brain slices were prepared for MRI by embedding them in agar gel
(14 g/1) and by vacuum packing to minimize autolysis and to increase the stiffness of
the tissue. After MRI the agar gel was removed and the brain slices were fixed in a
solution of 4 % formalin until further analysis with a SQUID magnetometer and a mass
spectrometer. SQUID magnetometry was performed with three samples (two samples
from white matter and one sample from grey matter) from a single brain slice. For testing
whole brain mapping of the temperature coefficient, a freshly extracted brain was mounted
in a plastic container filled with Galden SV80 (Solvay Solexis S.p.A) which is a 1H-free
fluorinated solution that minimizes macroscopic susceptibility artifacts at brain-solution
boundaries. Approximately 30 minutes were required for tissue preparation for MRI and
another 30 minutes were required to prepare the samples for SQUID magnetometry. The

study was approved by the local ethics committee.

4.3.2 Experimental setup and MRI

The prepared tissue samples were mounted in a plastic sphere (180 mm diameter) and

centered in the head coil. The sphere was flushed with water at a controlled temperature

December 2015 - 83 —




4 Iron mapping using the temperature dependency of the magnetic susceptibility

to heat or cool the tissue sample. Relaxometry was performed at 6 different temperatures
between 4 °C and 37 °C. During the entire experiment the temperature at the surface of
the sample was measured with a LUXTRON 790 Fluoroptic Thermometer (LumaSense
Technologies, Santa Clara, CA, USA). All experiments were performed on a 3 7" whole
body MRI system (Magnetom Tim Trio, Siemens Healthcare, Erlangen, Germany) using
a 12 element receive coil array. All MR sequences were performed with common geometric
parameters FOV = 192 x 192 mm?, matrix = 256 x 256, 7 slices, slice thickness = 3 mm
and GRAPPA acceleration Factor = 2. The T5 relaxation time was determined with a
dual echo turbo spin echo (TSE) sequence (T'Ey = 10 ms, T'Ey = 73 ms, TR of 4000 ms,
TSE turbo factor = 5). T3 relaxation data was acquired using a 3D RF spoiled gradient
echo (GRE) sequence with 6 echoes (TE = 4.92, 10.34, 15.76, 21.18, 26.60, 32.02 ms,
TR = 300 ms, flip angle of 15°, 5 averages). The total scan time was approximately 15
minutes for each temperature point. For temperature coefficient mapping of the entire
ex vivo brain the same sequences were used with an in-plane resolution of 1 x 1 mm?,
slice thickness = 2 mm, 10 averages and a total scan duration of 20 minutes for each

temperature point.

4.3.3 SQUID magnetometry

Superconducting Quantum Interference Device (SQUID) measurements were performed
with a Quantum Design MPMS-XL-7 (Quantum Design Inc., San Diego, CA, USA) to
measure the absolute susceptibility of three tissue samples from a single brain slice. To
avoid spurious magnetic signals due to volume changes by swelling and to reduce residual
amounts of paramagnetic oxygen, the tissue samples were exposed to a reduced-pressure
helium gas atmosphere of 50 mbar in the SQUID-cryostat-chamber above 260 K. Only
formalin fixed samples were used because of logistic restrictions it was not possible to
analyze unfixed brain tissue. Following a cool down under zero magnetic field to 1.7K,
the magnetic field (1000 Oe) was turned on and the temperature was first cycled up to
room-temperature (ZFC-zero field cooled scan) and then back to 1.7 K (FC-field cooled
scan). By fitting Equations 4.1 and 4.7 to the resulting temperature dependent suscep-
tibility curve, the Curie constant, the paramagnetic Curie temperature, the diamagnetic
background, and the iron content were obtained. To relate the paramagnetic suscepti-
bility of iron to the temperature dependent MRI relaxivity studies, we extrapolated the
low-temperature SQUID data to the high temperature range of interest (4°C — 37°C)

and subtracted the diamagnetic background in this temperature range. The measure-
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ment procedure was repeated at a much higher magnetic field comparable to the MRI
scanner field (2.89T). To directly compare the SQUID results with MRI data, Equation
4.2 was used to estimate R,. The microscopic susceptibility variation Ay was obtained
by taking the difference between the paramagnetic susceptibility obtained by SQUID and
tissue water (Yuwater = 9.05 - 107%). For simplicity, the effect of myelin was neglected and
the geometric factor A was fixed to 1 for all tissue types. The mass susceptibility (in units
of emu/g/Oe) was converted to SI volume susceptibility by multiplication with the tissue
mass density (p = 1.05 - 10 kg/m?), and the units emu /g Oe were transformed to the

corresponding SI units.

4.3.4 Chemical assessment of iron concentration

Following SQUID measurements, the absolute iron concentration in 20 tissue samples
from five brain slices was independently determined with inductively coupled plasma
mass spectrometry (Agilent 7500ce; Agilent Technologies, Waldbronn, Germany). First
the samples were freeze dried and then mineralized using nitric acid in a microwave heated
autoclave (Ultra- CLAVE III; EMLS, Leutkirch, Germany). Helium was used as a collision
gas at a flow rate of 5.3 mL/min to reduce possible polyatomic interferences at a mass to

charge ratio of 56.

4.3.5 Image processing and statistical analysis

Image analysis was performed using MATLAB (The MathWorks, Natick, MA, USA)
and statistical analysis was performed using STATISTICA Version 7.1 (StatSoft, Tulsa,
OK, USA). R; maps were obtained by fitting a single-exponential decay function to the
magnitude of the individual echoes. Ry maps were calculated from the two echoes of the
TSE sequence [96]. At each temperature point a R'2 map was calculated by subtracting the
Ry map from the corresponding R map. The temperature coefficient of R, was obtained
by a linear regression between temperature and corresponding R,. The temperature
coefficient TcR2p then was compared with the slope found from the SQUID measurements
for the high temperature range. A linear regression model was also used to compare the
sensitivity of Rj, R, and the temperature coefficient of R, for the iron content in gray
and white matter as determined by mass spectrometry. A p-value lower than 0.05 was

considered as statistically significant.
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4.4 Results

4.4.1 Superconducting Quantum Interference Device (SQUID)

The SQUID measurements yielded tissue specific susceptibility T-scans which were con-
sistent for ZFC and FC (Figure 4.1). The cortex showed the strongest temperature de-
pendency and also a bifurcation of the ZFC/FC-susceptibility curve which can be related
to blocking effects of iron-oxide. The susceptibility of white matter was more diamagnetic
with some variation between both white matter samples. The parameters extracted from
the fits of Equations 4.1 and 4.7 including the estimated iron concentration (CFe) are

summarized in Table 4.1.
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Figure 4.1: (a) Tissue susceptibility in units of emu/q/Oe under zero-field-cooled (ZFC: blue) and
field-cooled (FC: red) conditions in the tem- perature range 1.7-250 K for three different
samples of a human brain slice, magnetic field was 1000 Oe. (b) The susceptibility for
the range 3—40 K for which the fit to Eq. 4.1 has been optimized. Note the splitting
of ZFC/FC scans in the cortex which indicates a mag- netic blocking of agglomerated
(ferritin-like) iron particles.

4.4.2 Mass spectrometry

Mass spectrometry revealed highest iron concentrations in the basal ganglia (mean = 130
+ 23 mg/kg) and lowest iron concentration in white matter (mean = 31.6 £+ 3.4 mg/kg).
Iron concentration in the cortex (mean = 33.6 + 5.2 mg/kg) was slightly higher than in

white matter. In the three samples that were referred to SQUID, there was an excellent
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agreement with the concentrations found by mass spectrometric analysis (Table 4.1).

Table 4.1: Tissue specific parameters obtained by measuring ZFC/FC-susceptibility at 1000 Oe ac-
cording to Fq. 4.7 and the corresponding iron content assessed by mass spectroscopy.

