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ABSTRACT

The non-invasive characterization of brain myelin has essential applications in basic neuro-
science and the clinical management of white matter brain diseases and other inflammatory
and neurodegenerative diseases. Magnetic resonance imaging (MRI) provides a variety of im-
age contrasts that change in relation to myelin alterations. However, it is not clear how these
potential MRI biomarkers of myelin reflect the underlying tissue structure at the meso- and
microscale. Due to physical and technical limitations, the spatial resolution of MRI s poor in
comparison to the size of tissue constituents. Thus, the observed eftects in each image voxel
are the sum of a set of tissue substructures. As a result, numerous biophysical mechanisms
contribute to the MRI signal in an image voxel.

This thesis evaluates currently used MRI contrast mechanisms regarding their ability to
serve as in vivo biomarkers for myelin- and age-related changes in the brain. To this end,
mouse mutants of myelin genes and non-human primates at different ages have been exam-
ined using these MRI techniques, including diffusion-based MRI (dMRI), Quantitative Sus-
ceptibility Mapping (QSM), and MR techniques utilizing the transfer of magnetization.

dMRTI has the ability to link the MRI measurements at a millimeter scale to tissue mi-
crostructures on a scale much smaller than the nominal image resolution. The reason for
this is that the measured MR signal originates from the random motion of water molecules
in the brain tissue at the cellular level. The difficulty lies in the disentanglement of the con-
tributors to this MR signal, as the signal is eventually averaged over an image voxel of several
micrometers. A variety of mathematical models has been proposed to decipher the tissue
properties from the obtained dMRI signal. However, it is not clear how effectively these
methods capture myelin and axon alterations. In my first study ( ), Lexplored four
different approaches of signal modeling to fit the dMRI signal obtained from mouse mutants
with varying levels of myelin and axonal abnormalities. I discovered that most quantitative
estimates of dMRI are sensitive to myelin and axon alterations but with poor specificity when
compared to the tissue characteristics revealed by electron microscopy.

A still relatively new MRI technique that is sensitive to myelin and iron in the brain tis-
sue is QSM. QSM has been applied in patients with demyelinating and neurodegenerative
diseases as well as in human studies on healthy aging. Non-human primates (NHP), our
closest relatives in the animal kingdom, are of particular value for studying age-related alter-
ations in the brain as we share many similarities in neuroanatomy and cognitive abilities. In
NHP, QSM has, however, not yet been established. In my second study ( ), L es-
tablished QSM and the mapping of its counterpart, the effective transverse relaxation rate
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(R3) in the macaque monkey brain. I then compared the results of QSM and the values of
R} to those in the human brain. I observed comparable QSM and R} results in subcortical
regions of the human and monkey brains, except for the red nucleus, where humans showed
higher magnetic susceptibility compared to macaques. Significant differences in QSM were
also observed in white matter structures, such as in the body of the corpus callosum and the
anterior commissure. Here, monkeys showed a lower susceptibility than humans. In addi-
tion, I discovered that the reference brain region chosen to normalize the QSM values could
significantly affect comparative QSM studies in humans and NHPs. Another intriguing ob-
servation was that the human cerebrospinal fluid had a paramagnetic QSM contrast, whereas
the monkey cerebrospinal fluid was diamagnetic, best explained by the significantly higher
iron content in humans.

Quantitative MRI and, in particular, region-of-interest analyses using techniques such
as the one mentioned above significantly benefit (or even require) species-specific anatom-
ical MRI atlases. The macaque brain atlases that are currently publicly available are from
rhesus macaques, which have a different brain morphology than cynomolgus macaques, the
NHP species most used in biomedical research and preclinical studies. Moreover, the ma-
jority of rhesus macaque atlases rely on T;-weighted images only. These atlases provide an
excellent gray-to-white matter contrast butlack, for instance, contrast from subcortical struc-
tures. In my third study ( ), I developed the Deutsches Primatenzentrum cynomol-
gus macaque (DPZCYNO) template. This dedicated high-resolution (0.25 mm) atlas was de-
signed with a stereotaxic orientation for single-subject MR image standardization and anatom-
ical structural localization. This stereotaxic orientation is particularly necessary for invasive
studies, which, for instance, require a precise targeting of brain regions by the inserted elec-
trodes. In addition, to overcome the limitations of a single MRI contrast, I created MRI tem-
plates from multiple anatomical (T;-weighted, T,-weighted, Magnetization Transfer weighted,
and Multi-echo gradient-recalled echo) and parametric (QSM, R}, magnetization transfer
saturation, and apparent Tj relaxation time) contrasts. These multi-contrast MRI templates
will aid in anatomical structure delineation and parcellation by improving contrast from all
tissue types.

Acquiring data from many MRI sequences is not always feasible in non-human primates.
Constraints imposed by anesthesia and animal health limit the available measurement time.
Similar limitations exist for data acquisition in human patients. As shown in this thesis,
a single MRI contrast is, however, insufficient to generate satisfactory contrasts from all
types of brain tissue. In my fourth study ( ), I developed a strategy for obtaining
a good cortical, subcortical, and white matter contrast by using only two (T;-weighted and
QSM) MRI contrasts. The developed weighted linear fusion of QSM and T;-weighted im-
ages (TQ-SILiCON) significantly improved the visualization and segmentation of gray-to-
white matter in the macaque brain. I also demonstrated that the TQ-SILICON approach
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works equally well for humans and improves human brain tissue segmentation. Further-
more, TQ-SILiCON required data sets could be obtained using clinically available MR sys-
tems and in a reasonably short measurement time.

In my fifth and final study ( ), Lemployed the developed methods and pipelines
to explore healthy brain aging in two NHP species, the cynomolgus macaque and the mar-
moset monkey. These species are increasingly utilized in preclinical studies to test novel treat-
ment approaches to slow down aging and age-related decline of cognitive abilities. However,
there is still insufficient knowledge about how well non-human primate models resemble
the process of aging in humans. Utilizing the multi-contrast approach, I discovered an age-
related increase of QSM and Rj in subcortical structures in both macaque and marmoset.
This is most likely due to an accumulation of iron, as preliminary histological analyses of the
species studied by us suggested this, and it is very much in line with previous reports on hu-
mans. Future studies involving advanced histological analyses will be performed to validate
the proposed multi-contrast approach.



Contents

ABSTRACT

o INTRODUCTION
o.1  MRImethods to image myelin and iron .
0.2 Combination of MRI contrasts .
0.3 Aim of the thesis

1 COMPARISON OF CURRENT DIFFUSION MRIMETHODS IN MYELIN MOUSE MU-
TANTS
1.1 Introduction C.
1.2 Materials and Methods .
1.3 Results
1.4 Discussion .

2 QSM AND R) MAPPING IN HUMAN AND NON-HUMAN PRIMATE BRAINS
2.1 Introduction C
2.2 Materials and Methods .
2.3 Results
2.4 Discussion .

3 A MULTI-CONTRAST MRI TEMPLATE OF THE CYNOMOLGUS MACAQUE BRAIN
3.1 Introduction C.
3.2 Materials and Methods .
3.3 Results
3.4 Discussion .

4 FUSION OF QUANTITATIVE SUSCEPTIBILITY MAPS AND T}-WEIGHTED IMAGES
IMPROVE BRAIN TISSUE CONTRAST IN PRIMATES
4.1 Introduction

vi



4.2 Materials and Methods
4.3 Results
4.4 Discussion .

s  MULTI-CONTRAST MRI OF THE AGING BRAIN - A COMPARATIVE STUDY OF
CYNOMOLGUS MACAQUES AND COMMON MARMOSETS
5.1 Introduction C
5.2  Materials and Methods .
5.3 Results
5.4 Discussion .

6 GENERAL D1scussioN AND CONCLUSIONS
APPENDIX A SUPPLEMENTARY MATERIAL
ArrENDIX B RESEARCH OUTPUTS
REFERENCES

DECLARATION

vii



Listing of figures

I Myelinimagingusing MRI . . . ... ... ... ... .. . 0L

1.1 Diffusion MRI models of white matter . . . . ... ... .........
1.2 Regions-of-interest for diffusion dataanalysis . . . . . .. ... ... ...
1.3  Diffusion MRI maps of wild-type and knockout mice . . . . . ... ...
1.4 DTlanalysisplots . . . . ... ... ... .. .. ... .. .. .. .. ..
1.5 DKlanalysisplots . . . .. ... ... ... ... ... ... ... ...
1.6 WMTTlanalysisplots . . . ... ... ... ... ... ..........
1.7 NODDIanalysisplots. . . ... ... ... ... ... ..........

1.8  Electron microscopy images of wild-type and knockout mice . . . . . . ..

2.1 QSM and R} data analysis pipelines . . . . . .. ... ... ... L.
2.2 Human and monkey brain regions-of-interest . . . . . . .. ... ... ..
2.3  Averaged human and monkey brain QSM and Ry maps . . . . . . .. ..
2.4 QSM and R} maps of human and monkey brain basal ganglia . . . . . . .
2.5 QSM and RJ analyses in subcorticalareas . . . . .. ... ... ... ...
2.6 QSM and RJ analyses in white matterareas . . . . . . ... ... ... ..
2.7 QSM TE dependence in the human and monkey brain . . . . . .. .. ..
2.8 QSM TE dependence in cerebrospinal fluid . . . . ... ...... .. ..
2.9 QSM, R; and color-coded FA maps for the corpus callosum . . . . . . ..
2.10 DTIresults for the corpus callosum . . . . . ... ... ... ... ...
2.11 NODDI results for the corpus callosum . . . . . .. ... ... ... ...

3.1 Preprocessing of multi-contrast MRIimages . . . .. .. .. ... ....
3.2 The stereotaxic orientation of the DPZCYNO templates . . . . . . .. ..
3.3 Multi-contrast MRI templates of the cynomolgus macaque monkey . . . .
3.4 Comparison of Tywand QSM templates . . . . . ... ... ... ....
3.5 Meandisplacementmap . . . . .. ... 0oL
3.6 Tissue segmentation using Tyw and SILICON images . . . . .. ... ..

viii



3.7
3.8
3.9
3.10
3.11

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

Tyw tissue segmentation misclassifications . . . . . . ... ...
The DPZCYNO cortical surfaces . . . . . . .. . ... .. ...
Cortical thicknessmap . . . . .. ... ... ... ... ... .

Cortical myelinmaps . . . ... ... ... ... ... .. ...
The DPZCYNO template parcellations . . . . . ... ... ...

The macaque brain in Tyw and QSMimages . . . . . . ... ..
QSM image and subcortical structures on a 3D rendering . . . . .
The TQ-SILiCON data analysis workflow . . . ... ... ...
Macaque brain Tyw, QSM, and TQ-SILiCON images . . . . . .
The dentate nucleus in Tyw, QSM, and TQ-SILiICON images . .

White matter surface with subcortical structures . . . . . . . ..

Tissue segmentation using macaque brain Tyw and TQ-SILiICON images .

Tyw tissue segmentation misclassifications in the macaque brain .

Human brain Tyw, QSM, and TQ-SILiICON images . . . . . . .

Tissue segmentation using human brain Tyw and TQ-SILICON images . .

Tyw tissue segmentation misclassifications in the human brain . .

Macaques and marmosets: numberandage . . . . .. ... ...
Brain regions-of—interest in macaques and marmosets . . . . . . .
The average brain templates of macaques of variousages . . . . .
The average brain templates of marmosets of various ages . . . . .
QSMandRJanalyses . . . . ... ... ... .o L.
MTsat,and Tiappanalyses . . . . ... ... ... ... ....
Diftusion MRIanalyses . . . . ... ... .. ..........
Gray-white matter volume ratio in macaques and marmosets vs. age

Corpus callosum morphometric and microstructural characteristics . . . .

QSM TE dependence in the macaque and marmoset brain . . . .

QSM and R} maps of human and monkey brain superior colliculus
Unreferenced and CSF normalized magnetic susceptibility values .
QSMvs. R scatterplot . . . . ... ... Lo Lo
QSM TE dependence in the human and monkey brain . . . . . .
QSM and R} orientationdependence . . . . . .. ... ... ..
Regions-of-interest used for the contrast-to-noise ratio estimation
Multi-contrast DPZCYNO templates . . . . . . ... ... ...
Morphological analysis of cynomolgus and rhesus macaque brains.
Hippocampus morphometric and microstructural characteristics .

A.10 QSM and R} maps in the young and old marmoset brains . . . .

ix



A.x1 QSM, R}, MTsat, and Tiapp in young and old marmosets . . . . . . . ..
A.12 The marmoset brain’s subcortical regions-of-interest . . . . . . .. .. ..



2.1
2.2

3.1
3.2

4.1

5.1
5.2

5-3

Al
A2

List of Tables

Wild-type and knockout mouse strains . . . . .. ... oL

MRI parameters for the monkey and human brain QSM and dMRI scans .
Cerebrospinal fluid and whole-brain magnetic susceptibility values . . . . .

MRI parameters for the macaque brain Tyw, T,w, and ME-GRE scans . . .
MRI parameters for the macaque brain MTw, PDw, and Tywscans . . . . .

MRI parameters for the macaque and human brain T;w and QSM scans . .

MRI parameters for the marmoset brain ME-GRE and dMRIscans . . . .
MRI parameters for the marmoset brain MTw, PDw, and Tyw scans . . . .
MRI parameters for postmortem marmoset brains . . . . . ... ... ..

The contrast-to-noise ratio in the symmetric DPZCYNO templates
The contrast-to-noise ratio in the asymmetric DPZCYNO templates . . . .

xi



LoOK TO THIS DAY,
FOR IT IS LIFE, THE VERY BREATH OF LIFE.
IN ITS BRIEF COURSE LIE
ALL THE REALITIES OF YOUR EXISTENCE;
THE BLISS OF GROWTH,
THE GLORY OF ACTION,
THE SPLENDOR OF BEAUTY.

FOR YESTERDAY IS ONLY A DREAM,
AND TOMORROW IS BUT A VISION.
BuT TODAY, WELL LIVED,

MAKES EVERY YESTERDAY A DREAM OF HAPPINESS,
AND EVERY TOMORROW
A VISION OF HOPE.

LOOK WELL, THEREFORE, TO THIS DAY.
(ANCIENT SANSKRIT)

xii



Acknowledgments

First and foremost, I want to express my gratitude to Professor Susann Boretius, my Ph.D.
supervisor. She believed in me and supported me with all of her resources. She has served asa
guardian for me for the past five years. My soul will be eternally grateful for her supervision,
guidance, and kindness.

I would like to thank Professor Wolfgang Briick and Professor Klaus-Armin Nave, my Thesis
Advisory Committee members, for their unwavering support and encouragement. I appre-
ciate their time and the assistance provided by their laboratories.

The members of Functional Imaging Lab have been my family for the past five years. They
have all been so gracious to me. Amir Moussavi, Shereen Petersen, and Kristin K6tz were
always there for me, no matter what. Thank you for taking care of all of my appointments,
translating so many documents for me, and assisting me in infinite ways. Since the day I ar-
rived in Gottingen, Amir Moussavi was always there for me whether I needed help with an
MRI scanner or MRI data analysis. His generosity and support mean a lot to me. Nikoloz
Sirmpilatze has been my long-term office mate and friend with whom I have shared innumer-
able moments. Iappreciate his kindness; my chats with him have taught me alot. Tor Rasmus
Membhave joined us late, but he has been a wonderful and supportive office mate ever since.
Michael Ortiz-Rios has been a pleasure to talk to and learn from over the last two years. I am
grateful for his friendly and welcoming demeanor. Judith Mylius has been extremely helpful
and supportive. I appreciate her assistance in obtaining marmoset aging data. My gratitude
also extends to my colleagues Jiirgen Baudewig, Renate Schweizer, Melanie Blickner, Marco
Deckers, Yasemin Betiil Giiltekin, Vladislav Kozyrev, Daniel Hillier, Majid Ramedani, Ina
Barnekow, Ellen Wiese, Simon Weber, Davood Bakhtiari, and Aref Kalantari Sarcheshmeh
for their support and kindness. Kristin Kotz, Kerstin Fuhrmann, Jessica Kénig, and Sina
Bode provided invaluable support with data collection and phantom preparation. Thank
you for always being kind to me and always being willing to help me.

I am grateful to everyone who, via various means, assisted me in managing my health. Spe-

xiii



cial thanks go out to all of my doctors in Gottingen and the staft at the Universititsmedizin
Gottingen.

I would like to thank my collaborator, Dr. Wiebke M&bius, and her group for their unwa-
vering support and assistance.

I am thankful to Professor Hannelore Ehrenreich for her personal support.

I would like to express my gratitude to everyone at the Systems Neuroscience office and the
GGNB office for their constant support and assistance.

Thanks to the master’s and bachelor’s students who worked with me - Luzia Hintz, Adriin
Palacios Mufioz, Claudia Serrano Ferrel, Jiaxin Xiao, and Niklas Binder.

I am thankful to everyone who has helped me create good memories, especially all of my
friends. I appreciate all of the time and effort that you have put into me.

For all of these years, the University Sports Center has been my second home. Thank you to
all of my teammates and partners in cricket, badminton, jogging, and yoga.

I am grateful for my family’s unconditional love, acceptance and emotional support. Their
values have shaped me into the person I am today.

Thank you, Mother Nature, for giving me a beautiful life and for looking after me.

Xiv



NOW is the only reality. All else is either memory or imag-
ination.

Osho

Introduction

Myelin is an essential part of the nervous system. In vertebrates, myelin provides insulation
to the axons to set the structural basis for saltatory action potential propagation. In saltatory
conduction, the action potential only travels between the unmyelinated axonal segments (the
nodes of Ranvier). Myelin in the Central Nervous System (CNS) is synthesized and metabol-
ically supported by oligodendrocytes, a type of neuroglial cell. In addition, oligodendro-
cytes play a significant role in supporting axonal integrity [Lappe-Siefke et al., 2003, Nave
& Werner, 202.1] and activity-dependent myelination [Moore et al., 2020]. Multilayered and
spirally wrapped cell membrane sheath of myelin comprises very high lipid (~70-80% of dry
weight) membrane structure and low protein constituents (~20-30%) [Morell & Quarles,
1999, Nave & Werner, 2014]. Myelin incorporates approximately 40% water.

Myelin and iron are crucial for normal healthy brain function and several neurological
diseases. Myelin establishes the foundation for typical motor, sensory, and cognitive activ-
ities by promoting fast impulse propagation. Furthermore, the dynamics of myelin change
with time in the human brain, which is important for plasticity and healthy aging studies
[Faizy et al., 2020, Fields, 2015]. Damaged myelin causes disruptions in neuronal commu-
nication and the transmission of fast impulse propagation. Myelin loss (dys- and demyelina-
tion) is a prevalent symptom of several nervous system diseases, including multiple sclerosis
[Stadelmann et al., 201 1]. Furthermore, iron aids in the transport of oxygen, the synthesis of
neurotransmitters, and the production of myelin in the brain. The accumulation of iron has
been linked to several neurodegenerative diseases and healthy brain aging [Schneider, 2020].



The assessment of myelin using 77 vivo methods is essential for a deeper understanding
of the myelin-associated pathophysiology. In addition, 7z vivo myelin assessment aids in the
identification of myelin-related diseases by detecting the underlying pattern of myelin degra-
dation and its influence on surrounding tissues. Monitoring myelin is also vital for developing
a therapeutic cure or evaluating pharmacological therapies for myelin repair or remyelination.
Invasive measures of myelin include immunohistochemical staining that provides greater de-
tail of the microstructural tissue environment. However, the intrusive nature of histology re-
strains its use in everyday clinical practice. On the other hand, Magnetic Resonance Imaging
(MRI) is a tool for measuring myelin 27 vivo non-invasively. Non-invasive 7z vivo approaches
to measuring myelin are essential due to their clinical relevance.

MRI has the ability to visualize tissue microstructure at the sub-millimeter level non-
invasively and offers excellent soft-tissue contrast 2z vivo. Myelin and iron are a source of
many MRI contrasts with varying sensitivity and specificity [Barkovich, 2005, Lazari & Lipp,
2021]. In many autoimmune chronic diseases of the CNS, the non-invasive nature of MRI
allows 77 vivo longitudinal assessment of myelin production, disruption of its sheath forma-
tion, and myelin sheath destruction. The use of MRI for disease diagnosis and long-term
monitoring of the treatment and disease progression is essential. MRI works equally well for
human and non-human primates, as well as for rodents.