Sample Curie Paramagnetic Diamagnetic iron-content Iron-content
Constant Curie temperature background SQUID Mass spectroscopy
C (emu K/g/Oe) © (K) Xpia (emu/g/Oe)  Cfe (ug/g) (18/8)
White matter #1 (1.58 &+ 0.08) 10-6  -0.9 £ 0.2 (-4.57 £ 0.03)10-7  23.6 = 0.5 26.6 + 1.9
White matter #2 (2.12 £ 0.03) 10-6  -1.4 £+ 0.2 (-5.93 £ 0.02) 10-7 31.5 £ 0.5 31.6 + 2.3
Cortex (2.44 £0.11) 10-6  -3.0 £ 0.25 (-3.21 £ 0.04) 10-7 36.3 £ 0.5 37.9 + 2.8
4.4.3 MRI

As shown in Figure 4.2, temperature induced contrast changes on R/2 maps were moderate

with a more pronounced contrast at lower temperatures. The transverse relaxation rate

R2' at 4°C R:' at 37°C

Figure 4.2: R/Q map of a fresh and unfived brain acquired at 4 °C(left) and 37 ‘C(right). Artifacts
from air inclusions were more prominent at high temperatures.

R, (Figure 4.3) of all five brain slices showed a linear decrease with increasing tissue
temperature. The strongest temperature dependency of R, (s7!) was observed in the
basal ganglia (R, = 49.46-0.55 - ¥) where 9 is the temperature in °C. White matter

showed a lower temperature dependency (R, = 12.71-0.04 - ¥) compared to the cortex
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Figure 4.3: R, in different brain regions as a function of temperature. Data from 12 regions of five
brains are shown.

(R, = 16.29-0.12-19). Regions with high iron concentrations appear bright in the R, map
and in the TcR2p map (Figure 4.4). The low contrast between white matter and the cortex
reflects a very small difference in iron concentration between these structures. There
was a good agreement between R, estimated from SQUID data (Figure 4.5 a) and R,
measured by MRI (Figure 4.5 b) in the temperature range between 4 °C and 37°C. While
R), estimated from SQUID was significantly higher, there was an excellent agreement
of the slopes in both graphs. SQUID magnetometry of the three samples revealed a
slope of -0.0452 in the cortex and -0.0297 and -0.0398 in white matter, respectively.
The corresponding TcR2p values determined in MRI were -0.0583 s™'T~! in the cortex
and -0.0375 s7'T~! and -0.0396 s~!T~! in white matter. The results for all regression
analyses with absolute iron concentration are summarized in Table 4.2. While R, was

only a moderate marker for iron content in white matter, the temperature coefficient of
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Proton density weighted R2' map TcR2p map

Figure 4.4: Proton density weighted image (left), Ry map (middle) obtained at =~ 20 °C, and color
encoded temperature coefficient map (right), all corresponding to the brain slice shown
wmn Figure 4.2. Iron and temperature related relaxivity changes are clearly visible in the
putamen, caudate nucleus, and dentate nucleus. Please note that some temperature
effects arise from residual air inclusions at the surface of the brain.
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Figure 4.5: Temperature dependent R!, estimated from SQUID data (a) and corresponding RY, of
three samples from a single brain slice determined by MRI (b).

R}, (TcR2p) was highly correlated with iron content (r? = 0.97) (Figure 4.6).

4.5 Discussion

Assessment of iron concentration in white matter or tissues with a strong diamagnetic
background is still an unresolved challenge. We here propose to use the temperature co-

efficient of R/, as a measure of iron. Using fresh postmortem brain, the new concept was
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Table 4.2: Linear regression analysis of the transverse relaxation rate R, and the temperature coef-
ficient of Ry (TcR2p) as a function of iron (mg/kg wet mass).

R} (s-1) TcR2p (s71/°C)
Structure r2 P Value Regression Std. error Slope 72 P Value Regression Std. error Slope
All structures 0.94 <0.001 8.85+0.11 x Fe  1.507 0.98 <0.001  0.030-0.004 x Fe 0.035
White Matter only 0.84 0.08 -0.8740.43 x Fe  1.048 0.97 0.01 0.084-0.005 x Fe  0.004
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Figure 4.6: Linear relationship between the temperature coefficient of Ry (TcR2p) and the absolute
iron concentration (in mg/kg wet mass) in white matter as measured by inductive coupled
plasma mass spectrometry

evaluated with SQUID data and validated with mass spectrometry.

While rat brain [176] has been investigated with SQUID recently, we here present magnetic
susceptibility profiles for human brain white and gray matter along with corresponding
Curie constants and Curie temperatures. These data may contribute to a better under-

standing of the magnetic behavior of brain tissue.

Bulk susceptibility and R} rates represent different measures of susceptibilities. While
the bulk susceptibility can be considered as a volume average, R, represents the dephas-
ing effect due to susceptibility variations in a volume, where diamagnetic and paramag-

netic compounds have the same effect. We roughly estimated R} from SQUID data by
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taking the susceptibility difference between water and the iron paramagnetism found by
the SQUID analysis. Overall, we found an overestimation of R/, values which may have
several causes. By setting A to 1 we did not account for geometric effects and we did also
not consider orientational effects of R [177]. Some offset may also have been introduced
by an overestimation of Re which was derived from a TSE sequence [96] because of time
constraints. However, all these effects did not affect the temperature dependency of R,
and we could clearly demonstrate that the temperature dependent slope was the same for
the SQUID measurements and for RY,.

Another important finding was that the iron content derived from the temperature de-
pendent susceptibility profiles was in good agreement with the values obtained by mass
spectroscopy. This confirms that iron is the major source of paramagnetism in brain tissue
as already predicted by Schenck [160] and that iron is also responsible for the temperature
dependency of Rj,.

A specific feature that we have observed only in the SQUID measurements was noticed
in the cortex, where we found a bifurcation of the ZFC/FC-susceptibility curves near
12 K. We interpret this splitting as an onset of mineralization of iron into a small core of
iron-oxide (y-maghemite or magnetite). The blocking temperature as observed from the
maximum of the ZFC-curve agrees with the temperature reported for ferritin [178]. As we
made this observation in grey matter only, it seems that different iron configurations are
present in white matter. Further investigations with SQUID magnetometry are needed
to understand how iron is distributed and stored in white matter.

Using brain tissue with a short post mortem delay (<24h) between death, autopsy and
image acquisition allows us to neglect autolysis effects. We showed in a previous work
that relaxation times of unfixed brain tissue with short postmortem delay are comparable

with in vivo values [140].

The benefit of our proposed method is the ability of determining the iron quantitatively
and without destruction of the tissue sample compared to the standard histopathology.

It is clearly not possible to change brain temperature in vivo, therefore the clinical applica-
bility of the proposed approach remains limited. However, when working with postmortem
tissue it could open new avenues to study the role of iron in various inflammatory and

neurodegenerative diseases.
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5 Effects of formalin fixation and temperature on MR relaxation times in the human brain

5.1 Introduction

Post-mortem MRI is an indispensable tool to improve our understanding of relaxation
mechanisms in normal and abnormal tissue on a microscopic level and to validate quanti-
tative MRI methods [22,28,46,110,156,167,179,180]. Additionally, tissue samples permit
very long scanning times which is a prerequisite for MR microscopy [181]. Very recently,
it was also demonstrated that fixed human brain tissue can serve as a reliable model for

standardization in multicenter studies [182].

An ideal post-mortem MRI investigation would be at a condition where cells and tis-
sue components are preserved in a “life-like” state. However, autolysis starts as soon as
a tissue is deprived of its blood supply and results in tissue digestion by intracellular en-
zymes, which are released when organelle membranes rupture. Fixation is an approach to
largely protect against this decay process. Among various chemical fixatives, phosphate
buffered formalin is the most frequently used fixate in routine histopathology [183]. Tt
has been reported that formalin fixation significantly reduces T} and T, relaxation times
but the exact mechanisms involved are yet unknown[184-187]. Formaldehyde reacts with
water to form methylene glycol and methylene glycol interacts with protein side chains.
This leads to crosslinking between the proteins through methylene bridges[188]. Thus,
it has been speculated that the reduction of relaxation times originates from formalin
induced dehydration [189], crosslinking [184,190] and reduced transmembrane water ex-
change [187,191], but the actual cause and the magnitude of the concomitant 7} and T

changes have not been investigated systematically, so far.

Previous work has focused on single aspects of post-mortem MRI such as the effect of
the post-mortem interval [134], temperature [140,141,143], incomplete fixation [184,187],
different embedding media [192,193] and the optimization of post-mortem MR, parame-
ters [144]. However, most of these studies used small tissue samples or non-human brain
samples at lower field strengths and do not provide formalin induced relaxation changes

in absolute terms.

We here aimed at studying the effect of formalin fixation in a more comprehensive way
by assessing the magnitude and origin of 73, 7, and 7T} changes as a function of tem-
perature, water content, and macromolecular size of proteins. Regions were defined in
white matter (WM), cortical gray matter (GM), thalamus (TH) and in the basal ganglia

December 2015 - 94 -




5 Effects of formalin fixation and temperature on MR relaxation times in the human brain

(BG) of human brain to evaluate possible variations caused by tissue microstructure and

to enable a comparison with previous studies.

5.2 Experimental

5.2.1 Relaxation time mapping of unfixed and fixed brain samples

To investigate the effect of formalin on the MR relaxation times and their temperature
dependency, brain slices from five deceased subjects (3 male, 2 female) aged between 53
and 88 years (mean age = 70 years) and without a history of a neurological disease were
used. The entire brain was extracted at autopsy following a request by the local health
authorities, and cut into 10 mm-thick coronal slices. One slice of each brain was further
used for MRI acquisition with a time between death and MRI in a range between 24 to 44
hours. The brain slices were embedded in agar gel (14 g/1), vacuum packed and mounted
in the center of a plastic sphere. The sphere was flooded with water at a controlled tem-
perature until the temperature was stabile for MRI acquisition. The temperature was
measured at the surface of the brain sample during the whole experiment using a LUX-
TRON 790 Fluoroptic Thermometer (LumaSense Technologies, Santa Clara, CA, USA).

MRI was performed at 6 different temperatures between 4°C and 37°C on a 3T whole
body MRI system (Magnetom Tim Trio, Siemens Healthcare, Erlangen, Germany) us-
ing a 12 channel head coil array. For each predefined temperature a set of sequences,
with a total scan time of approximately 15 min was applied. Sequences were optimized
with respect to acquisition time to avoid temperature drifts during MRI. All sequences

were performed with the same geometrical settings of FOV = 192 x 192 mm?

, matrix
= 256 x 256, number of slices = 7, slice thickness = 3mm, and parallel imaging with
GRAPPA using an acceleration factor of 2. T} relaxometry was performed using a turbo
inversion recovery (TIR) sequence with 4 inversion times (T = 200, 800, 1600, 3200 ms)
and TE/TR = 6.4/8000 ms. A turbo spin echo (TSE) sequence with three echoes times
(TE =10, 73, 115 ms) and a TR of 4000 ms was used to assess the T; relaxation time. For
T3 relaxometry, a 2D RF spoiled gradient echo (GRE) sequence was used with 6 echoes

(TE = 4.92, 10.34, 15.76, 21.18, 26.60, 32.02 ms), TR = 300 ms and a flip angle of 15°.

After MRI of the unfixed samples the agar gel was removed and the brain slices were

fixed with 4% formaldehyde solution for approximately 190 days and stored at room
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temperature (22 °C) to achieve a constant fixation as plateauing is reached after 150 days
[185]. Following fixation, the samples were washed with water for some seconds and MRI
was repeated using exactly the same procedures.

To compare unfixed MRI at 37°C with in-vivo values, three control patients with a mean

age of 68 years were scanned with the identical protocol used for post-mortem MRI.

5.2.2 Image processing

Image analysis was performed using MATLAB (The MathWorks, Natick, MA, USA) and
linear regression analysis using STATISTICA Version 7.1 (StatSoft, Tulsa, OK).

Relaxation time constants were fitted assuming mono-exponential relaxation and were
assessed in white matter, cortical grey matter, basal ganglia and thalamus of each brain
slice in unfixed and fixed conditions. Identical regions of interest (ROIs) were selected
for comparison between unfixed and fixed tissue as shown in Figure 2. For assessing the
temperature dependency of the relaxation times, the intercept Ty and the temperature
coefficient T of the relaxation times 74, 75, T3 were calculated using a linear regression
model (T; = T;o + T;c - ¢, with ¢ the temperature in °C). Not all samples could be
acquired at exactly the same temperature. Therefore, for a better comparison with in
vivo values, the relaxation times of the fixed and unfixed tissue were calculated for 37°C
and 22°C using the results from the regression analysis. The significance of relaxation

time changes between fixed and unfixed state was tested with a paired t-test.

5.2.3 Water Content Measurements

The change of water content due to formalin fixation was determined by excising samples
of different regions (white matter, cortex, basal ganglia and thalamus) from one additional
unfixed human brain without neurological disease (age = 75 years) with a post-mortem
delay of less than 24 hours. All samples were approximately 1 cm?® and divided into two
subsamples and weighted. In the next step, one subsample of each region was stored at
—80 °C while the other was fixed in a 4 % formaldehyde solution. Based on the small sam-
ple volume and a penetration speed of 0.5-1 mm/h [194], 10 days of formalin fixation were
felt to be sufficient to achieve a fully fixed condition. The unfixed and fixed samples were
freeze-dried in a Gamma 1-16 LSC freeze-dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Germany). After freeze-drying the water content (WC) was calculated with WC

= 100 x (mwet - mdry)/mwet where mwet is the weight of the wet sample and mdry
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the weight of the dry sample. After calculating this interim WC result all samples were
heated in an oven at 60°C for additional 17 hours. The dried samples were weighted
again to calculate the wet-to-dry mass ratio and the water content after the additional
oven-drying. For comparison of the water content of the unfixed and fixed samples an

independent t-test was used.

5.2.4 Assessment of macromolecular size

To study the effect of covalent linking of proteins induced by crosslinking and the corre-
sponding increase in molecular weight on relaxation rates, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed using brain tissue of an 2nd
additional human brain without history of neurological disease (age = 66 years) and a
post-mortem delay less the 24 hours. Samples were excised and processed from regions

that exactly matched the regions for the water content measurements.

For protein extraction, the samples were mixed with 400 pul of NP-40 lysis buffer (0.05
mol Tris-HCI, 0.15 mol NaCl, 0.5 % NP-40, 0.001 mol Pefabloc, 0.001 mol DTT, complete
Mini, PhosSTOP). The tissue samples were homogenized with a Potter tissue homoge-
nizer (MagNA Lyser, Roche Diagnostics, Switzerland) at 6500 rpm for 30 sec. Then, the
samples were centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was trans-
ferred to a 1.5 ml reaction tube. Subsequently the supernatant was directly subjected
to protein quantification and stored at —80°C until SDS-PAGE analysis was performed.
Protein quantification was performed using the Bio-Rad Protein Assay (Bio-Rad Labo-
ratories GmbH, Munich, Germany). Therefore, 998 pl of the working solution was added
to 2 pul protein lysate and incubated for 15 min at 25°C. Absorbance was determined
at a wavelength of 595 nm using a BioSpectrometer (Eppendorf, Germany). The protein
concentration was determined based on a bovine serum albumin standard curve (Roche,
Germany) ranging from 0 to 10 mg/ml. An 8% SDS gel (30 % Acrylamid/Bisacrylamid
solution from ROTH) was loaded with 30 ug total protein and subjected to electrophoresis
in Mini-vertical electrophoresis units (Amersham Biosciences, UK). For an overall detec-
tion of all proteins the gel was stained with Coomassie Brilliant Blue G250 (Bio-Rad
Laboratories GmbH, Munich, Germany).
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5.3 Results

In the unfixed tissue, 77 showed a strong temperature dependency between 3.4 — 17.4
ms/°C while Ty showed only a moderate temperature dependency between -0.2 — 0.3
ms/°C in all regions. T, was affected by temperature only in the basal ganglia and tha-
lamus. The temperature coefficient values of the unfixed tissue are published in previous
work [140]. Overall, formalin fixation reduced the temperature coefficient of 7} (Figure
5.1) and increased the temperature coefficient of T, in all regions.