Myelin structure and function in healthy and pathological conditions can be better un-
derstood using animal models with myelin-specific mutations or myelin-associated gene ma-
nipulations (transgenic animals). A lot has been known and available in rodent research to
link human physiology and function to the underlying structure. Mouse models have aided
our understanding of disease genes and the proteins encoded by them. All of this contributes
to understanding several key issues, such as what kind of cellular processes can trigger differ-
ent types of neurological disorders. However, not all findings in rodents translate well to hu-
mans. Non-human primates (NHPs), on the other hand, are phylogenetically closely related
to humans and have similar physiology and neuroanatomy. NHPs have made a significant
contribution to the development of basic knowledge of human brain architecture, circuitry,
and functions. NHPs have a distinct advantage over rodents as animal models. NHP re-
search has resulted in the development of clinical treatments and has significant promise for
biomedical translational research. NHP may also help us better understand the underlying
changes in gray-white matter integrity, myelin, and iron, as well as the underlying mecha-
nisms that underpin many demyelinating and neurodegenerative diseases.

0.1 MRIMETHODS TO IMAGE MYELIN AND IRON

MRI provides a range of brain tissue imaging contrasts with varying sensitivity and specificity
to the myelin and iron. Most of the MRI-measured brain tissue contrasts are sensitive to the
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Figure 1: A. An MR image of a macaque monkey’s brain. B. The microstructure of the corpus callosum tissue is depicted.
The axons are myelinated to variable degrees, and their diameter varies from axon to axon. C. In a single myelinated axon,
water protons are trapped inside the axon and in the myelin bilayers.

spatial distribution of myelin. But this distribution overlap with the distribution of other
substrates such as iron. Here we present an overview of qualitative and quantitative MRI
contrasts that are sensitive to myelin and iron in the brain.

QUALITATIVE CONTRASTS

o.1.1 T;-wEIGHTED MRI (T ;w)

The T;-weighted (Tyw) MRI sequence is mostly used for the imaging
of brain anatomy. The T;w image contrast is determined by T properties (i.c., T;-relaxation
time (cerebrospinal fluid > gray matter > white matter)) of the underlying tissue. Because of
the presence of myelin and other macromolecules, the white matter has a shorter T than gray
matter. In case of inflammation, edema, and hemorrhage, an increase in water content in the
tissue prolongs the T relaxation time , and the tissue appears hypo-intense on T;w images.
The similar appearance of all pathologies on the T;w image compromises the specificity to
underlying tissue changes. Moreover, T;w images are qualitative in nature, and quantitative
T relaxation time calculation necessitates precise dedicated measurements.



o.1.2 T,-wEIGHTED MRI (T, w)

The T,-weighted (T,w) MRI sequence is perhaps the most widely
used MRI sequence in clinical routines to image brain pathologies. The T,w image contrast
is determined by the measured tissue’s T, relaxation times (cerebrospinal fluid > gray matter >
white matter). T, relaxation is affected by tissue’s local water content and its interactions with
the surrounding tissue components such as lipids and proteins. White matter in the brain has
ashorter T, than gray matter and cerebrospinal fluid due to the presence of myelin and other
macromolecules. Increased water content in pathological conditions such as inflammation,
edema, and acute hemorrhage appears hyper-intense on the T,w image due to an increase
in T,. These hyper-intense areas have a similar appearance in all pathological states and are
difficult to discern on conventional T,w images.

QUANTITATIVE CONTRASTS

Several biophysical mechanisms influence MRI contrasts in general in a complex tissue envi-
ronment. To determine the particular contribution of various tissue components such as
myelin, advanced quantitative approaches are required. To quantify myelin in the CNS,
several quantitative measures have been proposed. The most commonly used quantitative
methodologies are myelin water imaging, diffusion MRI, magnetization transfer, magnetic
susceptibility, and effective transverse relaxation rate, which are summarized in this section.

0.1.3 MYELIN WATER IMAGING
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In CNS tissues, water molecules can be iden-
tified in three primary tissue environments, including freely available water pool (primarily
cerebrospinal fluid), restricted water pool (intra and extra-cellular water), and bound pool
(myelin or macromolecular pool). All these three compartments have a unique range of T,



relaxation times at 3T, cerebrospinal fluid (T, > 120 ms), intra and extra-cellular (T, ~ 100
ms), and myelin water (T, < 40 ms), enabling separation of their relative contribution to
the overall voxel signal. Myelin Water Imaging (MWI) measures water molecules trapped
between lipid bilayers of the CNS myelin sheath, contributing to 10 to 15 % of the overall
signal from a white matter voxel [MacKay et al., 1994]. The ratio of the myelin water com-
ponent to the total water signal is called the myelin water fraction (MWF). The traditional
approach to estimate MWF relies on the Carr-Purcell-Meiboom-Gill (CPMG) method for
multi-component T, mapping (MacKay and Laule, 2016). In this approach, multiple echo
times are measured to fit the exponential signal decay.

MWT has been extensively used to study myelin development [Bouhrara et al., 2020],
healthy aging [Faizy et al., 2020], and myelin related alterations in several neurological dis-
eases, including multiple sclerosis [Abel et al., 2020, Vargas et al., 2015], neuromyelitis op-
tica spectrum disorder [Manogaran et al., 2016], stroke [Borich et al., 2013], traumatic brain
injury [Wright et al., 2016], cervical spondylotic myelopathy [Liu et al., 2017]. Even though
some histological results have validated the sensitivity of MWI to underlying myelin alter-
ations, there are some confounding factors such as inter-compartmental water exchange, the
mcDESPOT approach for compartmental fitting is not always applicable, and myelin debris,
to name a few [Dula et al,, 2010, Lee et al., 2021, MacKay & Laule, 2016, McCreary et al.,
2009]. All of these confounding factors limit MWI’s usefulness and complicate the interpre-
tation of obtained results.

o.1.4 DrrrusioN MRI

M
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The water molecules in biological tissues

are displaced in a Brownian motion. This movement of water molecules can be used to probe
the tissue microstructures at a millimeter voxel scale [Bihan, 1995, Le Bihan et al., 1992].

The quantitative estimation of a water molecule’s diffusion can be done via apparent diffu-
sion coefficient (ADC). The straightforward method for fitting the observed diffusion MRI
(dMRI) signal is Diftusion Tensor Imaging (DTT) [Basser et al., 1994]. The DTT model
measures diffusivity (mean, axial, and radial) and the degree of anisotropy of diffusion (frac-
tional anisotropy) in brain tissues. The movement of water molecules along the axon creates
a highly anisotropic environment, which makes fractional anisotropy a marker of white mat-
ter tissue integrity. In addition, axial and radial diffusivities are sensitive to axonal and myelin
integrities. To date, DTT is the most widely used non-invasive approach for studying tissue



microstructure 7z vivo [Le Bihan et al., 2001, Alexander et al., 2007]. However, DTI mod-
eling is focused on the oversimplification that diffusion in biological tissue is isotropic and
follows a Gaussian distribution. This assertion ignores the fact that Brownian motion, or
random walk of water molecules in biological tissues, is hampered and restricted by cellular
boundaries and other tissue constituents.

Diftusion Kurtosis Imaging (DKI) is a DTT extension that determines how much dif-
fusion deviates from Gaussianity or is non-gaussian [Jensen et al., 2005]. Mean kurtosis,
radial kurtosis, and axial kurtosis are three new scaler parameters added to the DTT estimated
parameters by this expansion. DKI is clinically viable and commonly used in applications in-
cluding stroke [Hui et al., 2012], traumatic brain injury [Stokum et al., 2015], aging [Gong
etal., 2014], and other CNS diseases [Steven et al., 2014]. DKI parameters, like DTI param-
eters, are sensitive to underlying microstructural changes, but their limited precision makes
biophysical interpretation difficult [Fieremans et al., 2011].

Several advanced biophysical multi-compartment models have been developed to esti-
mate tissue compartment volume fraction by observing the behavior of the diffusion signal.
DKI parameters are biophysically interpreted using the white matter tract integrity (WM'TT)
model [Fieremansetal., 2011]. The WMTI model estimates the axonal water fraction, intra-
axonal and extra-axonal diftusivities, and the tortuosity of the extra-axonal space using a
two-tensor compartment model for well-aligned white matter fiber configuration. The Neu-
rite orientation dispersion and density imaging (NODDI) and multi-compartment spheri-
cal mean technique (mcSMT) models estimate intra-neurite (axon + dendrite) volume frac-
tion from a clinically viable data acquisition scheme [Kaden et al., 2016, Zhang et al., 2012].
NODDI divides each voxel’s diffusion signal into three compartments: intra-neurite, extra-
neurite, and cerebrospinal fluid. The intra-neurite signal is modeled as a stick (zero-radius
cylinder), the extra-neurite signal as a cylindrically symmetric tensor, and cerebrospinal fluid
as free isotropic diffusion.

Along with regular models (DTT and DKI), these advanced biophysical models have been
used to improve specificity to the underlying tissue microstructural changes in aging (Cox et
al., 2016), multiple sclerosis [Luo et al., 2019a], Alzheimer’s disease [Fu et al., 2020], Parkin-
son’s disease [Mitchell et al., 2019], amyotrophic lateral sclerosis [Swash et al., 2020], brain
tumors [Lampinen etal., 2017], epilepsy [Winston et al., 2020], ischemia [Hara etal., 2019],
Huntington’s disease [Zhang et al., 2018], traumatic brain injury [Churchill et al., 2017],
schizophrenia [Kraguljac et al., 2019], and cervical spondylotic myelopathy [Iwama et al.,
2020]. However, their sensitivity to alterations in myelin and axons is still restricted, and
more research is needed to eliminate simplistic assumptions and fixed parameters in model
fitting [Jelescu et al., 2020].

dMRI based fiber tractography is a non-invasive method of identifying fiber bundles and
fiber pathways within the brain. In the field of connectomics, fiber tractography plays an im-



portant role in determining the anatomical connections between different parts of the brain.
Fiber tracking is a potent approach for visualizing white matter fiber bundles that has a wide
range of applications in neurosurgical plannings [Golby et al., 2011] and investigation of
stroke [Mukherjee, 2005], multiple sclerosis [Shu et al., 2011], epilepsy [Engel et al., 2013],
and neurodegenerative diseases [Miller & Kassubek, 2013, Ciccarelli et al., 2008]. However,
technical constraints restrict the technique’s biological accuracy and demand a careful inter-
pretation of results [Jeurissen et al., 2019].

0.1.5 MAGNETIZATION TRANSFER

MT refers to the contrast that originated from the exchange of mag-
netization between the bound pool and free water pool in the brain tissue [Edzes & Samulski,
1978, Wolff & Balaban, 1989]. In biological tissues, hydrogen nuclei can be a part of two ex-
isting pools, the free water pool, and the bound pool. Free water pool consists of mobile pro-
tons in free, abundant water, and it is a primary and dominant source of MRI observed signal
in standard MRI. The bound pool consists of immobile and restricted hydrogen nuclei that
are bound to macromolecular tissue constituents like lipids, protein, and other large cellular
components. These bound pool hydrogen nuclei or protons are not directly MR visible due
to their very short T relaxation times (< 0.1 ms) [Boer, 1995a]. In Magnetization Transfer
(MT) imaging, the application of off-resonance RF pulse (or MT pulse) saturates the pro-
tons in the bound or macromolecular pool. The macromolecular pool has a broad range of
resonance frequencies. This property can be exploited to excite the macromolecular pool us-
ing a pulse with an offset from the resonance frequency of water or Larmor frequency. The
saturation of macromolecular protons influences the spin state of protons in the free water
pool through exchange processes, which results in magnetization transfer between the macro-
molecular and free water pools. This transfer of magnetization is observed as the MT effectin
which the MR signal attenuates. This signal attenuation caused by the MT effect can be ex-
ploited to assess the macromolecular/myelin content indirectly. MT measured quantitative
parameter maps show sensitivity to the white matter tissue structures and macromolecules
[Boer, 1995b].

Magnetization transfer ratio (MTR) can be computed voxel-wise by taking the percent-
age difference between signals acquired with and without off-resonance M T saturation pulse
[Dousset et al., 1992]. Measured MTR is sensitive to the density of macromolecules and T
relaxation [Henkelman et al., 2001]. To improve MTR by correcting it for B1 inhomogene-



ity and T relaxation, MT saturation (MTsat) imaging was developed [Helms et al., 2008].
MTsat index has been shown to be more sensitive to white matter tissue and myelin alter-
ations than MTR [Lema et al., 2017].

However, in MT imaging, the amount of observed M T effect depends on the choice of
off-resonance RF power and frequency offset to the resonance frequency of water [Henkel-
man et al., 2001]. This reduces the reproducibility of MT studies across laboratories and
introduces bias into meta-analytic studies [Lazari & Lipp, 2021, Mancini et al., 2020].

0.1.6 QUANTITATIVE SUSCEPTIBILITY MAPPING AND EFFECTIVE TRANSVERSE RELAX-
ATION RATE

QsSM

Magnetic susceptibility is the ability of a ma-
terial to get magnetized when exposed to an intense uniform magnetic field. The induced
magnetization in a substance or biological tissue component alters the magnetic field around
it. MRI measured phase and magnitude images are sensitive to this local susceptibility change
between tissues and contain a wealth of information. The gradient echo (GRE) sequence is
used to acquire magnitude and phase data to generate susceptibility-weighting imaging (SWT)
contrast. SWI is beneficial in determining the amount of iron and myelin in the brain and
other tissue components that change the local magnetic field [Haacke et al., 2004, Robinson
& Bhuta, 2011, Shmueli et al., 2009]. SWI does this by observing changes in susceptibility
across various tissue components, such as deoxygenated blood, blood products, ferritin, and
calcium. Measuring and monitoring iron and myelin 77 vzvo dramatically benefits in several
neurologic disorders, including aging, multiple sclerosis, Parkinson’s disease, stroke, trau-
matic brain injuries, vascular malformations, and brain tumors [Chai et al., 2017, Eskreis-
Winkler et al., 2017, Guan et al., 2017, Haacke et al., 2009b, Li et al., 2014, Park et al.,
2009, Schweser et al., 2010, Wu et al., 2010].

A three-dimensional GRE sequence allows data acquisition with long echo times by main-
taining good image quality. Multi-echo GRE (ME-GRE) data can provide distinct quanti-
tative measures of iron and myelin biomarkers in the form of effective transverse relaxation
rate (R}) and quantitative susceptibility mapping (QSM) as an extension to SWI. This ME-
GRE measured magnitude and phase images are processed to create an R} and magnetic sus-
ceptibility (QSM) map. ME-GRE measured magnitude images can be used to calculate the
effective transverse relaxation rate (R3) by fitting the magnitude (exponential) signal decay



across all echo times. QSM reconstruction requires phase images and entails three primary
steps. (1) Phase unwrapping: MRI measured phase is wrapped in the interval [z, -7]. How-
ever, the actual phase is uncertain and might be any value. So removal of these phase wraps is
needed by the addition or subtraction of integer multiplication of 27z [Robinson et al., 2017].
(2) Background field removal: magnetic field perturbations observed in phase contain both
local and background fields. Background field variations are induced by main magnetic field
inhomogeneity and must be eliminated [Li & Leigh, 2001]. (3) Susceptibility maps can be
calculated by solving the ill-conditioned phase to susceptibility inverse problem [Liu et al.,
2009]. QSM measured magnetic susceptibility values are linearly proportional to the con-
centration of the substance that induces a susceptibility effect. The terms paramagnetic and
diamagnetic susceptibilities are used relative to the susceptibility of a reference brain tissue.
Iron is paramagnetic (positive susceptibility) and myelin and calcium are diamagnetic (nega-
tive susceptibility) relative to surrounding tissue. The magnetic susceptibility values are mea-
sured in parts per million (ppm) in reference to brain tissue.

QSM and R} maps have been used to evaluate iron load and myelin alterations in sev-
eral neurological diseases, including aging [Betts et al., 2016], multiple sclerosis [Langkam-
mer et al,, 2013, Zhang et al., 2016a], Parkinson’s disease [Acosta-Cabronero et al., 2017],
Huntington’s disease [D et al., 2016], cerebral microbleeds [Liu et al., 2012] and hemor-
rhage [Chen et al., 2013].

0.2 COMBINATION OF MRI CONTRASTS

Single MRI contrasts are sensitive to different aspects of the same thing; merging two or more
MRI contrast can be helpful to compensate one’s limitations with another. In recent years
several approaches have been explored by combining multiple MRI contrasts to enhance the
sensitivity of MRI markers to the underlying tissue.

Cortical areas are responsible for higher-order cognitive functions and play a crucial role
in human development. However, the dynamics of cortical myelin development and its con-
tribution to the brain’s lifelong plasticity remain unclear [Timmler & Simons, 2019]. The
role of cortical myelination in neuronal plasticity, how it’s controlled, and why cortical gray
matter myelin is necessary are all unanswered questions. MRI can play a significant role in
understanding how myelin is regulated in the cortex and how abnormal myelin is linked to
several neurological disorders.



o.2.1 Tyw/T,wRaTIO

Tyw and T,w images are sensitive to myelin. Taking a ratio of raw
Tyw and T,w images provides a qualitative parameter called the Ty w/T,w ratio, which has
been shown to be sensitive to the cortical myelin [Glasser & Essen, 2011]. The Tyw/Tow
ratio has been used to detect demyelinated cortex in multiple sclerosis and Alzheimer’s [Luo
etal., 2019b, Nakamura et al., 2017], as well as cortical microstructure maturation [Norbom
et al,, 2020]. The intensity of Tyw and T,w images varies depending on the magnetic field
strength and measurement sequence, making it difficult to compare across studies and a reli-
able marker for cortical myelin assessment.

0.2.2 MYELIN G-RATIO

g-ratioyg;

/%yelin water

" | g-ratio=r/R
| intra-axonal water
Yy @]

extra-axonal water

Mouse brain The myelin g-ratio is a ratio

of the inner and outer diameter of the myelin sheath. The g-ratio is used to determine the ex-
tent of axonal myelination, which varies from axon to axon and changes in many neurological
diseases. Since axons’ inner and outer diameters must be estimated to calculate the myelin g-
ratio, a single MRI contrast is insufficient to capture both, and more than one MRI contrast
is needed. Diffusion MRI is the best technique for assessing the inner diameter of myelin
since advanced diffusion MRI biophysical models can estimate the intracellular volume frac-
tion metric. The outer diameter of the myelin sheath can be quantified using myelin water
imaging or magnetization transfer saturation imaging, which detects water protons trapped
in the myelin sheath (i.e., myelin volume fraction). This estimated myelin volume fraction is
further used to scale diffusion MRI measured intracellular volume fraction into the axonal
volume fraction. The myelin volume fraction and axonal volume fraction can then be used to
calculate the g-ratio [Stikov et al., 2015]. The measured g-ratio in the white matter of human
and macaque brains was found to be close to 0.7 [Stikov et al., 2015]. Moreover, the MRI-
measured g-ratio in the splenium of the macaque corpus callosum was in accordance with ex-
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vivo histological findings [Stikov et al., 2015]. However, it has been shown that estimation
of the axonal volume fraction and myelin volume fraction is method-dependent [Ellerbrock
& Mohammadi, 2018]. In addition, a calibration procedure is required to achieve high re-
peatability, comparability, and similar values compared to histological values [Ellerbrock &
Mohammadi, 2018]. The g-ratio calculations in MRI are done voxel-by-voxel, which means
that a single g-ratio value is calculated from hundreds or thousands of axons with varying
degrees of myelination [Campbell et al., 20138].

0.3 AIM OF THE THESIS

Imaging myelin and iron is essential for monitoring the pathological evolution of demyeli-
nating and neurodegenerative diseases, as well as to predict and evaluate treatment response.
However, there is no gold standard for 7% vivo myelin MR imaging. Despite a large number
of studies over the last two decades, no unique myelin-specific MR biomarker has been dis-
covered. There is a lot of discussion in the quantitative MRI field regarding which sequence
and contrast to use and how many MRI modalities to include in the data collection in order
to get an appropriate level of sensitivity and specificity to myelin. Furthermore, the incon-
sistencies in the choice of MRI contrast type and data collection make meta-analytic studies
more prone to biases. /7 vivo myelin MR imaging lacks a gold standard, necessitating the use
of animal models to validate existing methods and the comparison of MRI measurements to

histology.

Therefore, the main goal of this work was to evaluate the sensitivity and specificity of several
potential MRI measured biomarkers of myelin and iron. In particular, I addressed the fol-
lowing questions:

* How sensitive and specific are available diffusion MRI techniques to myelin and axon-
related changes?

* How comparable are human and NHP brains in terms of iron and myelin content?
* How well do NHPs reflect the human aging process?

In order to answer these questions, I also developed a multi-contrast MRI template for
the cynomolgus macaque brain and a method to efficiently fuse Ty w and quantitative suscep-
tibility maps. The fused image enhances the visualization and segmentation of brain tissues
in primates by providing a unique brain tissue contrast.
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Sadness is silent, it is yours. It is coming because you are
alone. It is giving you a chance to go deeper into your alone-
ness. Rather than jumping from one shallow bappiness to
another shallow bappiness and wasting your life, it is bet-
ter to use sadness as a means for meditation. Witness it. It
is a friend! It opens the door of your eternal aloneness.

Osho
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ABSTRACT

Diffusion MRI (dMRI) plays a significant role in the noninvasive characterization of brain
tissue microstructure. dMRI is sensitive to myelin and axon-related alterations because the
measured signal is influenced by various tissue constituents, such as axonal density, fiber ori-
entation, and myelination. Several mathematical models have been developed to fit the dMRI
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signal. However, the interpretation of model findings has proven to be difhicult. In this
study, we used four mouse models with altered myelin and axonal damage to assess the sensi-
tivity and specificity of available JMRI models. The JMRI models used in this study ranged
from traditional Diffusion Tensor Imaging (DTT) to more advanced models, including Dif-
fusion Kurtosis Imaging (DKI), White Matter Tract Integrity (WMTI), and Neurite Ori-
entation Dispersion and Density imaging (NODDI). Furthermore, MRI results were com-
pared to those of electron microscopy. All of the dMRI models were sensitive to myelin and
axon-related alterations to different degrees of specificity. We believe this study could help
us better understand the robustness of available dMRI models in determining underlying
myelin and axon-related changes.

The following is the outcome of the work outlined in this chapter:

Rakshit Dadarwal, Amir Moussavi, and Susann Boretius. “The effects of b-shell se-
lection on estimation of multi-compartment microscopic diffusion parameters”, In: Pro-
ceedings of the 34th Annual Meeting of the European Society for Magnetic Resonance
in Medicine and Biology (ESMRMB), Barcelona, Spain 2017; Abstract 206.

Rakshit Dadarwal, Amir Moussavi, Wiebke M6bius and Susann Boretius. “How do
current diffusion-based MR methods reflect hypomyelination — comparison of diffusion
tensor, neurite orientation dispersion and density, and diffusion kurtosis imaging”, In
Proceedings of the Joint Annual Meeting of the International Society for Magnetic
Resonance in Medicine (ISMRM) - European Society for Magnetic Resonance in
Medicine and Biology (ESMRMB), Paris, France 2018; Abstract 3219.

Rakshit Dadarwal, Amir Moussavi, Wiebke M&bius, and Susann Boretius. “"Quan-
tification of white matter tract integrity in hypomyelination”, In Proceedings of the
11th Federation of European Neuroscience Societies (FENS), Berlin, Germany 2018.

1.1 INTRODUCTION

dMRI plays a significant role in the noninvasive characterization of brain tissue microstruc-
ture by measuring signal attenuation produced by diffusing water molecules [Le Bihan et al.,
2001]. The MRI measured diffusion signal is influenced by various tissue constituents, such
as axonal density, fiber orientation, and myelination. A variety of diffusion signal representa-
tions and microstructure models have been proposed to decipher the underlying tissue mech-
anisms [Alexander et al,, 2019]. The sensitivity and specificity of available dMRI models to
measured tissue microstructure vary. Some methods, such as DT, are currently the gold
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standard for 7z vivo disease diagnosis in day-to-day clinical routines [Le Bihan et al., 2001].
However, the interpretation of dMRI findings has proven to be difficult, particularly un-
der pathological conditions, where demyelination, axonal injury, and cellular infiltration can
all influence the diffusion-weighted signal in distinct and even opposing ways [Jelescu et al.,
2020). A histological validation is required before considering quantitative values measured
by dMRI as a useful diagnostic for underlying microstructural alterations. Clinical transla-
tion of advanced biophysical models demands an understanding of the associated challenges
and a clear interpretation of the results.

In this study, we aimed to figure out how variations in myelin composition and axonal density
modify the dMRI signal and how well currently available mathematical models reflect these
changes. We evaluated DTT, DKI, WMTTI, and NODDI on postmortem mouse brains.

DTT estimates the fractional anisotropy (FA), in addition to the mean (MD), axial (AD),
and radial (RD) diffusivities [Basser et al., 1994]. It has been shown that FA and MD show
signs of disturbed tissue microstructure differentiated and specified by the AD and RD. An
increase in RD specifically reflects myelin loss and demyelination, while a decrease in AD
indicates axonal injury or damage [Aung et al., 2013]. MD or the apparent diffusion co-
efficient (ADC) is sensitive to the total amount of water in the tissue (e.g., inflammation,
edema, gliomas). DKI provides parameters such as the mean (MK), axial (AK), and radial
(RK) kurtosis [Jensen et al., 2005, Fieremans et al., 2011]. Hypomyelination has been asso-
ciated with decreased MK and RK, with very little change in AK [Kelm et al., 2016]. WMTI
results in axonal water fraction (AWF), representing the fraction of water in the intra-axonal
space. In addition to AWF, WMTTI provides diffusivities for the intra-axonal and extra-axonal
compartments, called intra-axonal diffusivity (D), and extra-axonal axial (D, ) and radial
(D,, 1) diffusivities. The AWF is sensitive to axonal loss or demyelination, and D, ; is sensi-
tive to demyelination, whereas D,,, and D, are unaffected by myelin alterations [Falangola
etal., 2014, Jelescu et al., 2016, Kelm et al,, 2016]. The D,,, and D, are sensitive to struc-
tural changes in the intra-axonal space (e.g., due to axonal bending) and in the extra-axonal
space (e.g., due to gliosis, loss of oligodendrocytes, extracellular inflammation), respectively
[Benitez et al., 2014]. NODDI provided intra-cellular volume fraction (ICVF) is sensitive to
myelinated neurite density [Jespersen et al., 2010] and axonal loss [Gong et al., 2020, Wang
etal, 2019].

The use of both 77 vivo and ex vivo animal models is required for the validation of MRI meth-
ods. On the one hand, 7z vivo MRI allows for imaging of an animal while it is still alive, with-
out any tissue dehydration and fixation produced tissue integrity upset, but it has scan time
limitations. Postmortem MRI, on the other hand, can examine brain microstructure with
high resolution, less motion, and a higher signal-to-noise ratio (SNR). To obtain a resolu-
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Figure 1.1: dMRI models of white matter. The fitting of DTl models is based on the assumption that water molecule
diffusion in the brain follows a Gaussian distribution. The DKI model addresses non-Gaussian (deviation from Gaussian)
diffusion effects, which are a drawback of the DTl model. The WMTI model extends the DKI model into a biophysical
model for white matter regions by dividing white matter tissue water into two non-exchanging compartments, an intra-
axonal space, and an extra-axonal space. The NODDI model fits a three compartmental model to the whole brain to predict
the fractions of intra-cellular, extra-cellular, and isotropic (cerebrospinal fluid) compartments.

tion many times lower than histological imaging, postmortem imaging often requires MRI
scanners equipped with strong magnetic field and gradient strengths. The majority of high-
resolution imaging is carried out at the expense of longer data acquisition times. However,
postmortem brain samples can be used for sectioning, histological staining, and proteomic
analysis, all of which investigate and evaluate the underlying tissue microstructure and pro-
vide ground truth for MRI validation.

In this study, we tested current state-of-the-art dMRI methods on mouse models with various
myelin and axon-related pathologies. The MRI results are compared to those from high-
pressure freezing electron microscopy. Three of the four knockouts had alterations in the
myelin basic protein (MBP), resulting in partial or complete myelin loss. MBP is a protein
found in myelin-forming glia and a structural component of compressed myelin. MBP is
essential for the development of myelin’s major dense line [Raasakka et al., 2017]. When the
MBP gene is knocked out, the myelin becomes less compacted and lacks the primary dense
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lines, as seen in shiverer knockouts [Martin et al., 2006, Readhead & Hood, 1990]. In the
fourth knockout model, a 2°, 3’ —cyclic nucleotide 3’-phosphodiesterase (CNP) deficit was
induced. CNP is a protein that support and maintains axons and is produced by myelin-
forming glia. Although there is no or very little evidence of altered myelin in CNP knockout
mice, there is a significant axonal loss and swelling throughout the white matter, resulting in

severe neurodegenerative diseases and premature mortality [Lappe-Siefke et al., 2003].
The following are the four adult wild-type and knockout mouse strains studied:

Genetic name | Abbreviation| Knockouttype | Age Number of | Sex
(weeks)| animals
Mbp™/5 - (shiv- SHIV Dysmyelination - 12(6WI6 | -
erer) MT)
Mbp™«/7e MBP-LacZ | Hypomyelination 15 (s WI,s |6 M
MT) and 4
F
Mbpﬂ/ﬂ*EmXI”” MBPFLX- | Regional specific 26 9(4WTI, s | oM
EXEC knockout target- MT)
ing
Cnp™dt/mt CNCE CNP deficiency 16 8(4WT, 4|6 M
MT) and 2
F

Table 1.1: The four adult wild-type (WT) and knockout (MT) mouse strains.

1.2 MATERIALS AND METHODS

Adult wild-type (WT) and knockout (Shiverer, Mbp-neo, Mbp-iKO, and Cnp1-null) mice
were sacrificed and transcardially perfused with phosphate-buftered saline and paraformalde-
hyde (PFA). Subsequently, the brain was prepared and stored in 4% PFA.

MR measurements of the isolated brains were performed at a 9.4 T Bruker BioSpec MR
system using a four-channel surface coil for signal detection. Diffusion-weighted images were
acquired using a diffusion-weighted spin-echo sequence (b-values = 3000 and 6000 s/mm?,
diffusion gradient directions = 30 each b-value, gradient duration and separation = 4 ms and
15 ms, Echo time/ repetition time = 23/2000 ms, spatial resolution = 125 X 125 X 500 #m®,
field-of-view = 16 X 16 mm?, number of averages = 6, and total scan time = 27 hours).

Diffusion-weighted images were denoised and corrected for eddy current and motion dis-
tortions [Andersson et al., 2003, Garyfallidis et al., 2014, Veraart et al., 2016]. All diffusion-
weighted images were registered to mean bo images using ANTs affine registration [Avants
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et al., 2008]. These preprocessed DWI images were used to fit the DT, DKI, WMTI, and
NODDImodels [Basser etal., 1994, Fieremans etal., 2011, Zhangetal., 2012, Daduccietal,,
2015, Garyfallidis et al., 2014]. Only DWI images with b-values of 3000 s/mm? were used to
fit the DTT model.

Regions-of-interest: The corpus callosum, cortex, and fimbria were manually segmented
using the ITK-SNAP segmentation tool [Yushkevich et al., 2006] on the FA map of each
mouse brain.

B Cortex
m Corpus callosum

Fimbria

Figure 1.2: Segmented regions-of-interest (ROIs) in the mouse brain. Gray and white matter ROIs were segmented man-
ually using the ITK-SNAP tool. The cortex, corpus callosum, and fimbria ROIs are depicted in coronal view of an average
color-coded FA map. The color coding of the white matter fiber tract bundles indicates their orientation. Red: Left-Right;
Green: Anterior-Posterior; and Blue: Superior-Inferior.

The diffusion metrics in the wild-type and knockout groups were compared using the
student’s t-test.

1.3 RESULTS

The DTT, NODDI, DKI, and WMTI parameter maps from wild-type (WT) and MBPFLX-
EXEC (MT) group are shown in Figure 1.3. In compared to the WT group, the MT group
showed lower contrast in FA, ICVF, MK, AK, RK, and AWF maps and increased contrast in
MD and RD maps, particularly in the white matter. The MD contrast in the white matter
of the MT group was essentially identical to the gray matter contrast.
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Figure 1.3: Representative coronal DTI, NODDI, DKI, and WMTI computed parameter maps of wild-type (WT) and mutant
mice with an expression of the MBPFLX-EXEC (MT). In the white matter areas, there was a decrease in DTI estimated FA
and an increase in MD and RD. In addition , the MBPFLX-EXEC mice demonstrated a reduction in the NODDI calculated
ICVF, DKI calculated MK, AK, and RK, and WMTI calculated AWF, in the white matter areas. The AWF maps are overlaid
on the DKI MK maps (D).

1.3.1 DTI

The DTT ROI analysis results for the cortex, corpus callosum, and fimbria are shown in Fig-
ure 1.4. The quantitative values obtained from MBPFLX-EXEC, CNCE, MBP-LacZ, and
SHIV knockouts were normalized to their respective wild-type group values. The cortex re-
mained unchanged between the wild-type and knockouts. However, the MBPFLX-EXEC,
MBP-LacZ, and SHIV knockouts showed obvious signs of hypomyelination and dysmyelina-
tion in the corpus callosum, with reduced FA and increased MD and RD. The hypomyelina-
tion and dysmyelination effects were more pronounced in the white matter corpus callosum
than in the fimbria. In the fimbria, only the MBPFLX-EXEC knockout showed reduced FA
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and increased MD and RD. The CNCE knockout revealed no changes in any of the DTI
metrics, except for an increase in AD in the fimbria.

Corpus callosum Fimbria
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Figure 1.4: Bar plots showing DTI ROI analysis results for all knockouts. Bar height represents the WT normalized ROI
means for each knockout group. The error bars show a 95% of a confidence interval. () P < 0.01 and * P < 0.05.
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1.3.2 DKI

The DKI ROI analysis results for the cortex, corpus callosum, and fimbria are shown in Fig-
ure 1.5. The cortex remained unchanged between the wild-type and knockouts, except for
the reduced AK in the SHIV knockout. However, the MBPFLX-EXEC, MBP-LacZ, and
SHIV knockouts showed obvious signs of hypomyelination and dysmyelination in the cor-
pus callosum, with reduced RK, AK, and MK in the corpus callosum. The hypomyelination
and dysmyelination effects were more pronounced in the white matter corpus callosum than
in the fimbria. In the fimbria, only MBPFLX-EXEC and SHIV knockouts showed reduced
RK, AK, and MK. The CNCE knockout revealed a reduced RK in the corpus callosum,
while AK and MK were unaffected.

Cortex Corpus callosum Fimbria
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Figure 1.5: Bar plots showing DKI ROI analysis results for all four knockouts. For each knockout, the height of the bars
denotes the WT normalized ROl mean. The error bars show a 95% of a confidence interval. (*) P < 0.01 and * P < 0.05.
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1.3.3 WMTI
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Figure 1.6: The findings of the WMTI ROI analysis for each of the four knockout groups are represented as bar graphs.

The error bars show a 95% of a confidence interval. (x) P < 0.01 and * P < 0.05.
The WMTT analysis results for the corpus callosum, and fimbria are shown in Figure 1.6. The
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MBPFLX-EXEC, MBP-LacZ, and SHIV knockouts showed obvious signs of hypomyelina-
tion and dysmyelination in the corpus callosum, with reduced AWF, and increased D, | . The
hypomyelination and dysmyelination effects were more pronounced in the white matter cor-
pus callosum than in the fimbria. In the fimbria, only MBPFLX-EXEC knockout showed
reduced AWF, and increased D, | . The CNCE knockout also revealed obvious signs of ax-
onal loss in the corpus callosum, with reduced AWF and D, while D, | was unaffected.

1.3.4 NODDI

The NODDI analysis results for the cortex, corpus callosum, and fimbria are shown in Fig-
ure 1.6. The cortex remained unchanged between the wild-type and knockouts. However,
the MBPFLX-EXEC, MBP-LacZ, and SHIV knockouts showed significantly reduced ICVF
in the corpus callosum and fimbria. We found a decrease in ICVF in hypomyelination and

dysmyelination, which is surprising given that ICVF is a measure of axonal or neurite density.
The CNCE knockout had no eftect on ICVF in the corpus callosum and fimbria.
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Figure 1.7: Bar plots showing NODDI ROI analysis results for all four knockouts. The error bars show a 95 % of a confi-
dence interval. (x) P < 0.01 and * P < 0.05.

1.3.5 ELECTRON MICROSCOPY

The optic tract of CNCE and SHIV knockouts, and the corpus callosum of MBP-LacZ
knockouts, were studied using electron microscopy (Figure 1.8). In compared to W'T, myelin
in the CNCE knockout optic tract is nearly intact, albeit there were evidence of axonal in-
jury and inflammation, including enlarged inner tongues (arrows) and axonal swelling (Fig-
ure 1.8A). In the MBP-LacZ knockout corpus callosum, MBP deficiency and significantly
thinner myelin were found (Figure 1.8B). The SHIV knockout optic tract showed a lack of
MBP, myelin deficiency, and naked axons (arrows) throughout the brain (Figure 1.8C).
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Optic tract

Corpus callosum

Figure 1.8: A. Images of the optic tract electron microscopy in WT and CNCE mice. Myelin is almost intact in CNCE
knockout, but there is evidence of axonal injury and inflammation, such as larger inner tongues (arrows) and axonal edema.
B. When compared to WT, the MBP-LacZ group has an MBP deficiency and much thinner myelin. C The SHIV knockout
showed a lack of MBP, lack of myelin and naked axons throughout the brain.

1.4 DiscussionN

In this study, we utilized conventional and advanced diffusion methods (DTT, DKI, WMTI,
and NODDI) to probe myelin and axonal abnormalities in the four different mouse lines.
Three of the four mouse lines had MBP-related changes, while the fourth exhibited deficitin
the CNP. The MBP altered lines MBPFLX-EXEC and MBP-LacZ exhibited hypomyelina-
tion, whereas SHIV showed dysmyelination.

DTTshowed sensitivity to hypomyelination and dysmyelination in the MBPFLX-EXEC,
MBP-LacZ, and SHIV knockouts. However, DTT metrics failed to detect any changes in the
CNCE knockout, implying that DTTis unable to differentiate minor axonal density changes.
DTT results are in line with the previous research stating that DTT is sensitive to detect a de-
crease in myelination but insensitive to differentiate minor changes in axonal density [Kelm
et al., 2016]. However, several studies have also reported the sensitivity of DTT to axonal in-
jury and axonal loss [Fox et al., 2011, Song et al,, 2003]. As per the DKI findings, hypomyeli-
nation and dysmyelination in the corpus callosum caused reductions in MK, AK, and RK.

23



Earlier studies using DKI’s sensitivity to identify myelin and axonal alterations had similar
outcomes [Kelm et al., 2016, Guglielmetti et al., 2016].

The WMTI results demonstrate that AWF is influence by both myelin and axonal loss.
The reduced AWF in hypomyelination, dysmyelination, and axonal loss reflected its sensitiv-
ity to changes in both axons and myelin. However, D, | is only sensitive to hypomyelination
and dysmyelination, but not to the axonal loss. These results agree with previous research
showing that AWF decreases and D, | increases with myelin loss, and D,,, and D, are pri-
marily unaftected by subtle changes in myelination [Guglielmetti et al., 2016, Jelescu et al.,
2016, Zhou et al., 2020]. Interestingly, the decrease in D,,,, was only observed in the CNCE
and SHIV knockouts, indicating its sensitivity to changes in axonal density. In the CNCE
knockout, the significantly reduced AWF and D,,,, in the corpus callosum accurately rep-
resent the underlying tissue alterations only specific to axons. Considering that AWF is a
measure of axonal integrity, it is worth noting that in the MBPFLX-EXEC, MBP-LacZ and
SHIV knockouts, the AWF was likewise sensitive to hypomyelination and dysmyelination,
though axons were unaftected.

The NODDI results showed that hypomyelination and dysmyelination caused a decrease
in ICVF in the corpus callosum. These findings corroborate prior studies that showed ICVF
is sensitive to changes in myelination and axonal density [Wang et al., 2019].

In conclusion, all dMRI models were sensitive to hypomyelination, dysmyelination, and
axonal loss to varying degrees.