The temperature coefficient of 75 was increased in the basal ganglia and thalamus only
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Figure 5.1: Longitudinal Ty relazation time versus temperature in white matter, cortex, basal gan-
glia, and thalamus of unfized and fized brain samples. Solid lines represent the unfized
tissue and dashed lines the fived tissue T times.

while it remained unchanged within standard deviation in white matter and cortex. The
temperature coefficients and intercepts for all relaxation time constants for unfixed and

fixed conditions are summarized in Table 5.1.
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To consider the effects of both, formalin fixation and temperature induced changes, re-
laxation times of the unfixed and fixed tissue were compared at 37°C. Additionally, to
rule out any relevant autolysis effects, these values were compared with in-vivo values at
37°C using the same sequence parameters. The in-vivo values and unfixed values at 37 °C
were comparable within standard deviation. Additionally the relaxation times of unfixed
tissue at 37°C and fixed tissue at 22°C were compared to assess differences that com-
monly can be observed in most post-mortem imaging situations. As summarized in Table
5.2, fixation without temperature influence caused a decrease of all relaxation times with
the strongest effect observed for T;. 717 was reduced about 67 % in white matter, 76 %
in the cortex, 67 % in the basal ganglia, and 75 % in the thalamus. The fixation induced
decrease of relaxation times at 37 °C was statistically significant for 77 (p <0.001), T3 (p
<0.001) and 75 (p = 0.001). When post-mortem tissue is scanned at room temperature,
the temperature coefficient contributes to an additional decrease of the relaxation times.
Consequently, the difference in relaxation times between unfixed state at 37°C and fixed
state at 22°C was significant for 77 (p <0.001), 75 (p <0.001) and T3 (p <0.001).

The most evident macroscopic effects of 190 days formaldehyde fixation are shrinking of
the tissue and a change of the grey-white matter contrast. Although shrinking suggested
a loss of water, overall fixation caused only a moderate decrease of the water content
compared to unfixed tissue. For the unfixed samples, oven-drying had no additional af-
fect over freeze-drying while in the fixed samples oven-drying further reduced residual
water and therefore provided a smaller apparent dry mass. An apparent reduction of
the dry mass corresponds to an initially higher water content as shown in Figure 5.2.
After both, freeze-drying and oven-drying, a mean decrease (+ standard error) of water
content of —2.7% (#1.4) in white matter, 0.7 % (&1) in the cortex, —1.6 % (20.6) in the
basal ganglia and —4.3 % (£0) in the thalamus, was observed. The water content of the
unfixed and fixed brain samples is summarized along with values reported in literature in
Table 5.2. The water content of the unfixed samples was in good agreement with results
published by Cummings [195].

All unfixed samples showed a distribution of molecular weight over the whole range be-
tween 10-260 kDa (Figure 5.4). The protein weights of formalin fixed samples were greater
than 260 kDa, only visible at the loading slot, and inseparable on the gel, which clearly

December 2015 - 99 —




5 Effects of formalin fixation and temperature on MR relaxation times in the human brain

reflects crosslinking of the proteins to larger complexes.

Table 5.1: Results of the linear regression model describing the relazation time constants as a linear
function of the temperature coefficient (Tc) and intercept (1) for different brain regions
in unfized and fized conditions. Statistically significant results (p <0.05) are highlighted
in bold. R is the Pearson’s correlation coefficient of the linear regression analysis.

To (ms) Te (ms/°C) R?  pvalue SE slope (%)

Unfixed 77 6958 £29.2 34+0.7 0.91 0.007 0.031
Fixed T 230.6 £ 82.6 1.1 £0.7 0.74 0.041 0.008
Unfixed 71, 9124174 -0.2 4+ 0.2 0.35 0.299 0.016
Fixed T, 584 +13.6 0.1 £0.2 0.53 0.176 0.002
Unfixed 7T5* 36.5 £ 6.6 0.1 £0.1 0.58 0.192 0.007
Fixed Ty* 249 4+ 4.7 0.1 £0.1 0.31 0.205 0.003
Unfixed T; 962 £+ 67.7 174 £ 5.3 0.97 0.002 0.149
Fixed T 232.7+£91.4 41 +25 0.90 0.005 0.07

Unfixed T, 132.1 £+ 23 0.2 +0.7 0.33 0.319 0.030

White Matter

Cortex Fixed T, 648 +147 16407 097 0001  0.012
Unfixed Tp* 39.3 + 10 02+03 056 0171  0.019
Fixed T)* 26 =+ 8.9 02+02 063 0097 001

Unfixed 77 7385 £522 131+£24 096 <0.001 0.116
Fixed Ty 2856 £ 1121 31+1.1 0.90 0.004 0.094
Unfixed T, 84.7 £ 27.7 0.3 £0.2 0.54 0.133 0.038
Fixed T, 495 £ 11 1.1 £0.3 0.99 <0.001 0.013
Unfixed 7To* 31.9 £ 11.9 02x0.1 0.91 0.003 0.023
Fixed To* 179 £ 5.8 0.3 x0.2 091 0.013 0.007
Unfixed 77 6568 £11.9 7.6+ 04 0.97 <0.001 0.053
Fixed 7y 1651+ 124 18+1.2 0.92 0.002 0.006
Unfixed 7> 82.1 £ 26.7 02+0.2 0.33  0.352 0.050
Fixed T, 554 £36 0.8 £0.3 0.99 <0.001 0.002
Unfixed Ty* 41.5 £5.8 0.3 £0.1 0.79 0.033 0.011
Fixed To* 294+ 54 04 £0.1 0.90 0.004 0.007

Basal Ganglia

Thalamus

5.4 Discussion and Conclusion

From a chemical point of view, formaldehyde (C'H,O) reacts with water (H20) to form
methylene glycol (HO(CHyOH),) leading to a low concentration of free formaldehyde
in the fixation solution. The chemical reaction of formaldehyde with tissue components
can be separated into two stages [183,188,196,197]. In the first stage, formaldehyde is

penetrating the tissue and is reacting with amino acid side groups of proteins (e.g. lysine
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Figure 5.2: Unfixed coronal brain slice acquired with a turbo inversion recovery. Representative ROIs
are shown for (1) white matter, (2) basal ganglia, and (3) cortex.

side-chain) by forming hydroxymethylene groups (CH,OH ). This first reaction step can
be reversed by washing the tissue in water. Beside rapid penetration of formaldehyde
and methylene glycol, based on the low molecular weight, the second stage of the chem-
ical reaction is quite slow. When two binding sites are sufficiently close, a methylene
bridge (—C Hs—) is built and the corresponding proteins are linked together. During this
crosslinking, large protein complexes are formed and the permeability of the microstruc-
ture is reduced. The penetration and rate of crosslinking does not exclusively depend on
the fixation time, but also on the temperature at which the fixation takes place. A higher
temperature allows a better fixation result in terms of hardening and less shrinking of the
tissue [183].
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Table 5.2: Relazation times of the unfived and fized brain tissue for in-vivo conditions (37°C) and
for room temperature (22°C). Relaxation times of three age matched in-vivo controls are
reported as comparison. Mean values £ standard deviation are provided.