There were four main limitations in this study. The first was that each group had a smaller
number of animals to study. The second issue is that long dMRI data acquisition increases
the temperature of the scanned brain, which might cause changes in measured and intrinsic
tissue diffusivities. Third, the influence of the fixation method and MR -sensitive PFA solu-
tion can be detrimental for some tissue microstructures and the native water diffusion within
the brain. Fourth, just a few selected brain structures were used as regions-of-interest for
quantitative analysis. It has been demonstrated in earlier studies that fixation decreases dif-
tusivity [Schmierer et al., 2008]. It is also worth noting that the electron microscopy images
for the CNCE group come from the optic tract, which was not used as a region-of-interest.

In future studies stabilizing the temperature of the scanned brains might lead to more
consistent results. In addition, by optimizing available acquisition sequences or employing
improved sequences like 3D diffusion-weighted Fast Spin-echo, the overall scan time can be
reduced while keeping high signal-to-noise ratio. The source of artifacts can be reduced by
keeping the brain stable inside the PFA-filled vessel. Including more white and gray matter
regions in the ROI analysis would provide a more comprehensive view of the underlying
pathology. The inclusion of multiple MRI contrasts, such as MWI and MT, will strengthen
the findings.
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Look at the trees, look at the birds, look at the clouds, look at
the stars... and if you have eyes you will be able to see that the
whole existence is joyful. Everything is simply bappy. Trees
are bappy for no reason; they are not going to become prime
ministers or presidents and they are not going to become rich
and they will never have any bank balance. Look at the
flowers - for no reason. It is simply unbelievable how happy

flowers are.
Osho
* . .
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ABSTRACT

Quantitative Susceptibility Mapping (QSM) and effective transverse relaxation rate (R}) are
sensitive to tissue iron and myelin content in neural tissue. The iron-rich subcortical nuclei
produce excellent contrast in QSM and R} maps, which is not available with conventional T;-
and T,-weighted structural MRI sequences. Even though QSM and R} are widely utilized
to examine human brain tissue alteration in both healthy and diseased conditions, they are
not often used in non-human primates (NHPs). NHPs are an essential model organism to
improve our understanding of human neuroanatomy, brain circuitry, and functions in both
healthy and pathological states. Several attempts have been made in the past to comprehend
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and compare the physiology and neuroanatomy of NHPs to that of humans using a number
of available MRI contrasts. However, little is known about 2z vive similarities and differences
in iron and myelin content in the human and monkey brain subcortical and white matter
regions.

In this study, we evaluated and compared the QSM and R} maps for the human and
monkey brain. We imaged human and monkey brains with the same magnetic field strength
(3 Tesla) and similar MRI data acquisition parameters, which allowed us to achieve an out-
standing human-monkey brain comparison. Moreover, we quantified QSM and R values
in gray and white matter tissue and show that QSM and R} values in the human and monkey
brains are almost identical, with the exception of a few areas such as the red nucleus. Further-
more, we also investigated the sensitivity of QSM to echo times. Finally, we used diffusion
MRI (dMRI) data to compare structural features of the underlying tissue microstructure to
explore the relationship between white matter QSM and R} values to myelin and axonal con-
tent.

The work described in this chapter resulted in the following output:

»,

Rakshit Dadarwal, Luzia Hintz, Amir Moussavi, and Susann Boretius. "Quantita-
tive Susceptibility Mapping of the Brain — A Comparative in vivo Study of Humans
and Nonhuman Primates”, In Proceedings of the 27th Annual Meeting of the In-
ternational Society for Magnetic Resonance in Medicine (ISMRM), Montreal, QC,

Canada 2019; Abstract 492.1.

Rakshit Dadarwal, Amir Moussavi, and Susann Boretius. "Quantitative Susceptibil-
ity Mapping (QSM): Echo time dependence in the human and non-human primate
brain”, In Proceedings of the 36th Annual Scientific Meeting of the European Society

for Magnetic Resonance in Medicine and Biology (ESMRMB), Rotterdam, Nether-
lands 2019; Abstract S20.05.

Rakshit Dadarwal, Amir Moussavi, and Susann Boretius. "QSAM and R’ mapping
in buman and non-human primate brains” (manuscript in preparation).

2.1 INTRODUCTION

Non-human primates (NHPs) are phylogenetically closely related to humans and have sim-
ilar physiology and neuroanatomy. The understanding of the human brain neuroanatomy,
circuitry, and functions have relied heavily on NHP models. NHP models have also aided
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in developing treatments for human diseases, such as the development of deep brain stimu-
lation for Parkinson’s disease treatment [Vitek & Johnson, 2019, Utter & Basso, 2008]. Al-
though, it is not always clear how well monkeys could reflect the human brain organization
in health and disease. The comparison of human and monkey brains 7z vivo benefits from
non-invasive imaging techniques such as MRI, which can be applied similarly to image the
human and monkey brain.

A variety of MRI imaging techniques, including structural MRI (e.g., T;-weighted and
T,-weighted) [Rilling, 2006], dMRI [Caspers et al., 2011, Hofer et al., 2008, Li et al., 2013],
and functional MRI [Logothetis et al., 1999, Logothetis, 2003, Wey et al., 2014], have been
used to compare human and monkey brain physiology and neuroanatomy. However, the 7z
vivo evaluation of brain iron has not yet caught the focus of many comparative primate neu-
roimaging studies. Therefore, determining the amount of iron in the human and monkey
brain subcortical nuclei is crucial for understanding neural substrates and molecular physio-
logical mechanisms in the NHP brain.

The most appropriate methods for detecting iron concentration in the brain are QSM
and R3. QSM and R} are sensitive to changes in brain tissue chemical composition and
tissue microstructure [Acosta-Cabronero et al., 2013, Haacke et al., 2004, Shmueli et al.,
2009, Wang & Liu, 2015]. Iron and myelin are the predominant sources of QSM contrast
[Duyn & Schenck, 2017, Hametner et al., 2018, Langkammer et al., 2012]. Moreover, iron
and myelin are required for vital cerebral functions, and non-invasive characterization of both
has a wide range of applications, ranging from improving clinical investigations to gaining a
better understanding of healthy aging and neurological diseases such as Multiple Sclerosis
[Bian et al., 2016, Chawla et al., 2018], demyelinating diseases [Zhang et al., 2016b], Hunt-
ington’s disease [Bergen et al., 2016], Parkinson’s disease [Langkammer et al., 2016], trau-
matic brain disease [Chai et al., 2017], and Alzheimer’s disease [Acosta-Cabronero et al.,
2013, Moon et al., 2016].

Importantly, several studies have shown that QSM is highly sensitive to MRI acquisition
parameters such as magnetic field strength, echo time (TE), and brain orientation relative to
the static magnetic field [Deistung et al., 2013, Wharton & Bowtell, 2012, Sood et al., 2017].
Recent studies have shown the sensitivity of QSM to the TE, which suggests that a slight
change in TE can lead to a dramatic change in the reconstructed magnetic susceptibility val-
ues [Cronin et al., 2017, Sood et al., 2017, Biondetti et al., 2020]. However, the intrinsic
nature of susceptibility TE dependence is not very clear and requires further investigations.
Multi-contrast MRI techniques may aid in demonstrating and interpreting the relationship
between susceptibility TE dependency and underlying tissue microstructure. Our study in-
cluded dMRI as a measure of tissue microstructure for better interpretation of QSM and its
TE dependence in human and monkey brains.

In this work, we compared QSM and R} in human and monkey brains using data ac-
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quired with nearly identical MRI parameters. We combined QSM and R} provided infor-
mation with dMRI measured tissue microstructure information to comprehend better the
subtle anatomical and physiological similarities and differences between human and mon-
key brains. Furthermore, comparing magnetic susceptibility and R} in human and monkey
brains is essential for improving the clinical translation of NHP models of neurological and
psychiatric diseases.

2.2 MATERIALS AND METHODS

2.2.1 ANIMALS AND HUMAN VOLUNTEERS

The MRI data were obtained from five healthy adult female cynomolgus macaque monkeys
(Macaca fascicularis) and six healthy female human volunteers. Five adult macaques were
between the ages of 7 - 9 years old (weighing between 3.9 and 6 kg), and six human adults
were between 23 and 29 years old. Measurements on human volunteers were performed after
written informed consent. The protocol was reviewed by the ethics committee of the Georg-
August-University of Géttingen.

2.2.2  ANIMAL EXPERIMENTS

All monkeys were purpose-bred, raised, and housed according to the standards for macaques
of the German Primate Center (Gottingen, Germany). All aspects of the study were con-
ducted in accordance with national and international guidelines of the German Animal Pro-
tection Law and the European Union Directive 2010/63/EU for the Protection of Animals
used for Scientific Purposes. The study was approved by the local authorities, the Animal
Welfare Service, Lower Saxony State Office for Consumer Protection and Food Safety (license-
number 33.19-42502-04-16/2278).

In preparation for anesthesia, the macaques were deprived of food overnight. Anesthesia
was induced by a mixture of ketamine (8.05 % 2.65 mg per kg body weight) and medeto-
midine (0.02 £ o.01 mg per kg) and maintained by isoflurane (0.8 - 1.7 % in oxygen and
ambient air) via endotracheal tube and pressure-controlled active ventilation. The monkeys
were placed in a prone position, and their heads were fixed in an MR-compatible stereotactic
apparatus (Kopf 1430 M, ).

2.2.3 MRIDATA ACQUISITION

We acquired all brain images with a 3T MR system (MAGNETOM Prisma, Siemens Health-
ineers, Erlangen) equipped with a 7 cm single loop coil for macaque monkeys and a 20-
channel head coil for human brain imaging. The imaging protocol included multi-echo

2.8


https://kopfinstruments.com/product/model-1430m-mri-stereotaxic-instrument/

gradient-recalled echo (ME-GRE) and diffusion-weighted acquisitions. MRI scans from hu-
man volunteers were performed supine, while monkey scans were performed in prone posi-
tions. MR parameters for both humans and monkeys are listed in Table

Monkey Human
Parameters QSM dMRI QSM dMRI
Pulse sequence 3D ME-GRE 2D PGSE 3D ME-GRE 2D PGSE
Native resolution | 0.31X0.31X0.31| 0.9X0.9X0.9 | 0.75X0.75X0.75| 1.§X1.5X1.5
(mm?)
Field of view 97 X 120 396 X 639 195 X 240 210 X 207
(mm?)
Acquisition  ma- 312 X 384 88 X 142 260 X 320 140 X 138
trix
b-value (s/mm?) - 0, 1000, 2000 - 0, 1000, 2000
Diftusion gradient - 30 - 64
directions
Total acquisition 24 27 17.5 19
time (min)
TR/TE (ms) s7/[3.7/50.4] 6500/54.4 | 57/[3.7/50.4] 8800/54.4
Number of echo 10 - 10 -
times
Pixel bandwidth 250 1174 250 1116
(Hz/Px)

Table 2.1: Monkey and human QSM and dMRI data acquisition parameters. Abbreviations: ME-GRE - Multi-echo gradient-
recalled echo; PGSE - Pulsed gradient spin-echo, TR - repetition time; TE - echo time.

We also obtained non-diffusion-weighted images of the human and monkey brains in the
opposite phase-encode direction (anterior-to-posterior and posterior-to-anterior) to correct
dMRI data for susceptibility-induced distortions.

2.2.4 IDATA ANALYSES
QSM anD R}

QSM and R} data analyses pipelines likewise for humans and monkeys are schematically il-
lustrated in Figure 2.1. We corrected the measured multi-echo gradient-recalled echo (ME-
GRE) magnitude images for bias fields using N4BiasField Correction [Tustison et al., 2010].
We pixel-wise averaged the sum of squared ME-GRE magnitude images across echo times.
We used the magnitude sum images to create brain masks using ITK-SNAP [Yushkevich
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etal.,, 2006]. Moreover, we created average human and monkey brain templates by aligning
all subjects’” brain images into a common space utilizing ANTs template creation pipeline
[Avants et al., 2011].

Human and monkey R maps were calculated by fitting the ME-GRE magnitude signal
decay across all echo times with a mono-exponential model [Pei et al., 2015]. The ventricular
cerebrospinal fluid (CSF) segmentation (Figure 2.2B) was carried out on each subject’s R
map using ITK-SNAP [Yushkevich et al., 2006].

QSM maps of humans and monkeys were reconstructed using coil combined ME-GRE
phase data. This QSM reconstruction included phase unwrapping using the best-path algo-
rithm, background field removal using Laplacian boundary value and variable spherical mean
value filtering algorithms, and solving the inversion problem using the multiscale dipole in-
version approach [Abdul-Rahman et al., 2007, Acosta-Cabronero et al., 2018, Zhou et al.,
2014]. Finally,a QSM and R} atlases were created using the previously calculated warps from
subject GRE magnitude image to common template space (Figure 2.3).

Magnitude

Brain mask

Multi-echo 50

gradient-recalled echo

0.1
Phase

ppm

Figure 2.1: Schematic illustration of the QSM and R; data analysis pipelines for human and monkey brains multi-echo
gradient-recalled echo data.
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Figure 2.2: A. Summary of the location and volume of thirteen different bilaterally segmented brain regions: the middle
thalamus, caudate, substantia nigra, putamen, external and internal globus pallidus, red nucleus, corpus callosum genu,
body, and splenium, cingulum, internal capsule, and anterior commissure. B. The ventricular cerebrospinal fluid region’s
segmented volume in human and monkey brains.

The analyzed regions-of-interest (ROls) were segmented manually on human and mon-
key brain QSM atlases using ITK-SNAP [Yushkevich etal., 2006]. All the ROIs were defined
in both hemispheres, as shown in Figure 2.2A. The segmented brain regions included struc-
tures from the subcortex and white matter, namely, the middle thalamus, caudate, putamen,
substantia nigra, internal and external parts of the globus pallidus, red nucleus, corpus callo-
sum genu, body, and splenium, cingulum, internal capsule, and anterior commissure. Some
brain regions, e.g., thalamus and corpus callosum, include profound heterogeneity within the
area. The thalamus consists of several gray matter nuclei, showing varying iron and myelin
content, considering that We included only the middle thalamus. Similarly, the corpus cal-
losum was also divided into three sub-regions based on anatomical locations: genu, corpus
callosum body, and splenium. The Corpus callosum body is the remaining part of the corpus
callosum between the genu and splenium area. The segmented ROI volumes were inversely
warped into subjects’ native space.

QSM maps were produced for all ten individual echoes from ME-GRE phase data to
determine QSM echo time dependence. The temporal responses of magnetic susceptibility
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for all ROIs in gray and white matter are plotted in Figure

DMRI

The pipelines provided at were used to analyze mon-
key and human brain dMRI data. Diffusion-weighted images were denoised [Veraart et al.,
2016), and corrected for susceptibility distortions, eddy current distortions, and subject move-
ment artifacts [Andersson et al., 2003, Andersson & Sotiropoulos, 2016].

We fitted a diffusion tensor model to the corrected dMRI data [Basser et al., 1994] to cal-
culate axial diffusivity (AD), radial diffusivity (RD), mean diftusivity (MD), and fractional
anisotropy (FA). The three-compartment Neurite Orientation Dispersion and Density Imag-
ing (NODDI) [Zhang et al., 2012] model was fitted using the Accelerated Microstructure
Imaging via Convex Optimization (AMICO) [Daducci et al., 2015] to assess Intra-cellular
Volume Fraction (ICVF), and orientation dispersion (OD) index. Diffusion data from one
human subject was not included in the final analysis due to its poor data quality. Human and
monkey brain atlases were created by aligning non-diffusion-weighted images into a common
space utilizing AN'Ts rigid, affine, and nonlinear registrations [Avants et al., 2008].

The ROIs were segmented manually on the average color-coded FA atlases, based on the
clarity of structures using ITK-SNAP [Yushkevich etal., 2006]. The segmented white matter
ROIs were the corpus callosum genu, body, and splenium.

STATISTICS

Human-monkey brain differences in QSM, R}, and quantitative dMRI parameters were
probed using paired t-test statistics. To account for the effect of multiple comparisons, a
statistical threshold of p<o.003 (i.c., Bonferroni-corrected p<o.os for 13 tests) was used for
QSM and R} analyses, and p<o.016 (i.c., Bonferroni-corrected p<o.os for 3 tests) for dMRI
ROTI analysis.

2.3 REsSULTs

In the QSM and R average templates, the subcortical structures of the human and monkey
brains showed increased contrast than the rest of the brains (Figure 2.3). The gray matter of
the human and monkey brain QSM templates showed paramagnetic susceptibility contrast,
while the white matter tissue exhibited diamagnetic susceptibility contrast.
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Figure 2.3: Population-averaged human and monkey brain QSM and R; maps in sagittal, coronal, and axial planes.
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Figure 2.4: A. QSM and R; templates highlight the basal ganglia in the human and monkey brain. The basal ganglia nuclei,
such as caudate, putamen, and globus pallidus (both internal and external), showed a similar contrast in human and monkey
brains. B. In the coronal section of human and monkey brain templates, the red nucleus QSM and R; contrasts. Humans
had higher QSM and R; values in the red nucleus than monkeys.

2.3.1 QSM — A COMPARISON BETWEEN HUMAN AND MONKEY BRAINS

The analysis of the QSM requires normalization of reconstructed raw magnetic susceptibil-
ity values to any brain tissue (e.g., whole-brain, CSF) susceptibility. Our study found the
whole-brain normalized magnetic susceptibility results approximately similar to the unrefer-
enced magnetic susceptibility results (Figures 2.5 A, 2.6A, and Supplementary Figure A.2).
The whole-brain magnetic susceptibility values in humans and monkeys were very small in
magnitude and were chosen as a reference to normalize the raw QSM values. Another com-
monly used reference is CSF, which showed substantial susceptibility differences in the hu-
man and monkey brains (Supplementary Figure A.2). The CSF and whole-brain magnetic
susceptibility values in humans and monkeys are in Table 2.2.

The gray matter QSM analysis revealed similar magnetic susceptibility values in human
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Monkey Human
CSF [ppm] -10+E8 X107 | 1545 X10
Whole-brain [ppm] | 7+2x107* | -87.6+1 X 10 *

3

Table 2.2: CSF and whole-brain magnetic susceptibility values in the monkey and human brains.

and monkey brains, with the exception of the red nucleus, where the human brain exhib-
ited much higher magnetic susceptibility values (0.07 £ 0.01 ppm) than the monkey brain
(0.03 £ 0.01 ppm) (Figure 2.5 A). The human and monkey brains showed identical magnetic
susceptibility values in the middle thalamus and other subcortical structures such as the puta-
men, caudate, substantia nigra, internal and external segments of globus pallidus. The exter-
nal globus pallidus (GPe) revealed the highest magnetic susceptibility values in both human
and monkey brains.
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Figure 2.5: Human and monkey brain QSM (whole-brain referenced) and R; regional summary statistics for subcortical
gray matter ROls. Bar plots show the mean and the distribution of individual observations for human and monkey brains.
A. Mean whole-brain referenced magnetic susceptibility and R; with the scattered plotted distribution of observations
for individual subject values. B. Regression analysis between human and monkey brain QSM and R;‘ 2 including Pearson’s
correlation coefficient gp) and two-sided p-value (p). Abbreviations: Thal - middle thalamus, Cau - caudate, Put - putamen,
SN - substantia nigra, GPe - external globus pallidus, GPi - internal globus pallidus, and RN - red nucleus.

QSM analysis for white matter ROIs exhibited significant differences in the corpus cal-

losum body and anterior commissure, where monkeys had relatively higher diamagnetic sus-
ceptibility values than humans (Figure 2.6A). Moreover, there were no significant variations

35



in magnetic susceptibility values in the genu, splenium, cingulum, and internal capsule. The
human and monkey brain’s cingulum had the highest diamagnetic susceptibility values. Mag-
netic susceptibility values exhibited higher inter-ROI variability than R} values in both hu-
man and monkey brains.

Linear regression analysis of QSM and R between the human and monkey brain are
illustrated in Figure 2.6B include Pearson’s regression coefhicient, regression slope and inter-
cept, and p-value.
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Figure 2.6: Human and monkey brain QSM (whole-brain referenced) and RZ regional summary statistics for white matter
ROIs. Bar plots showing the mean and the distribution of individual observations for human and monkey brains. A.
Mean whole-brain referenced magnetic susceptibility and R; with the scattered plotted distribution of observations for
individual subject values. B. Regression analysis between human and monkey brain QSM and R; including Pearson’s
correlation coefficient (o) and two-sided p-value (p). Abbreviations: Thal - middle thalamus, Cau - caudate, Put - putamen,
SN - substantia nigra, GPe - external globus pallidus, GPi - internal globus pallidus, and RN - red nucleus.

2.3.2 R; — A COMPARISON BETWEEN HUMAN AND MONKEY BRAINS

The R} results in human and monkey gray matter ROIs were identical to the QSM results.
Only the red nucleus showed substantial R} differences (human = 28 + 1.0 s™'; monkey =
22 £ 3.457"). R} values in the basal ganglia of human and monkey brains were found to be
similar in both species (Figure 2.5 A).

The human brain corpus callosum genu had significantly higher R} values than the mon-
key brain (Figure 2.6A). The human brain cingulum, on the other hand, had substantially

36



lower R values than the monkey brain cingulum. Furthermore, no significant R} changes
were found between the human and monkey brain ROIs such as the body, splenium, inter-
nal capsule, and anterior commissure.

2.3.3 QSM TE DEPENDENCE

QSM TE dependence was observed in most analyzed gray and white matter ROIs in humans
and monkeys but to varying degrees. Figure 2.7 provides QSM temporal (tQSM) profiles for
four gray (middle thalamus, caudate, substantia nigra, and red nucleus) and four white mat-
ter (genu, body, cingulum, and anterior commissure) regions. The rest of the ROIs” tQSM
profiles are shown in the supplementary Figure A 4. All of these tQSM profiles were con-
sistent between measurements and only differed by brain regions. Larger structures, such as
the corpus callosum, demonstrated considerable heterogeneity within the structure and var-
ied temporal profiles for distinct substructures, such as the corpus callosum genu and body
(Figure 2.7).
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Figure 2.7: QSM values as a function of TE for gray matter (top row) and white matter (bottom row) areas. QSM temporal
(tQSM) profile results are shown for the middle thalamus, caudate, substantia nigra, red nucleus, genu, CC body, cingulum,
and anterior commissure. The individual plot shows the temporal susceptibility response for the group mean (thin dotted
line) and confidence interval (Shaded area). The human and monkey brain showed a similar pattern in susceptibility values
with echo time. The human brain showed a positive shift toward higher susceptibility values than the monkey brain in

some brain regions.

Gray matter regions such as the middle thalamus and substantia nigra displayed similar
tQSM curve profiles in the human and monkey brains. Compared to the human brain, the
tQSM curve profile in the caudate shifted towards higher susceptibility values in the mon-
key brain. Moreover, in humans, the red nucleus tQSM profile showed a positive shift and
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enhanced nonlinear dependency compared to the monkey brain. These findings were in line
with the QSM comparative analysis, which demonstrated that the red nucleus of the human
brain had higher QSM than that of the monkey brain.

White matter TE dependence analyses revealed similar trends in tQSM profiles for genu
and anterior commissure in human and monkey brains. At the same time, tQSM profiles
in the corpus callosum body of the monkey brain indicated stronger nonlinearity and an in-
creasing trend with an increase in TE than in the human brain. In contrast to the monkeys,
the human tQSM profile in the corpus callosum body demonstrated less TE dependence.
The cingulum of monkeys showed a positive shift toward higher magnetic susceptibility val-
ues when compared to the human brain (Figure 2.7).

We discovered that CSF magnetic susceptibility levels were essentially independent of
TEs in both human and monkey brains (Figure 2.8). However, these observed values were
paramagnetic in the human brain and diamagnetic in the monkey brain.
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Figure 2.8: QSM temporal (tQSM) profiles for the CSF in human and monkey brains. The TE does not affect the tQSM
profile in the human and monkey brain. The observed tQSM shows positive susceptibility values in the human brain and
negative susceptibility values in monkeys.

2.3.4 DMRI

The DTI analysis showed similar FA values in the human and monkey brain corpus callosum
ROIs (genu, body, and splenium). The observed MD values were higher in the monkey brain
than the human brain, as shown in Figure . No ssignificant variations in FA were observed
between human and monkey brains. Moreover, the observed differences in MD were due to
increased AD in the genu and splenium and higher RD in the monkey brain’s body compared
to the human brain.
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Figure 2.9: The corpus callosum QSM, R; and color-coded FA contrasts in the axial and sagittal sections of the human and
monkey brain templates. When comparing the QSM map to the R; and FA maps, contrast differences in distinct parts of

the corpus callosum are readily visible.
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Figure 2.10: DTI results in summary statistics for three different corpus callosum structures in the human and monkey
brains. There were no substantial differences in FA between the human and monkey brains. On the other hand, the MD
demonstrates the considerable disparities in all three analyzed corpus callosum areas between humans and monkeys.

The NODDI analysis revealed higher ICVF values in the human brain corpus callosum
genu, body, and splenium than the monkey brain (Figure 2.11). However, there were no
significant differences in OD index values between human and monkey brains.
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Figure 2.11: NODDI results in summary statistics for three different corpus callosum structures in human and monkey
brains.

2.4 DiscussioN

This n vivo study compares QSM and Rj in the human and monkey brains. To our knowl-
edge, this is the first study that directly compares human and monkey brain QSM and R} us-
ing identical MRI acquisition parameters. The analyzed QSM, and R} values in the human
and monkey brain gray and white matter regions-of-interest were almost identical except for
afew regions. In addition, we investigated the QSM echo time dependence in the subcortical
and white matter areas of the human and monkey brains. Furthermore, we used quantitative
dMRI results to learn more about the identified similarities and differences in QSM and R}
between human and monkey brains.

QSM provides relative estimates of magnetic susceptibility rather than providing abso-
lute values. These estimates of relative magnetic susceptibility must be referenced to the sus-
ceptibility values of a specific brain region. The problem of selecting an appropriate reference
region is yet unsolved. Previous research has compared and demonstrated QSM’s reference
region reliance [Feng et al., 2018, Straub et al., 2017]. The CSF susceptibility values found
in the human brain in this study were consistent with those reported in the literature [Straub
etal,, 2017]. However, as compared to human CSF values, monkey CSF had diamagnetic sus-
ceptibility values. These magnetic susceptibility discrepancies using CSF as a reference region
could lead to erroneous disparities in susceptibilities between human and monkey brains. In
an existing study, iron levels in the CSF of a rhesus monkey brain (35.9 &+ 15.1 £g/dl) were
found to be higher than in the human brain (1.5 g/dl), contrary to what we have observed
[Altman & Dittmer, 1974, Hambleton et al., 1981].

The whole-brain referenced magnetic susceptibility and R values in the investigated sub-
cortical ROIs were identical in human and monkey brains, except for the red nucleus. The
red nucleus of the human brain had higher magnetic susceptibility and R} values than that
of the monkey brain. The observed variances could be due to differences in red nucleus or-
ganization between bipedal and quadrupedal species. The parvicellular red nucleus develop-
ment in the human and monkey brain red nuclei are known to differ [Onodera & Hicks,
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2009, Hicks & Onodera, 2012]. Because of the importance of the red nucleus in complex
task performance, further research is needed to understand the organizational difterences be-
tween bipedal and quadrupedal species’ red nuclei [Basile et al., 2021].

There were substantial changes in QSM and R} values between human and monkey
brains in some white matter ROIs. In comparison to the human brain, the monkey brain
corpus callosum body and cingulum have higher diamagnetic susceptibility values, indicat-
ing more myelin content. However, combining two distinct effects in white matter struc-
tures, the orientation of fibers in relation to the magnetic field and variations in the tissue
microstructure, could explain these discrepancies overall. In this study, human volunteers
had a supine position, and monkeys had a prone position inside the scanner. The orientation
of fiber tracts in reference to the magnetic field direction changes when you go from supine to
prone. However, the fiber bundles that connect the two hemispheres (callosal fibers) run in
asimilar direction. We conducted a pilot study to evaluate the effects of fiber bundle orienta-
tion relative to the magnetic field on QSM and R}. In this pilot study, postmortem monkey
brain measurements were carried out in supine and prone positions inside the MRI scanner.
The postmortem monkey brain measurements yielded QSM and R} values that were not
substantially different between the two head positions (Supplementary Figure /A.5). The ob-
served percent (%) change in QSM and R} values from supine to prone positions does not
account for all 7z vivo variations in human and monkey brain magnetic susceptibility and R
values.

Previous research has reported that the corpus callosum in the human and monkey brains
has a similar topographic organization [Hofer et al., 2008]. In addition, as compared to the
monkey brain, the parietal and temporal sectors of the human corpus callosum have higher
FA values [Caminiti et al,, 2013]. Our DTI results showed no significant differences in FA
between human and monkey brains. Monkeys have higher MD values and lower ICVF val-
ues compared to humans, indicating less tissue integrity and axonal density. However, higher
AD values in corpus callosum genu and splenium could not be explained based on available
data.

QSM relies on the assumption that the measured phase in a voxel is linearly related to the
TE and local field perturbations. Moreover, recent work has shown that GRE measured fre-
quency and phase evolution do not hold this presumption, and phase and frequency in a
voxel evolve nonlinearly with TE [Biondetti et al., 2020, Tendler & Bowtell, 2019]. This
nonlinear phase evolution occurs in the presence of tissue microstructure or due to phase
unwrapping errors [Cronin et al., 2017, Biondetti et al., 2020]. The results of our QSM TE
dependence in the human brain were comparable to those of a previous study [Sood et al.,
2017]. A previous study also demonstrated that the acquisition parameter and TE choice can
impact the observed QSM TE dependence [Lancione et al., 2019]. However, in this study,
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we provide an excellent human and monkey brain comparison by maintaining all acquisition
parameters and TEs the same. More investigation into the temporal dependence of magnetic
susceptibility could shed light on its relationship with tissue microstructure.

In conclusion, QSM and R} analyses in human and monkey brains will help us better un-
derstand tissue substrate similarities and differences. Importantly, acquiring MRI data in
the same way in humans and monkeys aids in the development of a comprehensive under-
standing of QSM and R} measured iron and myelin levels in the subcortical and white matter
areas. In order to further investigate the source of differences in human and monkey brain
CSF magnetic susceptibilities, we obtained human and monkey CSF samples from healthy
human volunteers and monkeys. A brain phantom with human and monkey CSF will be
built in the future, and both samples will be measured simultaneously using the same equip-
ment ata 3 T MRIscanner. In addition, to examine magnetic susceptibility and R} discrep-
ancies in the human and monkey brain red nucleus and white matter regions, high-resolution
quantitative MRI and histology comparisons are required.
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ABSTRACT

Neuroimaging studies in non-human primates benefit from the use of standardized species-
specific brain templates for reporting research findings. The availability of species-specific
brain templates enables the comparison of neuroimaging data across multiple sources and
sites via a common standardized anatomical space. However, the available rhesus macaque
brain templates do not generalize well to other macaque species. The rhesus macaque tem-
plates do not capture morphometric features of the cynomolgus macaque. Moreover, while
T1-based brain templates are excellent in gray-white matter contrast, T1 alone does not dif-
ferentiate across all brain tissue types (e.g., cortical, subcortical, and white matter). Notably,
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many iron-rich structures in subcortical nuclei show better differential contrast with T5-
weighted sequences. In this work, we constructed high-quality standardized symmetric and
asymmetric multi-contrast MRI brain templates using cynomolgus macaque monkey scans.
The multi-contrast templates improved single volume registration to a standardized anatom-
ical space and provided accurate delineations of cortical and subcortical brain structures.

The work described in this chapter resulted in the following output:

Rakshit Dadarwal, and Susann Boretius. "Multi-contrast MRI Atlas of the cynomol-

gus Macaque Brain” In: Proceedings of the 29th Annual Meeting of the International
Society for Magnetic Resonance in Medicine (ISMRM), (Virtual) (2021).

Rakshit Dadarwal, and Susann Boretius. A multi-contrast MRI template of the
cynomolgus macaque monkey” (manuscript in preparation).

3.1 INTRODUCTION

Like human neuroimaging studies, non-human primate (NHP) neuroimaging studies re-
quire a standard anatomical template to facilitate reproducible research (data analysis and
comparison) across studies and laboratories. Standardization of single-subject image data to
the anatomical template must be to the species-specific template to overcome inter-species
variability. Anatomical templates make identifying the right structural area in MRI studies
easier and guide the accurate placement of electrodes or needles in NHPs. Precision target-
ing in tracer injection experiments [Majka et al., 2016, Murayama et al., 2006] and creating a
lesion in a particular part of the brain [Kunimatsu et al., 2015, Vaidya et al., 2019], needs an
excellent contrast from the area of interest.

Cynomolgus monkeys (Macaque fascicularis), also known as crab-eating or long-tailed
macaques, are extensively used in neuroscience and biomedical research and have played an
essential role in pharmaceutical drug trials and vaccine development [Bonfanti et al., 2009,
Brennan et al., 2017, Weber et al., 2020].

Our study addresses two significant issues that limit the use of currently openly available
macaque templates: First, most available macaque templates do not sufficiently represent
the cynomolgus macaque. The majority of available macaque brain templates and atlases are
from rhesus macaques [Calabrese et al., 2015, Essen & Dierker, 2007, Frey et al., 2011, Liu
etal., 2009, McLaren et al., 2009, Reveley et al., 2017, Rohlfing et al., 2012, Rushmore et al,,
2020, Saleem & Logothetis, 2012, Seidlitz et al., 2018, Shi et al,, 2017, Weiss et al., 2020]
and do not adequately capture the cynomolgus macaque’s anatomy [Frey etal., 2011, Gucht
et al., 2006, Kirk, 2006, McLaren et al., 2009]. The openly available cynomolgus macaque
template, MNI [Frey et al,, 2011], and others [Ballanger et al., 2013, Collantes et al., 2009)]
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were constructed using data obtained atlow field strength (1.5 Tesla) and with low spatial res-
olution, which overall led to a reduced signal-to-noise ratio (SNR) and contrast-to-noise ratio
(CNR). Furthermore, existing atlases only provide labels for a few regions-of-interest (ROI)
and do not cover all brain structures. Therefore, a dedicated cynomolgus template accom-
panied by tissue parcellation is required for single cynomolgus macaque data standardization
and anatomical structural localization.

The second issue with available cynomolgus macaque brain templates is the lack of multi-
ple imaging contrasts, as most of the available templates only provide structural T;-weighted
images [Lv et al,, 2021]. Different MRI contrasts ofter complementary information and
are sensitive to varying properties of the biological tissues [Cercignani & Bouyagoub, 2018,
Dadarwal & Boretius, 2021a]. The inclusion of numerous MRI contrasts allows us to bet-
ter visualize cortical, subcortical, and white matter structures and facilitates fine anatomi-
cal tissue segmentation and classification [Xiao et al., 2015]. The multi-contrast approach
can also enhance the translation capacity of non-human primate studies to human studies.
As quantitative parametric maps account for inter-regional variations better than qualitative
parametric maps. The availability of numerous MRI contrasts also offers the opportunity to
create synthetic MRI contrasts with enhanced tissue information.

This study provides high-quality multi-contrast symmetric and asymmetric MRI tem-
plates of the cynomolgus macaque brain, as well as comprehensive anatomical parcellations.
We created the templates from high-resolution structural (T;-weighted, T,-weighted, Mag-
netization Transfer weighted, and Multi-echo gradient-recalled echo) and parametric (mag-
netic susceptibility, effective transverse relaxation rate, magnetization transfer saturation in-
dex, and apparent T relaxation time) MRI contrasts from a cohort of 14 female cynomolgus
macaques. The multi-contrast-based symmetric and asymmetric cynomolgus templates with
o.2smm and 0.5 mm isotropic resolution can serve as a final standard stereotaxic space for the
neuroscience and biomedical research community. All the MRI templates with their tissue
probability masks, anatomical parcellations (including cortical, subcortical, and white mat-
ter ROIs), and brain surfaces will be made available to the scientific community on Zenodo

( )-

3.2 MATERIALS AND METHODS

3.2.1 SUBJECTS

Our subject cohort included 14 female long-tailed macaques (Macaca fascicularis). Five
macaques were between the ages of 7 - 9 years old, and nine macaques were between the ages
of 16 - 18 years old.
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3.2.2  ANIMAL EXPERIMENTS

All monkeys were purpose-bred, raised, and housed according to the standards for macaques
of the German Primate Center (Gottingen, Germany). All aspects of the study were con-
ducted in accordance with national and international guidelines of the German Animal Pro-
tection Law and the European Union Directive 2010/63/EU for the Protection of Animals
used for Scientific Purposes. The study was approved by the local authorities, the Animal
Welfare Service, Lower Saxony State Office for Consumer Protection and Food Safety (li-
cense number 33.19-42502-04-16/2278). In preparation for anesthesia, the macaques were
deprived of food overnight. Anesthesia was induced by a mixture of ketamine (8.05 & 2.65
mg per kg body weight) and medetomidine (0.02 & 0.01 mg per kg) and maintained by isoflu-
rane (0.8 - 1.7% in oxygen and ambient air) via endotracheal tube and pressure-controlled
active ventilation. The monkeys were placed in a prone position, and their heads were fixed
in an MR-compatible stereotactic apparatus (Kopf 1430 M, ).

3.2.3 MRIDATA ACQUISITION

All brain images were acquired at a 3T scanner (MAGNETOM Prisma, Siemens Healthi-
neers, Erlangen) using a 7 cm single loop circular coil. The imaging protocol included struc-
tural T;-weighted (T;w), T,-weighted (T, w), multi-echo gradient-recalled echo (ME-GRE),
magnetization transfer-weighted (MTw), proton density-weighted (PDw), and T;w acquisi-
tions, as detailed in Table 3.1 and Table

Parameters Tw Tow ME-GRE
Pulse sequence 3D MPRAGE Spin echo 3D Gradient echo
Native resolution (mm?) | 0.5 X 0.5 X 0.5 | 0.4 X 0.4 X 0.9 | 0.31 X 0.3 X 0.31
Field of view (mm?) 107 X 127 108 X 128 97 X 120
Acquisition matrix 216 X 256 270 X 320 312 X 384
Number of slices 180 50 144
Total acquisition time (min) 14.3 5.2 24
TR/TE (ms) 2700/2.7 8000/17 57/(3.7/4.9/48]
Flip angle (degree) 8 180 20
Pixel bandwidth (Hz/Px) 250 250 250

Table 3.1: MRI acquisition parameters for T;w, Tow, and ME-GRE scans.
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Parameters MTw PDw T,w
Pulse sequence 3D FLASH 3D FLASH 3D FLASH
Native resolution (mm?®) | 0.5 X 0.5 X 0.5 | 0.5 X 0.5 X 0.5 | 0.5 X 0.5 X 0.5
Field of view (mm?) 107 X 127 107 X 127 107 X 127
Acquisition matrix 216 X 256 216 X 256 216 X 256
Number of slices 128 128 128
Total acquisition time (min) 15.3 6.3 5.1
TR/TE (ms) 30/3.2 25/3.2 10/3.2
Flip angle (degree) 5 5 15
Pixel bandwidth (Hz/Px) 300 300 300
Number of averages 2 I 2

Table 3.2: MRI acquisition to quantify MTsat and T;app required MTw, PDw, and T;w scans. MRI acquisition parameters
for MTw, PDw, and T;w scans.

3.2.4 DATA ANALYSES
PREPROCESSING

Preprocessing of Tyw, Tow, MTw, and mean ME-GRE (mGRE) (mean across echo times)
images was performed using interfaces from the Nipype [Gorgolewski et al., 2011] library, as
depicted in Figure 3.1 A. Each subject’s Tyw, Tow, MTw, and ME-GRE DICOM images were
first converted into Nifti format using Demzniix [Li et al., 2016]. The Tyw, Tow, MTw, and
mGRE Nifti images were denoised using ANTs Denoiselmage [Manjén et al., 2010]. The
segmentation of the brain mask for each MRI contrast was carried out manually using the
ITK-SNAP segmentation tool [Yushkevich et al., 2006] due to the lack of automatic skull-
stripping tools for the monkey brain. The constructed brain masks were then used as an
input for bias removal using ANTs NyBiasFieldCorrection [Tustison et al., 2010] and sub-
sequently in skull-stripping. The skull-stripped T>w, MTw, and mGRE images were then
registered linearly (affine) to the T;w brain image from the same subject using ANTs Regis-
tration [Avants et al., 2008].