relaxation in-vivo unfixed fixed fixed fixation induced fixation and temperature
tissue time at 37°C at 37°C at 37°C at 22°C decrease induced decrease
(ms) (ms) (ms) (ms) (%) (%)
White Matter T 885.8 £ 76.8 821.6 £+ 55.1 271.3 £ 108.5 2548 +9 67.0 69.0
T, 89.7 £ 5.9 83.8 +£24.8 62.1 £ 21 60.6 £+ 2 25.9 27.7
Ty* 45.6 + 6.0 40.2 + 10.3 28.6 + 7.4 27.1 + 6.9 28.7 32.6
Cortex Ty 1444.6 + 266.1 1605.8 4+ 263.8 384.4 + 183.9 322.9 4+ 146.4 76.1 79.9
T 110.6 + 24.4 139.5 + 48.9 124 + 40.6 100 + 30.1 11.1 28.3
Ty* 65.3 £ 10.1 46.7 + 21.1 33.4 £ 16.3 30.4 £+ 13.3 28.5 34.9
Basal Ganglia T} 1220.7 £ 72.0  1223.2 £ 141  400.3 + 152.8 353.8 £ 136.3 67.3 71.1
T 88.0 + 10.4 95.8 + 35.1 90.2 + 22.1 73.7+ 154 5.9 23.1
Ty* 37.3 £83 39.3 + 15.6 29 + 13.2 24.5 + 10.2 26.21 37.7
Thalamus Ty 1096.6 + 73.5 938 + 26.7 231.7 + 56.8  204.7 £ 38.8  75.3 78.2
Ty 100.4 £ 10.0 89.5 + 34.1 85 + 14.7 73 £ 10.2 5.0 18.4
To* 51.7 £ 3.4 52.6 £ 5.8 442 £ 9.1 382476 16.0 27.4

This study confirms previous reports of reduced relaxation times in fixed tissues but
showed a difference in their magnitude [186,190]. Here, the examination of the same
tissue samples at two different conditions and at several temperatures, allowed to mea-
sure the fixation and temperature induced changes precisely and relate them to changes
in molecular structure and water content. The biggest change was observed for 77 with
variations in different brain compartments. 77 relaxation reflects the efficiency of the
energy transfer between excited spins and their molecular surrounding. The correlation
time for energy exchange is strongly determined by the viscosity, the water content, and
by the size of the interacting molecules. Our results suggest that dehydration, which is
a well-known consequence of crosslinking, does not play a major role for the observed T}
shorting. The biggest T} drop was seen in the cortex, however the corresponding change
in water content was only 1%. In white matter, the water content was reduced by ap-
proximately 4 % which can explain at maximum a 15 % drop of T} based on the reported
relationship between water content and 73 [198,199] instead of the 67 % of T; reduction
found in this study. According to relaxation theory, T1 is depending on the radius of the
molecules, the distance between the spins in a molecule and the viscosity of a medium
[89]. Our results from SDS-PAGE therefore suggest that 7 shortening is mostly caused
by changes in the macromolecular structure as a consequence of cross-linking.

A linear dependency of the 77 relaxation time on temperature is in line with literature
[89,141] and was observed in the unfixed and to a lower extent in the fixed brain. One
could hypothesize, that the reduced temperature dependency of the fixed brain comes

from the increased viscosity which is related to the water content and cross-linking of
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Figure 5.3: Water content of different brain regions determined by freeze-drying (green bars) and by

freeze-drying plus oven-drying (grey bars). Only a single sample was obtained from the
thalamus, thus no error bar is given.

proteins [142].

Compared to 77, formalin induced shortening of 7, was much lower and ranged between
5% and 26 % in the thalamus and white matter, respectively. The exact mechanisms
remain unclear but this effect may be attributed to the increased viscosity which affects
the intramolecular and intermolecular spectral density functions [141]. It also has to be
considered that water in brain tissue is compartmentalized and that the apparent 75 ob-
tained from a mono-exponential fit reflects the relative size, T, and exchange rate of the
individual water pools [97]. In this context it has been shown, that fixation reduces the T
of the intra- and extracellular water only while the myelin water remains unaffected [100].

T, is usually not dependent on temperature in unfixed brain tissue but fixation causes an
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Figure 5.4: SDS-PAGE of unfized and formalin fized brain tissue samples of the cortex, thalamus,
basal ganglia and white matter compared to a Novex Sharp pre-stained protein standard.

increase of the temperature coefficient. This controversial behavior of the temperature
coefficients for T} and 75 will need further investigations. Considering room temperature
and fixation, the relaxation time decrease is more prominent in 75 and 75 than in 77 as
shown in Table 5.2. Consequently, the small differences induced by fixation, get enhanced
by a factor of up to 4 when comparing in vivo T, with 75 obtained from fixed tissue at

room temperature.

T reflects spin dispersion due to microscopic field gradients introduced by tissue compo-

nents with different magnetic susceptibility such as tissue water, proteins and iron. The
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formalin induced shortening of 73 suggests an increase of these gradients. One possible
explanation for this observation is that interstitial water is partially replaced by formalin,
which has a different susceptibility than water. However, the magnetic susceptibility of

formalin has not been analyzed so far and this needs further investigations..

Differences between the reported values of several studies [161, 185-187, 192, 200] and
the values presented here can be related to the usage of different formalin concentrations,
fixation duration, sample preparation, post-mortem delay and embedding media as well
as differences in the acquisition temperature. The dependence on the fixation duration
was reported by Dawe et al. [185] and showed a rapid decrease of T, and a stabilization
after 150 days. The decrease in MR diffusion was linked with increased post-mortem delay
in a study of D’Arceul et al. [134]. The dependence of MR parameters on the embedding
media during MRI acquisition was reported by Hales et al. [192] in the rat heart and by
Dusek et al. in the human brain [193]. A recovery of T relaxation time was reported in

literature by washing free fixative from the tissue [143,190,191].

Controversial observations on 7} were observed in bovine serum albumin (BSA) phantoms
with different concentration of Glutaraldehyde (GA) to model differences in cross-linking.
With increasing GA T, and T} (rho) was decreased compared to an unchanged 77. With
increasing BSA concentration, the 7} relaxation time decreased [201]. This might indicate
that the cross-linking process of proteins in the human brain affects the 77 relaxation time
in a different way, compared to BSA phantom data. The strength of this study was that
the same tissue was used for the comparison between relaxation properties in fixed and

unfixed tissue. This enabled a more precise assessment of the formalin induced changes.

The applied method for 7T, estimation might have some limitations compared to meth-
ods like CPMG-sequences or extended phase graphs (EPG) [202,203]. Inhomogeneous
transmit fields and resulting stimulated echoes could have had influenced the calculation
of Ty values with. However, we had to keep the acquisition time below 15 min for each
temperature point to minimize autolysis effects and to ensure a stable temperature. Nev-
ertheless, the observation that the in-vivo data were in good agreement with the unfixed
postmortem data at 37 °C indicate, that field imperfection did not significantly affect the
primary outcome of the study, i.e. the quantification of the temperature and fixation

effects.
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As there is no standardized procedure for WC measurements, we here applied freeze-drying
and oven-drying as two commonly accepted approaches. Our results clearly indicate that
freeze-drying alone does not remove all water from fixed tissue samples, which may also
explain variations across literature. While several studies suggested longer fixation times,
we here opted for a much shorter fixation time for water content and SDS-PAGE mea-
surements. However, when considering a sample size of 1 cm3 and a penetration speed of

0.5-1 mm/h of formalin, a 10 day fixation should not have affected the WC measurements.