TIW TEMPLATE CREATION

The Ty w template was generated using a python pipeline (

) based on ANTs template creation script (antsMultivari-
ateTemplateConstructionz.sh). This pipeline uses symmetric normalization (SyN) [Avants
et al., 2008] algorithmic approach to nonlinearly register all the Tyw brain scans to create an
unbiased group average template image. The final template was termed the Deutsches Pri-
matenzentrum cynomolgus macaque (DPZCYNO) template. The NMT v2 [Jung et al,,
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2021] template was used as a target template for the stereotaxic orientation of the DPZ-
CYNO template Figure 3.4. The asymmetric DPZCYNO was created using the 14 anatomi-
cal scans. These anatomical scans were first duplicated and mirrored about the plane between
the hemispheres to generate the symmetric DPZCYNO templates. We then used the result-
ing 28 volumes to generate the symmetric template.

Single subject preprocessing Template construction

Tiw

‘~\

g Linear and
nonlinear
registrations

Symmetric

Asymmetric

Linear registration —a il

Figure 3.1: A. Preprocessing of Multi-contrast (T;w, Tow, mGRE, and MTw) MRI images for a single subject. B. The con-

struction of unbiased asymmetric and symmetric brain templates using cohorts of 14 and 28 scans (14 original and 14
mirrored), respectively. The preprocessing steps included image denoising, brain extraction, bias field correction for the
Tiw, Tow, mGRE, MTw contrasts, and linear registration of To,w, MTw, and mGRE images to the T;w image.

MEAN DISPLACEMENT MAP

To assess the morphometric differences across the 14 anatomical scans, we calculated the dis-
placement map by taking the average of the diffeomorphic warp fields from 14 subject spaces
to the asymmetric template space. The mean displacement map shows the amount of the
average displacement at each voxel in each spatial dimension (i.e., x,y,z) between the subjects
and template, as shown in Figure 3 5.
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CONTRAST-TO-NOISE RaT10 (CNR)

On each structural and parametric template, we calculated the contrast-to-noise ratio (CNR)
to quantify how distinguishable two tissue classes are from one another. Here, the CNR was
evaluated by using the following formula:

CNR — mean(Xi) - m'mn()(])
standard deviation (CSF)

Class X7 refers to cortical gray matter and subcortical gray matter, while class Xj refers to

(3.1)

white matter and subcortical gray matter tissue. These two classes were combined to make
three possible pairs.

The CNRs were estimated using the full brain cerebrospinal fluid (CSF), cortical gray
matter, white matter, and subcortical gray matter ROI labels, excluding the cerebellum, and
pons regions, as shown in Supplementary Figure

SEGMENTATION

The T;w template was used to create the DPZCYNO brain mask using the ITK-SNAP tool
[Yushkevich et al., 2006]. Furthermore, ANTs Atropos (antsAtroposNy.sh) was used to clas-
sify DPZCYNO T;w template brain tissues into three classes (CSF, gray matter, and white
matter). The resultant output comprised CSF, gray matter, and white matter segmentation
masks with their associated probabilistic maps. We manually edited the binary gray matter
segmentation mask to produce a cortical mask. Other binary masks for the left and right
hemispheres, subcortical and non-cortical regions, were created to be used in the surface gen-
eration pipeline for surface filling.

CorTICAL THICKNESS, SURFACE CURVATURE, AND SURFACE AREA

We derived the cortical thickness of the symmetric and asymmetric DPZCYNO templates
using a volumetric-based approach, which requires segmented cortical gray matter and white
matter masks as input. The cortical thickness was estimated using ANTs KellyKapowski,
which is based on the DiReCT method [Dasetal., 2009]. The mean and Gaussian curvatures
and surface area for the symmetric and asymmetric DPZCYNO templates were calculated
using AN'Ts SurfaceCurvature.
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SURFACE GENERATION

The DPZCYNO template surface maps were derived using a semi-automatic approach based
on precon_all ( ). Precon_all, which is an animal surface
generation pipeline that also works for non-human primates. To run this cortical surface
generation pipeline, the DPZCYNO structural T;w template with a whole-brain mask was
used for brain extraction, and masks of the left and right cerebral hemispheres, brainstem,
cerebellum, and subcortical nuclei were supplied as an input for white matter filling. The
output surface maps are shown in Figure

QUANTITATIVE SUSCEPTIBILITY MAPPING (QSM) AND EFFECTIVE TRANSVERSE RELAX-
ATION RATE (R))

ME-GRE magnitude and phase data were used to calculate R} and QSM maps. R maps
were calculated by fitting the ME-GRE magnitude signal decay across all echo times with a
mono-exponential model [Pei et al., 2015]. QSM maps were reconstructed using coil com-
bined ME-GRE phase data. This QSM reconstruction included phase unwrapping using
the best-path algorithm, background field removal using Laplacian boundary value and vari-
able spherical mean value filtering algorithms, and solving the inversion problem using the
multiscale dipole inversion approach [Abdul-Rahman et al., 2007, Acosta-Cabronero et al.,
2018, Zhou et al., 2014].

MAGNETIZATION TRANSFER

Magnetization Transfer saturation index (M Tsat) and apparent longitudinal relaxation time
(Tyapp) maps were estimated using the method described by [Helms etal., 2008]. The method’s

steps were implemented in MATLAB R2o18a (The Mathworks Inc., Natick, MA) and are
available at

T,w, MTw, QSM, AND R} TEMPLATES

ANTs ApplyTransforms was used to concatenate the linear deformation fields from single
subject structural contrasts (T,w, MTw, and mGRE) to the same subject’s Tyw image and
nonlinear deformation field from the subject’s T;w image to the final DPZCYNO T;w tem-
plate. Furthermore, these concatenated deformation fields were used to transform all struc-
tural (T,w, MTw, and mGRE) and parametric (QSM, R}, MTsat, and Tiapp) images from
the native subject space into the DPZCYNO T;w template space. Finally, the population-
averaged symmetric and asymmetric T,w, MTw, mGRE, QSM, R}, MTsat, and T;app tem-
plates were created by computing a pixel-wise mean across subjects.
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SYNTHETIC IMAGES VIA A LINEARLY-WEIGHTED COMBINATION OF CONTRASTS (SILI-
CON)

We have used a weighted linear combination to fuse multiple symmetric DPZCYNO tem-
plates. Multiple variable structural and parametric contrasts including Tyw, Tow, M Tw,
QSM, R, and M Tsat were chosen to maximize contrast in the synthetic image. Fifty weights
(W) for Tyw were generated at random between o and 1, while for Tow, MTw, QSM, R3,
and MTsat, between -1 and 1. Tyw, T,w, and M Tw signal intensities and QSM, R3, and MT-

sat values (X) were normalized to a range of o to 1 before entering into the fusion equation,

6
Yi= Z We - Xci (3.2)
=1

In order to automatically select the most promising image fusion (i.e., weights), CNRs
and Linear Discriminant Analysis (LDA) accuracy score were used as follow: The minimum
threshold set for the CNR between gray matter and white matter was 3, while the threshold
for the CNR between subcortical gray matter and white matter was 2. Moreover, to main-
tain the low contrast differences between the gray matter and subcortical gray matter, the
maximum CNR threshold was set to o.5. The threshold for the LDA accuracy score was set
to 0.90. The selected fusion image obtained the highest LDA accuracy score out of fifty iter-
ations and met all of the CNR requirements.

CoORTICAL MYELIN MAPPING

The Tyw/T,w ratio is commonly used as a surrogate for myelin content. T;w/T,w maps were
generated using each subject’s Tyw and T,w scans. The resulting output T;w/T,w maps
were then nonlinearly warped into the DPZCYNO template space. Finally, we mapped the
T, w/T,w template volume map onto the DPZCYNO template surfaces using Connectome
Workbench [Marcus etal., 2011].

REGISTRATION TO OTHER MACAQUE TEMPLATES

The DPZCYNO template brain parcellations were extracted from the already available rhe-
sus macaque atlases. To obtain ROl labels in the DPZCYNO space, we nonlinearly registered
the DPZCYNO T;w template to the NMT v2 symmetric [Jung et al., 2021], D99 [Reveley
etal., 2017, Saleem & Logothetis, 2012], and INIA19 [Rohlfing et al., 2012] templates using
ANTsRegistration [Avantsetal., 2011]. We used the resultant NM T v2 to DPZCYNO warp
files to transform the Cortical Hierarchy Atlas of the Rhesus Macaque (CHARM) [Jung
etal., 2021] and Subcortical Atlas of the Rhesus Macaque (SARM) [Hartig et al., 202.1] par-
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cellations from the NMT v2 space to the DPZCYNO space. We used the D99 template to
DPZCYNO warp files to transform the Dgg atlas parcellation into the DPZCYNO space.
Finally, we used the INIA19 template to DPZCYNO warp files to transform the INIA19-
NeuroMaps white matter parcellation into the DPZCYNO space.

3.3 RESULTS

3.3.1  MULTI-CONTRAST DPZCYNO TEMPLATES

We have constructed symmetric and asymmetric multi-contrast MRI templates in the stereo-
taxic orientation (Figure 3.2) for the cynomolgus macaque brain. The multiple MRI con-
trasts consisted of both structural (Tyw, T,w, ME-GRE, and MTw), as well as parametric
(QSM, R}, MTsat, and Tyapp) templates (Figure 3.3). The symmetric and asymmetric DPZ-
CYNO templates provided a clear visualization of cortical, subcortical, and white matter
structures. The CNR results for all the symmetric and asymmetric templates are listed in
Supplementary Table A.1 and Supplementary Table A 2, respectively. The symmetric Tyw
template provided an excellent cortical gray-to-white matter contrast (CNR = 3.1). In con-
trast, nGRE, QSM, and R} templates provided an excellent contrast from subcortical gray
matter structures. In comparison to the symmetric Tyw template, the symmetric QSM tem-
plate substantially enhanced visibility of subcortical structures such as the superior colliculus,
thalamus, substantia nigra, caudate, putamen, external and internal segments of the globus
pallidus, optic tract, internal capsule, and the dentate nucleus (Figure 5.4). However, the Tyw
template had the highest cortical gray matter and white matter contrast, while the mGRE,
QSM, and R} templates had the lowest. The MTw, T,w, MTsat, and Tyapp templates pro-
vided an outstanding gray-white matter tissue contrast in the brain.

Figure 3.2: The stereotaxic orientation and coordinate space of the symmetric and asymmetric DPZCYNO templates.
Stereotaxic orientation was determined by the unbiased template construction with a rigid alignment of scans to the sym-
metric NMT v2 rhesus macaque template. The DPZCYNO template orientation is similar to the Horsley-Clarke stereotaxic
apparatus, which will provide a useful guide for neurosurgical planning in the cynomolgus macaque. Abbreviations: AP =
Anterior-Posterior axis, S| = Superior-Inferior axis, LR = Left-Right axis.
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Figure 3.3: The symmetric multi-contrast MRI templates for cynomolgus macaque monkey brain. A) Native MRI contrast
templates include Tyw, MTw, mean GRE (mGRE), and T,w templates. B) Quantitative contrast templates include QSM,
R;, MTsat, and Tiapp. The T;w template gives great cortical gray-to-white matter contrast, whereas the mGRE, QSM, and
R; contrasts are rich in contrast from the deep subcortical structures.
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1 = Superior colliculus

2 = Thalamus

3 = Substantia nigra

4 = Caudate

5 = Putamen

6 = Globus pallidus external
7 = Globus pallidus internal
8 = Optic tract

9 = Internal capsule

10 = Dentate nucleus

Figure 3.4: The symmetric T;w template (left) coronal images are compared to the symmetric QSM template (right). Tyw
template shows an excellent gray-white matter contrast, whereas the QSM contrast shows a unique and rich contrast from
subcortical structures. The highlighted areas on the QSM template include the superior colliculus, thalamus, substantia
nigra, caudate, putamen, external and internal segments of the globus pallidus, optic tract, internal capsule, and the dentate
nucleus.

3.3.2 MEAN DISPLACEMENT MAP

The average deformations between a single subject Tyw image and the asymmetric T;w tem-
plate are shown in the mean displacement map. Significant deformations were seen in the
frontal and occipital portions of the brain, as shown by the representation of the mean dis-
placement map on the asymmetric DPZCYNO template surfaces (Figure 3.5). The frontal
and occipital areas are well-known for their extreme variability. The mean displacement
map’s mean was 0.31 mm, which was smaller than the structural voxel dimension (0.5 mm).

3.3.3 SILICON

The LDA accuracy score for the chosen SILICON image was 0.93. The SILICON image
had weight combinations of 0.69, 0.52, -0.46, -0.46, -0.11, and 0.36 for the Tyw, Tow, M Tw,
QSM, RJ, and MTsat templates, respectively. The CNR value for gray matter and white
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Mean Displacement Map

A_I_P Lateral Medial ﬂ_A Lateral Medial ﬂ_P

Figure 3.5: Mean displacement map (average deformation between each subject and the asymmetric DPZCYNO tem-
plate). The average deformation at each voxel is the mean absolute value of all subject’s average diffeomorphic warp
fields from the subject’s native space to the asymmetric DPZCYNO template space. Lateral and medial views of the mean
displacement map on the mid-cortical surface are shown for the 14 scans used for the asymmetric template construction.
Deformation was most significant in some parts of the frontal and occipital areas. We observed the mean displacement
map'’s average (mean MDM = 0.31 mm) to be less than the dimension of a structural voxel (0.5 mm). Abbreviations: L -
left, R - right, A - anterior, P - posterior, and D - dorsal.

matter in the SILICON image was 3.3, 2.9 for subcortical gray matter and white matter, and
0.4 for gray matter and subcortical gray matter.

As demonstrated in Figure 3.6, the SILICON image displayed outstanding contrast in
both cortical and subcortical areas.

3.3.4 TISSUE SEGMENTATION

A three-tissue segmentation algorithm resulted in CSF, gray matter, and white matter seg-
mentation masks with their probabilistic maps. Segmentation masks were created with a 5o
% probability. The symmetric T;w segmentation resulted in a clear separation of CSF from
gray-to-white matter tissue (Figure 3.6). However, of the subcortical structures, only the cau-
date and putamen were included in the derived gray matter mask. The remaining subcortical
areas were incorrectly classified in the white matter segmentation mask (Figure 5.6).

When compared to the symmetric T;w segmentation, the symmetric SILICON based
gray-white matter segmentation resulted in improved gray-white matter segmentation (Fig-
ure 3.6). The majority of subcortical structures were part of the SILICON derived gray mat-
ter segmentation mask.

3.3.5 MORPHOMETRY

The anterior-posterior dimension of the symmetric DPZCYNO T;w template brain is 62.75
mm, the medial-lateral dimension is 50.25 mm (both left and right hemispheres combined),
and the dorsal-ventral dimension is 38.50 mm. The brain mask’s total intracranial volume is
64.70 cc, including the cerebellum and pons.
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Figure 3.6: The symmetric T;{w template and symmetric SILICON image brain tissue segmentation results. The automatic
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three-class tissue segmentation results in CSF, gray matter, white matter probability masks, and a three-tissue segmen-
tation image. The symmetric Tyw segmentation misclassifies most of the subcortical structures as a part of the white
matter. In contrast, symmetric SILICON segmentation showed an improved delineation of gray matter and white matter.
As a result, the majority of subcortical structures were classified as gray matter rather than white matter. Abbreviations:
CSF - cerebrospinal fluid, GM - gray matter, and WM - white matter.

The symmetric T;w template-based 3-tissue segmentation classified the total intracranial
volume into a CSF volume of 11.5 cc, a gray matter volume of 31.5 cc, and a white mat-
ter volume of 21.7 cc. The segmented white matter and gray matter volumes were over-and
under-estimated. The use of symmetric SILICON image for gray-white matter segmentation
improved these over-and under-estimated volumes, as shown in Figures 3.6 and 5.7. The sym-
metric SILICON image-based segmentation categorized the total gray-white matter volume
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into a gray matter volume of 31.8 cc, and a white matter volume of 21.4 cc. The cortical gray
matter mask was 27 cc in volume.
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Figure 3.7: The symmetric Tyw template and symmetric SILICON image segmentation results. The symmetric T{w segmen-
tation misclassifies some gray-to-white matter structures (highlighted structure in the visual cortex). Symmetric SILICON
segmentation, on the other hand, improved the delineation of cortical gray/white matter. Abbreviations: GM - gray mat-
ter, and WM - white matter.

3.3.6 SURFACES

We provide white matter, mid-cortical, and gray matter surfaces of the symmetric and asym-
metric DPZCYNO templates (Figure 3.8). The white matter surface represents the interface
between gray-to-white matter. The gray matter surface or pial surface represents the interface
between gray matter and CSF. And the final mid-cortical surface represents the mid-distance
between the white matter and pial surface boundary. The mid-cortical surface is the most
commonly used surface to visualize statistical parametric maps.

We provide essential tissue masks to generate surfaces for a single cynomolgus macaque
Tyw scan using precon_all. All the generated symmetric and asymmetric DPZCYNO tem-
plate surfaces are saved in the GIFTT format. They are compatible with the FreeSurfer vol-
ume viewer (freeview) and the Connectome Workbench viewer (wb_view) [Marcus et al.,
2011, Fischl, 2012].
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Figure 3.8: The symmetric DPZCYNO cortical surfaces. The symmetric DPZCYNO surfaces of white matter, mid-cortical,
and gray matter in lateral, medial, dorsal, and ventral views. The white matter surface is based on the boundary between
gray matter and white matter, and the gray matter surface or pial surface is based on the border between gray matter and
CSF. The mid-cortical surface represents the surface that is mid-distance between white matter and pial.

3.3.7 CORTICAL THICKNESS AND CORTICAL MYELIN MAPPING

The cortical thickness was estimated using the symmetric DPZCYNO T;w template, as shown
in Figure 5.9. In both hemispheres, the average cortical thickness was the same (1.944 mm).
The thickest (~3-4 mm) portions of the cortex were found to be the medial prefrontal cortex
(area 9), anterior cingulate cortex (area 24), and motor cortex.

D Lateral Medial D

Figure 3.9: The symmetric DPZCYNO cortical thickness map on the very inflated mid-cortical surfaces in lateral, medial,
and dorsal views. The highest cortical thickness values were observed in the prefrontal cortex compared to the caudal
areas. The cortical thickness values in the sulci were lower than in the gyri. Abbreviations: PMdr - rostral dorsal premotor
cortex, PMdc - caudal dorsal premotor cortex, M1 - primary motor cortex, F5 - area F5 of the ventral premotor cortex,
and F4 - area F4 of the ventral premotor cortex. Abbreviations: A - anterior, P - posterior, D - dorsal, L - lateral, and M

- medial.
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The cortex’s somatosensory, visual, and auditory areas were among the thinnest (~1-
2 mm). The sulci had a thinner cortical thickness than the gyri. The DPZCYNO’s cortical
thickness characteristics matched those of rhesus macaques in previous studies [Lepage etal.,
2021, Seidlitz et al.,, 2018, Wagstyl et al., 2015].
We used four myelin mapping methods, including the Tyw/T,w ratio, M Tsat, apparent lon-
gitudinal relaxation rate (Rjapp, the inverse of the Tjapp), and R}. To varying degrees, all
of these parametric contrasts are sensitive to various biophysical properties of myelin. The
Tyw/T,w ratio (Figure ) showed higher values in the primary visual cortex, motor cor-
tex, and somatosensory cortex compared to the other areas of the brain. Similarly, M Tsat
maps also showed higher values in the motor and sensory cortex and the areas of the pos-
terior parietal cortex. Rjapp maps showed higher values in the motor and sensory cortex,
primary visual cortex, and intraparietal area. R} only showed higher values in the primary
visual cortex compared to the rest of the brain.
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Figure 3.10: Surface maps illustrating several approaches that show sensitivity to cortical myelination. Cortical myelin
maps are shown on the very inflated mid-cortical surfaces to reveal underlying myelin patterns. T;w/T,w, MTsat, and
Riapp maps displayed highly myelinated motor and sensory cortical areas. The myelination in the primary visual cortex
was captured more by Tyw/T,w ratio and R; maps than MTsat and Rjapp maps. Abbreviations: A - anterior, P - posterior,

D - dorsal, L - lateral, and M - medial.
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3.3.8 REGIONAL PARCELLATION OF THE DPZCYNO

The NMT v2 template was used to propagate CHARM and SARM hierarchical parcella-
tions into the DPZCYNO template space. D99 and NeuroMaps labels were also propagated
into the DPZCYNO template space from the Dgg and INIA 19 templates, respectively. Af-
ter manually fixing some of the imperfections, the CHARM, SARM, D99, and NeuroMaps
labels accurately represented the respective anatomical structure, as shown in Figure 3.11.
We provide volumetric transformations to and from the NMT v2, D99, and INIA19 tem-
plates with the DPZCYNO template package to facilitate seamless integration with the rhe-
sus macaque atlas work.

D99

NeuroMaps

Figure 3.11: The Cortical Hierarchy Atlas of the Rhesus Macaque (CHARM), D99, Subcortical Atlas of the Rhesus Macaque
(SARM), and NeuroMaps white matter ROI labels. The CHARM and SARM parcellations were produced using the CHARM
and SARM level 6 ROI labels.
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3.4 DiscussioN

The DPZCYNO is a high-resolution multi-contrast MRI template space for cynomolgus
macaque neuroimaging studies, complete with templates, masks, segmentation, and surfaces.
The DPZCYNO templates provide high-resolution symmetric and asymmetric targets for
the alignment of cynomolgus macaque MRI scans to a standardized stereotaxic space. More-
over, the DPZCYNO T;w template, as well as binary hemispheric and tissue masks, will serve
as a standard template for surface generation. Finally, we provide cortical, subcortical, and
white matter parcellations, enabling ROI-based structural and functional connectivity anal-
yses.

In this study, we present multi-contrast MRI templates for the macaque monkey brain.
The presented templates included both the structural (Tyw, T,w, MTw, and ME-GRE) and
parametric contrasts (QSM, R}, MTsat, and Tiapp). The availability of high-resolution
structural and parametric contrasts at 0.25 mm spatial resolution made it feasible to resolve
cortical gray/white matter, as well as many hidden deep subcortical structures with fine de-
tails (Figure 3.5 and 3.4).

The DPZCYNO T;w template’s anatomical details are comparable to the available high-
resolution rhesus macaque template [Jung et al., 2021]. However, the global intracranial
brain volume of rhesus and cynomolgus macaques differs significantly. The intracranial
brain volume measured in the cynomolgus macaque (64.70 cc) is smaller than the rhesus
macaque (91.76 cc) [Jung et al., 2021]. It was previously demonstrated that cynomolgus and
rhesus macaques have different endocranial volumes, inferior frontal cortex shapes, and sul-
cal patterns [Frey et al,, 2011, Gucht et al., 2006, Kirk, 2006, McLaren et al., 2009]. Similar
to prior findings, our current work on determining the log Jacobian determinant values be-
tween cynomolgus and rhesus macaque T;w brain templates also discovered morphometric
discrepancies between both macaque species (Supplementary Figure A.8). Hence, a special-
ized high-resolution template for the brain of the cynomolgus macaque will allow for more
reproducible scientific outcomes in a variety of disciplines, from electrophysiology to struc-
tural and functional MRI.

Most available macaque templates are based on a single MRI contrast, often/typically one
of Tyw, T,w, and diffusion-weighted [Calabrese et al., 2015, Essen & Dierker, 2007, Frey
et al,, 2011, Liu et al., 2020b, McLaren et al., 2009, Reveley et al., 2017, Rohlfing et al,,
2012, Rushmore et al,, 2020, Saleem & Logothetis, 2012, Seidlitz et al., 2018, Shi et al,,
2017, Weiss et al., 2020]. Because of their high gray-white matter contrast, Tyw and Tow
images are commonly utilized as templates. However, their utility in anatomical structural
delineation and tissue parcellation is limited because of the weak contrast from subcortical
regions. Additional MRI contrasts, such as T3 and QSM, have been found to be helpful in
human neuroimaging studies for generating subcortical contrast [Bazin et al., 2020, Alke-
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made et al., 2017, Xiao et al,, 2015]. QSM measures the spatial distribution of magnetic
susceptibility in tissue [Haacke et al., 2004, Haacke et al., 2005, Langkammer et al., 2012].
The presence of iron in the brain’s subcortical regions contributes to the enhanced QSM
contrast, similar to Rj. This effect helps delineate subcortical brain regions such as the inter-
nal and external globus pallidus, substantia nigra, red nucleus, and thalamus. Quantitative
contrasts such as MT saturation index (M Tsat) and apparent T (T;app) are sensitive to the
concentration of myelin in the white matter tissue. The M Tsat and T;app contrasts provide
excellent gray-white matter contrast originating from sources such as myelin, which domi-
nates M T exchange [Helms et al., 2008].

Consistent with previous research, T;w/T,w ratio was highest in extensively myelinated
areas of the brain, such as the sensory-motor, visual, and auditory cortex [Burt et al., 2018,
Glasser & Essen, 2011, Shams et al,, 2019]. MTsat and Ryapp maps, which are also known
to be sensitive to cortical myelination [Hagiwara et al., 2018, McColgan et al., 2021, Shams
et al,, 2019], exhibited similar patterns to Tyw/T,w ratio. R} maps exhibited increased val-
ues specifically in the visual cortex. The amount of iron and myelin in the visual cortex has
been demonstrated to affect R; [Edwards et al., 2018, McColgan et al., 2021]. Tyw/T,w ra-
tio, MTsat, Rjapp, and R} all showed different levels of sensitivity to cortical myelination.
These techniques indirectly evaluate myelin and are sensitive to a variety of biophysical and
microstructural tissue properties [Lazari & Lipp, 2021, Méller et al., 2019, Does, 2018].

Multiple MRI structural and parametric contrast templates in the same orientation space
provide numerous opportunities for improving tissue segmentation and anatomical struc-
tural parcellation. The DPZCYNO multi-contrast templates might help in the creation of
more precise parcellations as well as the improvement of existing parcellations. Another use
of the DPZCYNO multi-contrast templates is to generate a unique image capturing informa-
tion from all forms of tissue contrast. The linearly-weighted fusion of multi-contrast DPZ-
CYNO templates yields a synthetic contrast that is rich in every tissue contrast, ranging from
cortical gray matter to white matter, as well as subcortical structures. The SILICON image
enhanced the subcortical contrast while preserving the T;w-like gray-white matter contrast.
The SILiCON segmentation results substantially enhanced the gray-white matter segmenta-
tion results as compared to T;w (Figure 3.6). We believe improved segmentation and tissue
probability masks in the standard template space will be essential for single macaque scan seg-
mentation and parcellation. We may also use the multi-contrast fusion approach for other
forms of MRI contrast. The idea of combining multiple MRI contrasts with random weight-
ing may be further developed by putting more informed constraints on the generated weights.

A limitation of our study was that it only included a relatively small number of subjects.
All of them were females. Gender differences may lead to an underestimation of brain tissue
volumes, as studies in rhesus macaques have shown that females have a smaller brain volume
compared to males [Franklin et al., 2000]. In this study, a single loop circular coil was used to

63



acquire the MRI data, which has some inherent issues such as full brain coverage and a low
signal-to-noise ratio. A multi-channel receive coil could have been a great asset to enhance
SNR and contrast between tissue classes. Another drawback is the age gap between the sub-
ject cohorts, with five individuals being young and nine being old.

In conclusion, we believe the multi-contrast DPZCYNO templates, accompanying seg-
mentation masks, and surface maps can be used in various neuroimaging applications in non-
human primates. The DPZCYNO templates will allow neuroscientists across labs to bet-
ter reproduce findings from electrophysiological and MRI studies in cynomolgus macaques.
Finally, the availability of MRI templates from different MRI contrasts such as Tyw, T,w,
GRE, QSM, R}, MTsat, and Tiapp would benefit the macaque neuroimaging community
by providing complementary information about all brain tissues.
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You make different colors by combining those colors that al-
ready exist.

Herbie Hancock
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ABSTRACT

Recent progress in quantitative susceptibility mapping (QSM) has enabled the accurate de-
lineation of submillimeter scale subcortical brain structures in humans. QSM reflects the
magnetic susceptibility arising from the spatial distribution of iron, myelin, and calcium in
the brain. However, the simultaneous visualization of cortical, subcortical, and white matter
structure remains challenging, utilizing QSM data solely. Here we present TQ-SILICON, a
fusion method that enhances the contrast of cortical and subcortical structures and provides
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an excellent white matter delineation by combining QSM and conventional T;-weighted
(Tyw) images. In this study, we first established QSM in the macaque monkey to map iron-
rich subcortical structures. Implementing the same QSM acquisition and analyses methods
allowed a similar accurate delineation of subcortical structures in humans. Moreover, apply-
ing automatic brain tissue segmentation to TQ-SILiCON images of the macaque improved
the classification of the brain tissue types as compared to the single T;w contrast. Further-
more, we validate our dual-contrast fusion approach in humans and similarly demonstrate
improvements in automated segmentation of cortical and subcortical structures. We believe
the proposed contrast will facilitate translational studies in non-human primates to investi-
gate the pathophysiology of neurodegenerative diseases that affect the subcortical structures
of the basal ganglia in humans.

The work described in this chapter resulted in the following output:

Rakshit Dadarwal and Susann Boretius. "Merging Ti-weighted images with QSM
provides a unique contrast for brain tissue segmentation in humans and non human

primates”, In: Proceedings of the 29th Annual Meeting of the International Society
for Magnetic Resonance in Medicine (ISMRM), (Virtual) (2021).

Dadarwal, R., Ortiz-Rios, M., Boretius, S., 2021. "Fusion of quantitative susceptibility
maps and Ty-weighted images improve brain tissue contrast in primates’.
https://doi.org/10.1101/2021.10.05.462876

4.1  INTRODUCTION

Precise delineation of brain structures plays a crucial role in neuroscience and medical imag-
ing. Segmentation of brain structures is crucial for surgical planning and image-guided in-
tervention and for the follow-up monitoring of brain changes in health and disease. In par-
ticular, quantitative analyses of tissue morphology and clinical diagnosis strongly rely on the
precise segmentation of cortical and subcortical structures. For example, during interven-
tional applications in primates, precise targeting of subcortical structures is critical for the
delivery of pharmacological and optogenetic agents into deep brain nuclei and is aided by
cortical brain tissue segmentation during MRI-guided interventions.

In both humans and non-human primates (NHPs), T;-weighted images (T;w) are widely
used for the anatomical visualization of brain tissue structures. T;w provides excellent con-
trast for the segmentation of brain tissue classes such as gray matter, white matter, and cere-
brospinal fluid. To better segment brain tissue, it is common to apply automatic volumetric
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and surface-based algorithms to the anatomical T w datasets [Postelnicu et al., 2009]. How-
ever, automated segmentation algorithms underperform in NHPs on T;w images, mainly
due to inhomogeneities arising from the use of surface coils. Furthermore, on T;w, subcor-
tical structures appear very similar to white matter, hampering a correct segmentation. As a
result, when using T;w, automatic tissue segmentation algorithms may misclassify subcorti-
cal deep gray matter nuclei as part of white matter tissue in humans and NHPs.

In contrast to Tyw, Quantitative Susceptibility Mapping (QSM) provides vibrant con-
trast in subcortical deep gray matter nuclei, particularly within basal ganglia due to the high
iron abundance within these structures [Langkammer etal., 2012, Ramosetal,, 2014]. QSM
is a rapidly evolving technique that uses gradient-recalled echo phase images to quantify the
spatial distribution of magnetic susceptibility [Haacke et al., 2004, Haacke et al., 2005].
QSM contrast arises from the magnetic components in the tissue, such as iron, myelin, and
calcium. The presence of myelin in the white matter results in diamagnetic susceptibility
[Langkammer et al., 2012]. In contrast, the presence of tissue iron in the form of ferritin
macromolecules is the predominant contributor to the paramagnetic susceptibility of gray
matter, including the cortex and subcortical structures. Significant progress in the post-
processing of QSM data has enabled the accurate identification of small subcortical struc-
tures in humans [Guan et al., 2019, Schenck & Zimmerman, 2004]. In particular, changes
in the QSM maps in the basal ganglia have emerged as a potential biomarker for Parkinson’s
disease and other neurodegenerative diseases [Guan et al., 2019, Schenck & Zimmerman,
2004, Shahmaei etal., 2019]. However, our current understanding of the underlying sources
that might give rise to contrast changes within basal ganglia and cortex remains elusive.

In this context, comparative neuroimaging in NHPs may be of particular value. NHPs
offer similar brain organization as that of humans, and established knowledge exists about
the anatomical and functional organization of the cortico-striatal-thalamic circuitry, much
of which had been gained from immunohistochemistry [Hadaczek et al., 2016], pharmaco-
logical [Baron et al., 2002], neurophysiological and microsimulation [Nambu et al., 2015]
techniques. Despite the gain in knowledge, the translation gap between non-invasive NHP
research and human neuroimaging remains large. Asan example, while QSM has been widely
utilized in several human neuroimaging studies [Blezer et al., 2007, Haacke et al., 20094,
Langkammer et al., 2016, Ravanfar et al., 2021, Shmueli et al., 2009], QSM has not been
adopted as rapidly in the NHPs neuroimaging community [Dadarwal et al., 2019, Dadarwal
etal., 2021, Dadarwal & Boretius, 2021b, Yoshida et al., 2021].

Given the rich contrast in subcortical structures arising from high-resolution QSM and
the gray-white contrasts available in T;w images, we aimed to develop a method for improving
the visualization and segmentation of cortical and subcortical gray matter structures using the
information provided by both Tyw and QSM contrast. Toward this end, we derive a fusion
image by merging Tyw and QSM images using a linearly-weighted fusion algorithm which

67



we term Tyw-QSM Synthetic Images via a Linearly-weighted combination of CONtrasts
(TQ-SILiCON).

Our method has the potential to improve the MRI-guided estimation of deep brain stim-
ulation sites in NHPs. Additionally, we tested our approach in healthy humans, demonstrat-
ing the potential of our dual-contrast acquisition and segmentation algorithm for applica-
tions across both primate species.

4.2 MATERIALS AND METHODS

4.2.1 ANIMALS AND HUMAN VOLUNTEERS

In the present study, four healthy long-tailed female cynomolgus macaques (Macaca fasci-
cularis) and three male human adults were used to obtain all neuroimaging data. The four
adult macaques were between the ages of 7.7 - 8.7 years old (weighing between 3.9 and 6 kg).
The three human adults were between the ages of 25 and 30 years. Measurements on human
volunteers were performed after written informed consent. The protocol was reviewed by
the ethics committee of the Georg-August-University of Gottingen.

4.2.2  ANIMAL EXPERIMENTS

All monkeys were purpose-bred, raised, and housed according to the standards for macaques
of the German Primate Center (Gottingen, Germany). All aspects of the study were con-
ducted in accordance with national and international guidelines of the German Animal Pro-
tection Law and the European Union Directive 2010/63/EU for the Protection of Animals
used for Scientific Purposes. The study was approved by the local authorities, the Animal
Welfare Service, Lower Saxony State Office for Consumer Protection and Food Safety (license-
number 33.19-42502-04-16/2278).

In preparation for anesthesia, the macaques were deprived of food overnight. Anesthesia
was induced by a mixture of ketamine (8.05 % 2.65 mg per kg body weight) and medeto-
midine (0.02 £ o.01 mg per kg) and maintained by isoflurane (0.8 - 1.7 % in oxygen and
ambient air) via endotracheal tube and pressure-controlled active ventilation. The monkeys
were placed in a prone position, and their heads were fixed in an MR-compatible stereotactic
apparatus (Kopf 1430 M, ).

4.2.3 MRIDATA ACQUISITION

All data were acquired with a 3T MR system (MAGNETOM Prisma, Siemens Healthineers,
Erlangen) equipped with a 7 cm single loop coil for macaque and a 20-channel head coil
for human brain imaging. The imaging protocol included anatomical Ty w and multi-echo
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gradient-recalled echo (ME-GRE) acquisitions. MR parameters for both macaques and hu-
mans are shown in Table

Macaque Human
Parameters Tiw QSM Tw QSM
Pulse sequence 3D | 3D ME-GRE 3D | 3D ME-GRE

MPRAGE MPRAGE

Native resolution | 0.5 X 0.5 X | 0.31 X0.31 X | 0.8 X 0.8 X | 0.75 X 0.75 X
(mm?) 0.5 0.31 0.8 0.75
Field of view (mm?) 108 X 128 97 X 120 300 X 320 195 X 240
Acquisition matrix 216 X 256 312 X 384 240 X 256 260 X 320
Number of averages 2 I I I
Total acquisition time 14.3 24 6.3 7
(min)
TR/TE (ms) 2.7/2700 | 57/[3.7/4.9/48]] 2.2/2400 | 41/[4.5/4.5/36]
Inversion time (ms) 850 - 1000 -
Flip angle (degree) 8 20 8 20
Pixel bandwidth 250 250 220 260
(Hz/Px)

Table 4.1: Macaque and human T;w and QSM data acquisition parameters. Abbreviations: TR - repetition time; TE - echo
time.

4.2.4 DATA ANALYSES

T;w and ME-GRE images of both macaque and humans were converted from dicom to nifti
format using the function Demzniix [Li et al., 2016]. ME-GRE magnitude images were
pixel-wise averaged across echo times. Tyw and mean ME-GRE magnitude images were de-
noised using ANTs Denoiselmage [Manjon et al., 2010]. The denoised volumes were then
used to manually create brain masks using the ITK-SNAP segmentation tool [Yushkevich
et al,, 2006]. We followed a manual segmentation process due to the unavailability of suffi-
cient automatic brain segmentation tools for the cynomolgus macaque brain. These brain
masks were then used to correct Tyw images from the bias fields using ANTs NyBiasField Correction
[Tustison et al., 2010]. The skull-stripped mean ME-GRE magnitude images were affinely
registered to the subject T;w brain volume using the ANTs registration algorithm [Avants
etal., 2008].

QSM maps of monkeys and humans were reconstructed using coil combined ME-GRE
phase data. This QSM reconstruction included phase unwrapping using the best-path algo-
rithm, background field removal using Laplacian boundary value and variable spherical mean
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value filtering algorithms, and solving the inversion problem using the multiscale dipole in-
version approach [Abdul-Rahman et al., 2007, Acosta-Cabronero et al., 2018, Zhou et al.,
2014].

To create symmetric brain atlases for better comparison, Tyw and QSM images were du-
plicated and mirrored to the hemispheric plane. Using ANTs nonlinear registration [Avants
etal., 2008], we constructed symmetric population-averaged T w atlases of macaque and hu-
mans by aligning all of the native and mirrored scans. The output deformation maps from
subject mean ME-GRE magnitude to symmetric population-averaged T;w atlas were then
used to create symmetric population-averaged QSM atlases for both macaques and humans.
A weighted linear combination was used to fuse symmetric population-averaged Tyw and
QSM atlases. The weights (777) for Tyw were generated at random between o and 1, while
for QSM, between -1 and o. T;w signal intensities and QSM values (X) were normalized to
arange of o to 1 before entering it into the fusion equation,

Yi= Z We - Xci (4.1)
=1

The generated synthetic images (Yi) were evaluated for only unique contrasts by discard-
ing images with poor contrast-to-noise ratio (CNR ) between all tissue classes (e.g., CSF, corti-
cal and subcortical gray matter, and white matter) and based on a linear discriminant analysis
(LDA) accuracy score. The LDA model was trained with Scikit-learn [Pedregosaetal., 2011]
to identify tissue classes that were manually selected on T;w and QSM atlases by drawing
respective regions-of-interest (ROIs) using the ITK-SNAP tool [Yushkevich et al., 2006].
These ROIs were also used to calculate the CNR between gray matter and white matter,
subcortical gray matter and white matter, and gray matter and subcortical gray matter. The
CNRs were estimated using the following formula:

CNR — mean(Xi) - m.eam(X])
standard deviation (CSF)

(4.2)

Class X7 refers to cortical gray matter and subcortical gray matter, while class Xj refers to
white matter and subcortical gray matter tissue. These two classes were combined to make
three possible pairs.

In order to automatically select the most promising image fusion (i.e., weights), CNRs
and LDA accuracy score were used as follow: For the average macaque brain, the minimum
threshold set for the CNR between gray matter and white matter was 3, while the threshold
for the CNR between subcortical gray matter and white matter was 2. Moreover, to main-
tain the low contrast differences between the gray matter and subcortical gray matter, the
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maximum CNR threshold was set to o.5. The threshold for the LDA accuracy score was set
to 0.90. The selected fusion image obtained the highest LDA accuracy score out of fifty iter-
ations and met all of the CNR requirements.