In conclusion, formalin fixation and temperature changes cause a strong reduction of
the 17, T5, and T3 relaxation times in the human brain which hamper a direct compari-
son with in-vivo MRI. The extent of these changes varies across different brain structures.
These seem to be mostly related to crosslinking of proteins while loss of tissue water
plays a minor role. The descriptive model provided in this work should allow to better
understand the effects of formalin fixation and variations in temperature, and to optimize

protocols for post-mortem MRI.
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6.1 Introduction

[ron is the most abundant trace elements in the human brain where it plays an impor-
tant role for normal development and metabolism. Iron is involved in oxygen transport,
myelin production, DNA synthesis, mitochondrial respiration, neurotransmitter synthesis
and neurotransmitter metabolism [12, 34, 35]. Iron has the ability to switch the state
between ferrous iron (Fe?t) and ferric iron (Fe3") via the Fenton reaction. Ferrous iron
can be oxidized and then causes free radicals [18]. The oxidative damage resulting from
this reaction has been discussed as a trigger or at least as a promoter in many neurode-
generative diseases. To prevent oxidation reactions, almost all non-heme iron in the brain
is stored in ferritin in a non-reactive form. Ferritin consists of 24 subunits of heavy chain
(H) and light chain (L) proteins with iron mineralized to ferrihydrite inside the core of the
protein shell [39]. Ferritin is distributed across the entire brain, but highest concentration
can be found in oligodendrocytes, in motor neurons and close to the inner shells of the

myelin sheets [47].

In multiple sclerosis (MS), observations of regional iron accumulation come from histologic
examinations and increasingly from MRI both visually [92,204,205] and in a quantitative
manner [17,23,29,71]. The mechanism(s) behind the phenomenon of iron accumulation
are not yet fully clear. On the one hand, it has been speculated that iron-mediated ox-
idative stress is the culprit and by the formation of cytotoxic protein aggregates might
trigger or promote neurodegeneration [76]. Unbound iron has unpaired electrons, which
renders it chemically unstable and highly reactive with other molecules in the brain. Mi-
tochondrial DNA (mtDNA) is located near the inner mitochondrial membrane, and lacks
advanced DNA repair mechanisms, making mtDNA particularly susceptible to damage
from iron. Cells respond to oxidative damage by neutralizing free radicals through antiox-
idant enzymes, such as superoxide dismutase (SOD) and catalase. Eventually, damage
accumulates due to the inability of cells to repair damage as quickly as it arises. Such
mechanisms might also be a major culprit in the pathophysiology of MS. On the other
hand, inflammatory processes such as in MS have been shown to cause local accumulation
of iron by disrupting the blood—brain barrier [206] and by attracting iron-rich macrophages
[206,207]. Inflammation may also be responsible for reducing the axonal clearance of iron
in MS brains [52,208].

To further explore the complex role of iron in MS, appropriate imaging techniques are
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needed that allow to detect and quantify iron in a non-destructive way. Histology and
specific staining techniques are commonly applied on thin sections of fixed or frozen tis-
sue. However, all histochemical and immunohistochemical techniques only allow for a
semi-quantitative assessment through optical density measurement or cell counting, and
usually provide only little macroscopic information. An attractive tool to assess regional
iron levels in the brain is MRI because it can exploit the paramagnetic properties of iron
nanocrystals inside a magnetic field [82,160]. R, and R} relaxation rates are commonly
used as a linear measure of iron concentration in gray matter structures because they
have been validated [22,92,209]. A more recent approach to assess iron content is quan-
titative susceptibility mapping (QSM), where the susceptibility induced frequency shifts
are derived from phase images [30]. The magnetic susceptibility is also a linear function

of iron concentration [32].

While most MRI based measures for iron mapping are reliable in gray matter, they fail
to assess iron concentration in WM. It has turned out, that tissue susceptibility is also
strongly affected by the diamagnetism of myelin and its orientation with respect to the
By field [111,210,211]. Recently, we proposed a novel technique for iron mapping which
is based on Curie’s law, i.e. the increase of the paramagnetism with decreasing tempera-
tures. By obtaining R at different temperatures it is possible to eliminate the diamagnetic
background and therefore also to quantify the iron content in WM [33]. The temperature
dependent coefficients Rj has been shown to linearly scale with iron concentration [33].

In this study we applied this new technique for the first time on formalin fixed MS tissue.

The goal of this work was to study the distribution of ferritin in normal and MS brain and
to relate the findings to results from immunochemistry. Moreover, we wanted to compare

R; with its temperature coefficient with respect to the sensitivity for iron.

6.2 Methods

6.2.1 Brain Samples

Hemispheric brain slices, with a thickness of 10 mm, of three subjects with MS and one
control subject were included in this study. The brain slices were provided from the UK
Multiple Sclerosis Tissue Bank based at Imperial College London (Hammersmith Hospital
Campus), London, UK. All Slices were formalin fixed using 4 % formaldehyde. Prior to
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MR imaging, the samples were placed in a plastic container filled with formalin and stored

in a refrigerator at 4 °C to decrease the temperature of the sample.

6.2.2 Magnetic Resonance Imaging

MRI was performed on a clinical 3T system (Magnetom Tim Trio, Siemens Medical
Systems, Erlangen) with the cooled brain slices centered in a wrist coil for temperature
dependent MR acquisition. Imaging was started after taking the brain slices from the
refrigerator and continued until the slices reached room temperature. This approach
typically allowed for 14 different temperature points between 8 °C and 22°C. The tem-
perature at the surface of the brain slice was monitored during the whole experiment
using a LUXTRON Fluoroptic Thermometer (LumaSense Technologies, SantaClara, CA,
USA). For RS mapping a spoiled 2D gradient echo sequence (GRE) with six echoes at TE
=4.22,10.4, 15.88, 21.36, 26.84 and 32.32 ms, a TR of 340 ms, a flip angle of 15° and five
averages was used. For the acquisition of T, weighted images a turbo spin echo sequence
with TE/TR of 78/4000 ms was used. The identification of MS lesions was done with a
T, weighted FLAIR sequence with a TE/TR of 51/10000 ms and an inversion time TI =
1200 ms. All sequences were performed with an in plane resolution of 500 x 500 ym and

a slice thickness of 2 mm.

6.2.3 Histology

To allow a good match between MRI and histology, the brain samples were cut in half
after MRI and one half was embedded in paraffin and then stained for myelin basic protein
(MBP) and ferritin light chain. Histology then was performed on the kissing side of the
two halves. For ferritin quantification, an overview image of each area was acquired at 4x
magnification on MBP and ferritin stained sections. This allowed the precise match of the
same area on both sections and the manual outlining of corresponding lesion core, lesion
edge and NAWM. The software Stereoinvestigator was then used to randomly acquire
within each region 8 images at 40x magnification on which ferritin positive cells were
manually counted and the relative density of cells expressed as n cells/image. Linear
regression analysis was performed to study the relationship between ferritin counts and

the temperature coefficient.
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6.2.4 Image Analysis

In the first step a R5 map was calculated for each temperature point assuming a mo-
noexponential decay of the transversal magnetization. Then, the temperature coefficient
(TcR2*) map was calculated pixel wise by estimating the temperature coefficient with a
linear regression model with Ry = R3(0)+7TcR2*-9, where R3(0) is the offset, TcR2* is the
temperature coefficient and 9 is the temperature in °C. According to Curie’s law this tem-
perature coefficient is representing the paramagnetic component of the susceptibility and
scaling with the iron concentration [33]. ROIs were outlined based on histological images
and corresponding 75 weighted MR images. The regions were categorized as follows: core
and edge of white matter lesions, core and edge of gray matter lesions, NAWM, normal
appearing gray matter (NAGM) and normal appearing basal ganglia (NABG), normal
white matter (NWM,) and normal basal ganglia (NBG). The latter two were taken from
the control subject. Rj and the temperature coefficient TcR2* were calculated for each

region and related to the corresponding ferritin count using a linear regression analysis.

6.3 Results

The clinical data of the MS subjects are summarized in Table 6.1.

Considerable variations in iron content were observed across all brain samples. The iron

Table 6.1: Clinical data and fization duration of the three MS subjects and the control subject.

Case Sex MS type Time of Onset Time of Progression Disease duration Age at death Fixation duration
(years) (years) (years) (years) (months)

MS 1 F secondary progressive 38 50 14 52 31

MS 2 M primary progressive 34 34 8 42 84

MS 3 F secondary progressive 42 54 22 64 24

Control 1 Control - - - 85 103

content in the core of white matter lesion was found to be lower than in normal appearing
white matter, whereas at the rim of most lesions a high iron content was observed. In
the temperature coefficients maps of Rj;, these areas are indicated by a strong negative
TcR2* value as shown in Figure 6.1 (arrow 1). Figure 6.1 shows also other representative
iron distribution patterns not seen in the corresponding I3 map including a high iron
content in subcortical U-fibres and in striatal cell bridges between putamen and caudate
nucleus. The frontotemporal cortex yielded a higher iron content than NAWM but in MS
cases some cortical areas had almost no iron (Figure 6.1).

The pattern of iron distribution in all tissue samples is summarized in Figure 6.2. Com-
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Figure 6.1: FLAIR image (left panel), RS map (middle panel) and corresponding iron map which
represent the temperature coefficient of Ry (right panel) showing a formalin fixed MS
brain sample. Bright colors in the TcR2* map (negative temperature coefficient) corre-
spond to a high iron content. The arrows highlight (1) a periventricular lesion with an
iron rim, (2) an iron rich subcortical u-fiber, (3) the striatal cell bridges, (4) a section
of the cortex with all iron removed and (5) a dipole artefact induced by air bubbles.

pared to iron levels in NWM from the control subject, iron levels in NAWM and in MS
lesions were decreased. In contrast, iron concentration at the edges of lesions and in the
basal ganglia was much higher. No differences were found between basal ganglia from MS
cases and the control case.

Visual inspections of histology and TcR2* maps were overall in good agreement. Fig-
ure 6.3 shows a large periventricular MS lesions with a demyelinated core. In the non-
demyelinated part of the lesion, iron levels were increased in both the ferritin staining and
TcR2* map when compared to NAWM. However, in agreement with histology iron levels
were highest at the ventral edges of the lesion which was not visible on the corresponding
FLAIR image and R} map. Demyelination of the lesion core is in line with a reduced Rj
relaxation rate and consistent with the MBP staining.

When considering all analyzed ROIs, the number of ferritin positive cells and TcR2*
showed a significant linear correlation (r = -0.64, p = <0.001) which is shown in Figure

6.4. In contrast, no correlation with ferritin and R (r = -0.11, p = 0.5) was found.
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Figure 6.2: TcR2* values of normal white matter (NWM), normal appearing white matter (NAWM),
white matter lesion core, white matter lesion edge, normal appearing cortex (NA cor-
tex), cortical lesion core, cortical lesion edge, normal basal ganglia (NBG) and normal
appearing basal ganglia (NABG). Please note that a more negative TcR2* indicate a
higher iron content and that the scale on the y-axis is reversed.

6.4 Discussion and Conclusion

In this work, we applied for the very first time a novel technique to map the iron concentra-
tion in multiple sclerosis brain. The technique is based on the temperature dependency of
the magnetic susceptibility and allows to compensate for the myelin related diamagnetism

of the tissue. Therefore, susceptibility shifts due to demyelination or changes in water
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Table 6.2: Mean and standard deviation of TcR2*, R and ferritin count in different regions.

TcR2* R; Ferritin Count
(s7'/°C) (s7) (a.u.)

Normal white matter (control)  -0.78 & 0.01 47.2 + 1.8 2.1+ 1.9
Normal appearing white matter -0.75 4+ 0.04 46.0 + 11.9 5.2 + 3.9

Tissue

White matter lesion Core -0.62 + 0.07 25.1 £10.7 45 +£5
White matter lesion edge -0.84 £0.09 30.6 4.2 16.6 £ 7.2
Normal appearing cortex -0.72 £ 0.08 46.0+81 14+£04
Cortex lesion core -0.76 = 0.04 2794+45 58+£1.6
Cortex lesion edge -0.97 £0.02 351 +1.7 235+£56

Normal basal ganglia (control)  -0.94 + 0.10 31.4 + 4.3  41.0 £ 22.2
Normal appearing basal ganglia -0.93 £ 0.13 46.5 + 10.8 41.7 £ 37.3

content do not affect the iron measurement. MRI acquisition time with the proposed
technique is fast, but it can take more than 1 hour until the brain sample has reached
room temperature through convection of the surrounding air. Much shorter acquisition
times and therefore a higher throughput can be achieved even for whole brains by using

a temperature controls system with a heated water bath.

Our results revealed marked variations of the iron content in the MS brains which is
in good agreement with recent histological studies. It has been demonstrated that most
MS lesions present with decreased iron levels when compared to NAWM [16]. Only ap-
proximately 8 % of the lesions show increased iron levels and these lesions are mostly in
the late active state. The highest iron content can be found in the rim of the lesion and
this rim can also be observed in inactive and slowly expanding lesions [16]. This might
also explain why we observed increased iron levels at the rim of most lesions but not in
the center of lesions. The iron content of NAWM was lower than in NWM of control
tissue which is in line with findings from histopathological studies [16,92]. Iron levels
in the BG were not different between MS cases and the control case although this is a
frequently reported finding. However, it has to be considered that the number of ROIs
in BG was low and that age related iron accumulation is more prominent than an MS
related accumulation [114].

The correlation between TcR2* and ferritin count qualified TcR2* as a valid measure for
iron content and confirmed that most of the detected iron is stored in ferritin. A higher

correlation coefficient could have been prevented by the difficulties to match microscopic
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Figure 6.3: Corresponding histological images and MR images of a periventricular white matter le-
sion. Panel (a) represents the different brain regions on the histological and MR images,
with the ventricel (1), the periventricular lesion (2), the white matter lesion core (3),
the lesion edge (4) and the cortex (5). Panel (b) represents the corresponding FLAIR
image. Histological images for myelin basic protein (c) and ferritin light chain (e) are
compared with the corresponding Rs map (d) and Ter2* map (f).

histological images with macroscopic MR images when considering the differences in res-
olution and slice thickness. Additionally, histology provided only specific information on
the ferritin light chain and it is unclear if the ratio of light chain to heavy chain remains
constant under pathological conditions. There is some evidence, that this ratio is changed

in other neurological diseases with disturbed iron metabolism such as Alzheimer’s disease
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Figure 6.4: Correlation between TcR2* and the ferritin count, obtained from histological staining,
in normal white matter (NWM), normal appearing white matter (NAWM), white matter
lesion core, white matter lesion edge, normal appearing cortex (NA Cortex), cortex lesion
core, cortex lesion edge, normal basal ganglia (NBG) and normal appearing basal ganglia
(NABG). Note that the temperature coefficient is more negative for higher iron levels.

or Parkinson disease when compared to healthy individuals [212].

As expected, the R; relaxation rate did not correlate with ferritin counts when taking
all regions into account. This has already been observed in previous studies [22] and has
been assigned to the counteracting susceptibility effect of the myelins lipids and proteins.
R cannot disentangle demyelination from iron loss since both cause a reduction of Rj.
In addition, when considering inhomogeneous lesions like the one shown in Figure 6.3, it
seems that the magnetic contribution of myelin to the bulk susceptibility is much more
dominant than the potential contribution of iron in particular since the iron concentration

even in normal WM is rather low.

Apart from BG, lesions and perilesional areas, two other structures become apparent
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on the iron map, namely the subcortical associations fibers and the striatal cell bridges.
Although both structure are known for their increased iron content, they couldn’t be
specifically depicted by other MRI methods. So far, the depiction of the striatal cell
bridges was only possible on high resolution images acquired at 7T or higher [213]. The
U-fibers are often seen on conventional or DAB-enhanced Perl’s stains and their appear-
ance can be explained by the high density of iron-rich oligodendrocytes. From the visual
inspection of the iron maps it becomes obvious that the iron homeostasis can also be dis-
torted in U-fibers of MS cases. Data from recent studies suggest, that MS related changes
in the U-fibers are linked to cognitive impairment [214,215].

In this work we focused on the temperature dependency of R} because of the simplicity
and robustness of R; mapping. Virtually every other susceptibility related MR parame-
ters can be used for the same purpose including QSM as the latest development in this
field. However, due to the required image processing steps QSM does not provide an
absolute measure of the susceptibility and needs an internal reference. With increasing
temperature, the reference regions (usually CSF or white matter) would change its fre-
quency due to the temperature dependency of the chemical shift which would aggravate
a reliable estimation of regional susceptibility changes.

In conclusion, TcR2* is a valid marker for iron content in brain tissue. While the pro-
posed method is limited to postmortem imaging, it enables iron mapping in entire brain
slices at a reasonable resolution. Due to the elimination of myelin induced susceptibility
changes, it is well suited for further research into MS and other neurological diseases with

regional distortions of the iron homeostasis.
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Conclusions and Outlook

”Die Theorie entscheidet uber das,

was wir beobachten konnen.”
— Albert Einstein (1879 - 1955)

We have argued that iron metabolism in the healthy and diseased human brain is an
important research topic. State of the art MR-based techniques for iron mapping are
restricted to gray matter structures. A need exists to improve this techniques to increase
the sensitivity and enable iron mapping across all brain regions.

We present a novel MRI technique for quantifying iron in the absence of any diamagnetic
effect, such as from myelin. The technique is based on the temperature dependency
of the paramagnetic susceptibility described by Curie’s law. Temperature dependent
relaxometry is performed to calculate the temperature coefficient of the effective transverse
relaxation rate R3. The temperature coefficient, called TcR2*, represents a new MRI iron
marker. The possibility to map iron without counteracting myelin is of great importance
for diseases, such as MS, which have a disturbed iron metabolism in white matter.

The application of TcR2* in post-mortem MRI of MS brain tissue revealed new insights

into the local iron distribution in white and gray matter. Small structures with a high
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iron content, such as subcortical u-fibers or striatal cell bridges, were detectable in the
TcR2* maps. In conventional R} these substructures were covered by the dominating
myelin signal and not visible.

In post-mortem MRI, different processes starting at the time of death influence the images
and quantitative MR parameters. Thus, to compare results from post-mortem MRI with
in vivo MRI, knowledge about the influence of parameters, such as temperature and
fixation, on MR images is needed. Therefore in chapter 3 the influence of temperature
on the relaxation times of unfixed human brain tissue was investigated. We conclude
that the strongest temperature dependency exists in T} with different rates depending
on the brain region. In chapter 5 the influence of fixation on the relaxation times and
their temperature coefficients was investigated. All relaxation times were decreased with
different rate after formalin fixation. The strongest decrease after fixation was observed in
T, with a reduction of approximately 75%. With additional biomedical analysis the origin
of the fixation induced relaxation time decrease was investigated. The results indicate
that the change in molecular structure, based on cross-linking of proteins is the reason
for the relaxation time decrease.

This project resulted in first time quantitative iron maps of MS white and gray matter.
Thus, it was finally possible to acquire information about disease related iron distribution
outside the gray matter. The promising results of TcR2* as iron marker, can be used to
further examine the role of iron in neurological disorders with disturbed iron metabolism

in a post-mortem MRI set-up.

7.1 New insights gained in this thesis

The most important and new insights in this project are:

e The strong and different influence of temperature on MR relaxation times, with

different rates depending on the brain region.

e The suitability of temperature dependent MRI, based on R} relaxometry, as quan-

titative iron marker, leading to a novel MRI technique for iron mapping.

e TcR2* as iron marker, independent of any diamagnetic contribution, e.g. caused by

myelin.

e The relaxation times of unfixed human brain tissue at 37 °C and with a short post-

mortem delay, are in line with n vivo relaxation time values.
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e The origin of the fixation induced relaxation time drop is due to the altered molec-

ular structure and not as assumed a reduced water content.

e The quantitative iron distribution, acquired with TcR2*, of MS brain tissue is in

line with findings from histopathology and literature.

7.2 Post-mortem effects confounding MRI iron mapping

One of the major goals of this project was to understand different parameters, such as
temperature, fixation or autolysis and their effect on post-mortem MRI. Formalin fixation
dramatically influences the relaxation times as well as the susceptibility of the tissue.
After formalin fixation Rj values are increased compared to in vivo. Thus, without
the knowledge of fixation induced Rj changes the iron content is overestimated. The
influence of pure formalin with different concentrations is still an open question and needs
further research. Unpublished results of our group suggest a high variance of relaxation
times of pure formalin from different vendors. It may be that formalin solutions from
different vendors additionally influence the results of R; mapping of fixed tissue samples
and hamper the conclusions about the iron content of the tissue based on the relaxation
rate. We have not studied the influence of formalin fixation in post-mortem QSM but

suggest that this is still an important question and will be investigated in future works.

7.3 Final Conclusion and Future Work

The new developed technique, we call it TcR2* mapping, to quantify iron based on the
temperature dependent magnetic susceptibility is the most tangible result of this project.
It has shown high potential to reveal new insights of the iron distribution in white matter.
Thus, already small iron variations which are usually covered by a strong myelin signal
become visible.

A possible approach for future research on temperature dependent susceptibility mapping
is to investigate the temperature independent part of the susceptibility. This could be
a possible marker for diamagnetic contributions, such as myelin. Further, information
about white and gray matter microstructure could be obtained by a combined evaluation
of the temperaure dependent and temperature independent part of the magnetic suscep-
tibility.
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The application of QSM in different post-mortem MRI set-ups remains a challenge. Con-
founding effects of temperature, fixation and post-mortem interval will alter the phase
images and consequently the result of the QSM calculation. Performing post-mortem
QSM of fixed tissue will need further investigation of the formalin induced effects on the
magnetic susceptibility.

This work showed and quantifies the significant influence of post-mortem effects such as
changed temperature and fixation on quantitative MR parameters and image contrast.
Thus, to minimize confounding effects on MR parameters, post-mortem MRI should be
performed using unfixed biological tissue, with a short post-mortem delay between death
and MR acquisition. The image should be acquired at 37 °C to match a ”life-like” condi-

tion.

The proposed TcR2* mapping is a novel and validated MR-based technique to map iron
across all brain regions in post-mortem MRI. The translation of TcR2* mapping from
post-mortem MRI to in vivo MRI is hampered by the need of a temperature gradient
inside the sample during image acquisition. A future project will be to evaluate if ex-
ternal cooling of the brain during in vivo MRI is possible and can cause a measurable

temperature gradient which is reflected in a changed MR signal.

In conclusion this project verified the potential of temperature dependent MRI as iron
marker, independent of diamagnetic effects, to reveal novel insights into the iron distri-
bution in healthy and diseased brain tissue. New post-mortem MRI techniques show a
high potential to investigate the microstructure of the biological tissue in remarkable de-
tail. The combination of techniques, such as temperature dependent MRI and SQUID
magnetometry will allow a detailed understanding of iron and it’s contribution to the
magnetic susceptibility in healthy and diseased human brain. Multi-modal approaches to
investigate iron in the human brain will increase the knowledge about pathophysiological
mechanisms in neurodegenerative diseases. Finally, we were able to show the high poten-
tial of new quantitative MR parameters, such as the temperature coefficient, as an image

based biomarker for iron.
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