To evaluate the potential of the created fusion image for automatic tissue segmentation,
ANTs Atropos was applied on both single-subject Tyw images and TQ-SILiCON of macaques
and humans. In the case of TQ-SILiCON, CSF was extracted beforehand, and a two-class
segmentation (gray and white matter) was performed.

4.3 RESULTS

This work aimed to establish multi-contrast imaging based on Tyw and high-resolution QSM
in NHDPs. Below we describe our T;w and QSM results for identifying specific tissue struc-
tures in the cortex and subcortical gray matter nuclei. From the T;w and QSM images, we
developed a fusion technique called TQ-SILiCON, enabling the improved automatic seg-
mentation of white matter and cortical and subcortical gray matter. Importantly, we also
evaluated our fusion strategy in humans and showed the potential of our approach for trans-
lational studies.

4.3.1  EsTABLISHING QSM 1IN NHPs

T;w images of the macaque brain provided excellent gray-to-white matter contrast along the
cortical surface. However, major subcortical deep gray matter nuclei remained challenging
to delineate on Tyw. In subcortical structures, T;w contrast largely delineated the caudate
and putamen from the adjacent white matter, while the remaining deep gray matter nuclei —
contrast-wise — were identical to the neighboring white matter (Figure 4.1 A and B). In con-
trast, QSM substantially enhanced the visibility of subcortical deep gray matter nuclei from
other parts of the macaque brain (Figure 4.1 A). Enhanced contrast on the QSM map clearly
delineated subcortical structures such as caudate, putamen, external and internal segments
of globus pallidus, thalamus, substantia nigra, and red nucleus. Due to their paramagnetic
contrast, all of these deep gray matter nuclei appeared bright on the QSM map compared to
the surrounding dark appearing white matter areas with diamagnetic susceptibility contrast
(Figure 4.1).

Interestingly, QSM contrast of the macaque thalamus highlighted different subnuclei
such as pulvinar based on their varying susceptibility patterns (Figure 4.1B). Among all sub-
cortical deep gray matter nuclei in the macaque brain, the globus pallidus had the highest
QSM contrast, followed by the substantia nigra, caudate, putamen, red nucleus, and thala-
mus, reflecting a distinct amount of iron concentration. An important feature to highlight
from the QSM contrast was the clear distinction of the internal and external segments of the
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T1W

QSM

T1W

QSM

Figure 4.1: A. Tyw and QSM coronal images of the macaque brain. T;w images provide excellent contrast between white
and gray matter. However, a magnified visualization of subcortical structures reveals relatively low contrast. On the other
hand, QSM coronal images provide a unique contrast in the subcortical structures but low contrast in the white and gray
matter. The locations of iron-rich subcortical structures are indicated on the magnified visualization of Tyw and QSM
images: 1 - caudate, 2 - internal capsule, 3 - putamen, 4 - globus pallidus, 5 - substantia nigra, and 6 - thalamus. B. T;w
and QSM axial images of the macaque brain. The marked areas on the magnified visualization of Tyw and QSM images
are 1 - accumbens, 2 - putamen, 3 - globus pallidus, 4 - internal capsule, 5 - thalamus, and 6 - pulvinar.
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globus pallidus. Furthermore, QSM contrast allowed precise delineation of subcortical deep
gray matter structures (Figure 4.2).

Thalamus

Figure 4.2: QSM coronal image of the macaque brain showing the iron-rich subcortical structures on a 3D rendering:
putamen, caudate, globus pallidus external (GPe), globus pallidus internal (GPi), thalamus, substantia nigra (SN), and red
nucleus (RN).

While the QSM map provided improved visualization of the iron-rich subcortical deep
gray matter from the rest of the brain (Figure 4.2), QSM contrast lacked the high gray-white
matter contrast as compared to Tyw along the cortical surface and in the deep brain areas such
as those of the hippocampus. To circumvent the constraint of a single contrast, we pursued
an analytical strategy that combines two MRI contrasts that are sensitive to different tissue
substrates. Next, we demonstrate the linearly-weighted combination of T;w and QSM im-
ages which provides some promising results applied to both NHPs and human neuroimaging
data.
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4.3.2 MERGING T;w AND QSM PROVIDES A 3D DATA SET WITH ENOUGH OF CON-
TRAST FOR SEGMENTING SUBCORTICAL AND CORTICAL TISSUE IN NHPs

Tiw QSM

WT1¢ST1
+

Wasm » Sasm

TQ-SILiCON

CNR ( , GM, WM, ) Selected combination

Figure 4.3: The TQ-SILICON data analysis workflow. Tyw and QSM images were fused using a linearly-weighted com-
bination. W1 and Wosar are randomly generated weights for the Tyw and QSM images, while S71 and Sosar are the
normalized signal intensities of the T;w and QSM images. The generated fused images were evaluated based on their
contrast-to-noise ratio (CNR) and linear discriminant analysis (LDA) accuracy score between different tissue classes (CSF,
GM, WM, and dGM). Abbreviations: CSF - cerebrospinal fluid, GM - gray matter, WM - white matter, and dGM - subcor-
tical deep gray matter.

We devised a workflow for fusing Tyw and QSM images (Figure 4.3 ), which uses alinearly-
weighted combination of the two image contrasts. The data-driven approach selected a fu-
sion image with weight combinations of 0.83 and -0.87 for the Tyw and QSM images, re-
spectively. The output TQ-SILICON image had a CNR value of 3.3 between gray matter
and white matter, 2.8 between subcortical gray matter and white matter, and o.4 between
gray matter and subcortical gray matter. In addition, for the average macaque brain, TQ-

74



SILiCON had the highest LDA accuracy score of 0.93.

A

T,w:TQ-SILICON

QSM: TQ-SILICON

Figure 4.4: A. The TQ-SILICON (right) coronal images of an average macaque template are compared to the average Tiw
(left). B. Similarly, the TQ-SILICON (right) is compared to QSM images (left). In comparison to the Tyw scan, the TQ-
SILICON has enhanced subcortical contrast while maintaining high gray and white matter contrast, which the QSM map
lacks.

In macaques, the average TQ-SILiCON showed both excellent gray-to-white matter and
deep gray matter contrast. It amplified the contrast in subcortical structures and maintained
white matter landmarks in delineating subcortical structures from adjacent white matter tis-
sue. In comparison to the average T;w image, TQ-SILiCON is superior in the delineation
of subcortical structures (Figure 4.4). Anatomically, we were able to identify the following
nuclei (Figures 4.4, 4.5, and 4.6): Caudate, putamen, external and internal globus pallidus,
thalamus, substantia nigra, red nucleus, and dentate nucleus. When comparing the average
TQ-SILICON image to the average QSM map, the TQ-SILiCON image showed exceptional
gray-white contrast evidently not present in the QSM map (Figures 4.4, 4.5, and 4.6).
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T1W

TQ-SILICON

Figure 4.5: T;yw, QSM, and TQ-SILICON in the axial, sagittal, and coronal planes highlighting the dentate nucleus in the
cerebellum of the macaque monkey. Notice the enhanced contrast (shaded orange square) of the dentate in both the QSM
and the TQ-SILICON images.
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Figure 4.6: TQ-SILICON allows whole-brain cortical and subcortical segmentation of the brain tissue. The white matter
surface (transparent) of the macaque brain allows visualization of the color segmented subcortical deep gray matter nuclei.
The highlighted subcortical nuclei include the caudate, putamen, globus pallidus external (GPe), globus pallidus internal
(GPi), thalamus, substantia nigra (SN), and red nucleus (RN). Lateral (L) - Medial (M) - Lateral (L) and Anterior (A) - Posterior
(P).

To further demonstrate the applicability of our fusion technique to single-subject macaque
datasets, we performed tissue segmentation of gray matter and white matter on both the orig-
inal Tyw volume and the TQ-SILICON volume (Figure 4.7). The segmentation showed an
improved gray-white matter delineation as compared to the output segmentation from the
Tyw volume. T;w image-based segmentation misclassified both some subcortical structures
as white matter (Figure 4.7) and some white matter regions as gray matter, including the ex-
treme capsule, external capsule, and lateral medullary lamina, which were correctly classified
as white matter by TQ-SILiCON-based segmentation (Figure 4.8).
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Figure 4.7: Coronal view of single macaque brain tissue segmentation using Tyiw (left) and TQ-SILICON images (right).
TQ-SILICON enables better tissue classification of gray matter and white matter. The bottom shows the semi-transparent
color-coded tissue classification of the CSF, GM, and WM. Abbreviations: CSF - cerebrospinal fluid, GM - gray matter, and
WM - white matter.
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Figure 4.8: T{w and TQ-SILICON image segmentation results for a single macaque brain. T;w segmentation misclassifies
some white matter areas as gray matter (highlighted area in the external capsule). TQ-SILICON image segmentation, on the
other hand, improved cortical gray/white matter delineation. Abbreviations: GM - gray matter, and WM - white matter.

In summary, our fusion technique based on Tywand QSM resulted in a contrast-enhanced
Tyw-like 3D dataset that improved the automated segmentation algorithm and resulted in a
more precise segmentation of gray and white matter in NHPs.

4.3.3 TQ-SILICON ENABLES THE PRECISE SEGMENTATION OF HUMAN CORTICAL AND
SUBCORTICAL BRAIN TISSUE

The TQ-SILiCON method also enabled an improved tissue segmentation of the human
brain. By using the same weights as in macaques (e.g., 0.83 and -0.87), TQ-SILiCON of
the human brain contained both excellent gray-white and deep gray matter contrast, as il-
lustrated in Figure 4.9. In comparison to the average Tyw image, the average TQ-SILICON
revealed enhanced visibility and better delineation of subcortical structures. When compar-
ing the average TQ-SILICON to the average QSM map, the TQ-SILiICON image showed
exceptional Tyw-like gray-white contrast that the QSM image lacked (Figure 4.9).

The single-subject human segmentation results and the derived tissue probability masks
are illustrated in Figure . The TQ-SILiCON image-based segmentation correctly cate-
gorized the extreme capsule and external capsule as white matter and subcortical nuclei as
gray matter, while the T;w image-based segmentation did not. In addition, T;w image-based
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Tiw:TQ-SILICON

QSM: TQ-SILICON

Figure 4.9: A. The TQ-SILICON (right) axial images of an average human template are compared side-to-side to the average
Tyw (left). B. Similarly, the TQ-SILICON (right) is compared to QSM images (left). In comparison to the T;w scan, the TQ-
SILICON has enhanced subcortical contrast while maintaining high gray and white matter contrast, which the QSM map
lacks.

segmentation misclassified white matter areas around the pre-and postcentral gyrus as gray
matter in some human subjects, whereas TQ-SILiCON-based segmentation accurately clas-
sified gray matter structures from neighboring white matter areas (Figure 4.1 1).
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Figure 4.10: Axial view of single human brain tissue segmentation using T;w (left) and TQ-SILICON images (right). TQ-

segmentation

SILICON enables better tissue classification of gray matter and white matter. The bottom shows the semi-transparent
color-coded tissue classification of the CSF, WM, and GM. Abbreviations: CSF - cerebrospinal fluid, GM - gray matter, and
WM - white matter.
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Figure 4.11: The axial view of Tyw and TQ-SILICON image segmentation results for a single human brain. Tyw segmen-
tation misclassifies some white matter areas as gray matter (highlighted area). TQ-SILICON image segmentation, on the
other hand, improved cortical gray/white matter delineation. Abbreviations: GM - gray matter, and WM - white matter.

4.4 DiscussioN

In this study, we established an image contrast based on T;w and high-resolution QSM. This
method, termed TQ-SILICON, allowed us to automatically segment cortical and subcorti-
cal gray matter structures in NHPs and in humans. With the image quality achieved in a
reasonable measurement time, this contrast may facilitate translational studies in NHPs for
investigating the pathophysiology of subcortical structures in humans. In the following, we
will first discuss the advantages of QSM, including its potential in the study of basal-ganglia
circuits of primates. We will then discuss the advantages and limitations of combining QSM
and T;w and how TQ-SILICON could be used for neuroimaging applications in humans.

QSM is still a relatively new MRI technique that uses phase images to map the spatial dis-
tribution of paramagnetic and diamagnetic susceptibility [Haacke et al., 2004, Haacke et al.,
2005]. The enhanced contrast of brain tissue largely arises from different concentrations of
iron, myelin, and calcium [Haacke et al., 2005].
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The absolute values derived from QSM could vary between MR systems and measure-
ments as they could depend on the carrier frequency of the radio pulse, the Bo field, and the
frequency drift [Liu et al., 2015]. However, relative magnetic susceptibilities (e.g., relative to
cerebrospinal fluid or the overall brain) have been shown to be reproducible and to be a com-
mon feature, particularly of the basal ganglia in humans [Li et al., 2011, Wharton & Bowtell,
2015]. As described in healthy humans and during human development, QSM values have
been reproducibly linked to iron concentration [Bilgic et al., 2012]. With increasing age, par-
ticularly subcortical deep gray matter structures show an increase in magnetic susceptibility
in both humans [Bilgic et al., 2012, Keuken et al,, 2017] and NHPs [Dadarwal et al., 202.1].
Moreover, increased susceptibility has been observed in neurodegenerative diseases such as
amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, and Huntington’s disease [Haacke
etal., 2005].

In contrast to humans, only a few studies have applied QSM in NHPs [Wen et al., 2020,
Yoshida et al., 2021, Dadarwal et al., 2019, Dadarwal et al., 2021]. The study by Yoshida et
al. 2021[Yoshida et al., 2021] reported an increased magnetic susceptibility in basal ganglia
structures of the rhesus macaque, in close accordance with our findings in the cynomolgus
macaque. Similarly, in our QSM maps, we observed high susceptibility in the caudate, puta-
men, globus pallidus (internal and external segments), thalamus, substantia nigra, red nu-
cleus, and dentate gyrus of the cerebellum (Figures 4.2 and 4.5). Importantly, while many
of the enhanced subcortical structures are known to harbor iron, it is not well understood
which substances and structures are most relevant for the bulk susceptibility. For instance,
the degree of contribution from myelin, especially along the white matter projections zones
of the basal-ganglia cerebellar circuit, is not well understood. Identifying the sources that give
rise to the increased susceptibility 7z vivo has significant clinical implications for neurodegen-
erative diseases and aging [Ravanfar et al,, 2021]. Further immunohistochemistry studies in
NHPs might provide a better understanding of the neural substrates and molecular physio-
logical mechanisms of the iron content and could enable means for quantifying the degree of
iron contribution to the QSM map of the brain. Moreover, exploring cortical and subcortical
structures by neuroimaging and interventional studies in NHPs [Klink et al., 2021] may im-
prove our understanding of the cortico-striatal-thalamic circuits and may guide therapeutic
interventions. For example, the subthalamic nucleus (STN) is a typical target for deep brain
stimulation (DBS) studies; its accurate delineation might aid in the physiological characteri-
zation of neuronal responses and microstimulation parameters, as has been shown in human
patients undergoing DBS treatment [Liu et al., 2015]. In addition, the delineation of the
internal and external globus pallidus can aid in the MRI-guided targeting of the inhibitory
and excitatory output of the cortico-striatal-thalamic circuit during micro-stimulation. The
identification and visualization of small subcortical structures are likewise beneficial for neu-
roscientists implementing optogenetic [Galvan et al., 2017, Inoue et al., 2015] or chemoge-
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netic interventions [Mimura et al., 2021]. Hence, the correct delineation of the subcortical
deep gray matter nuclei, while maintaining adequate anatomical information of the whole
brain, is crucial for precise interventional studies and clinical applications.

While QSM provides an outstanding contrast of deep gray nuclei, white matter struc-
tures are much better delineated on Tyw. So, by linearly combining these two contrasts,
we used the best of both worlds (Figure 4.6). As shown in the TQ-SILICON image, our
dual-fusion approach facilitated the delineation of the macaque brain’s cerebral cortex, white
matter, and deep gray matter nuclei resulting in an overall T;w-like appearance. We believe
TQ-SILICON can aid stereotactic interventions of small subcortical structures such as the
subthalamic nucleus, and it may be generally helpful for interventional studies combining
neuroimaging and perturbation methods in NHDPs.

Another useful application for the TQ-SILICON is for the development of brain at-
lases in humans and NHPs. T;w is typically used in human and NHP brain atlases due to
its excellent white and gray matter contrast. However, given that T;w alone is insufficient,
neuroimaging studies in humans explored the use of additional MRI contrasts such as T>-
weighted, T3-weighted, and QSM to generate contrast from subcortical deep gray matter
nuclei [Alkemade et al., 2017, Bazin et al., 2020, Xiao et al., 2015]. The available macaque
atlases such as the D99 [Saleem & Logothetis, 2012] and the NMT [Hartig et al,, 2021, Jung
etal,, 2021, Seidlitz et al., 2018] incorporate parcellations based on T;w only, in combination
with the prior knowledge from post-mortem histology. In the future, we believe that adding
multi-contrast acquisitions might aid in the development of more precise atlas parcellations
and clearer delineation of regional boundaries, although with the limitation of an increase in
acquisition time. However, our proposed TQ-SILiCON approach might be a more viable
option for obtaining a shorter in-session acquisition.

The accurate segmentation of gray and white matter tissue is not only essential for ba-
sic neuroscience applications but also for clinical diagnostics. For example, during brain
development, aging, and neurological diseases specific volumetric changes might occur that
might require precise segmentation and delineation of the overall structure [Liu et al., 2015].
Importantly, algorithms for automatic brain tissue segmentation typically utilize template-
derived tissue probability masks (CSF, gray matter, and white matter) to initiate the segmen-
tation process of a single subject volume. TQ-SILiCON atlases may aid in the generation
of more accurate probability masks. As demonstrated by our automated tissue segmenta-
tion analyses, TQ-SILiCON outperformed T;w based tissue segmentation in both macaques
(Figure 4.7) and humans (Figure ). Interestingly, TQ-SILiCON not only provided a
better delineation of subcortical gray matter structures, but it also improved the assignment
of white matter structures such as the extreme and external capsule and white matter areas
around the pre-and postcentral gyrus (Figures 4.8 and ), even in single subjects. How-
ever, one limitation of our TQ-SILiCON approach relates to the segmentation of the CSF
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areas, which occasionally exhibited a comparable contrast to the basal ganglia. In our anal-
yses, we bypassed this limitation by segmenting the CSF based on T;w and then extracting
the volume from the TQ-SILiICON volume before applying the segmentation process. In
the future, the TQ-SILiCON approach could be improved by incorporating more than two
contrasts to attain higher segmentation accuracy. An advantage of the TQ-SILiCON, par-
ticularly for its application in humans as opposed to the advanced deep learning based multi-
contrast MRI image synthesis approach [Yu et al., 2020], is the simplicity of implementa-
tion, which does not require extensive computational resources. The linear combination of
T;w and QSM contrasts preserves the original data features, which are retained in the TQ-
SILiCON image.

In conclusion, we believe that TQ-SILiCON can significantly improve the delineation
of brain structures and the accuracy of morphometric studies. T;w and QSM data sets could
be obtained using clinically available 3 T-MR-systems and in a reasonable short acquisition
time. Importantly, the method works equally well for NHPs and humans facilitating transla-
tional studies. In the future, we will aim at studying the structural underpinnings of the MRI
contrast observed in-vivo and hope to contribute to a more comprehensive understanding of
the underlying pathophysiology behind neurodegenerative diseases.
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ABSTRACT

Brain aging is a complex process in which the brain undergoes several structural and func-
tional changes. Age-related brain changes are associated with tissue volume loss, white mat-
ter integrity loss, and iron accumulation in the basal ganglia. Non-human primate mod-
els are extremely useful in furthering our understanding of age-related brain changes and
their relationship to neurodegenerative diseases. However, only a few non-human primate
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studies have used MRI to investigate age-related alterations. Multiple MRI contrasts, in-
cluding structural and quantitative parametric maps, are required to investigate age-related
tissue restructuring in the brain. In this study, we looked at age-related morphological, tis-
sue microstructural, and iron concentration changes in the brains of 14 macaques and 34
marmosets using several structural and parametric MRI contrasts. We found an age-related
increase in magnetic susceptibility (QSM) and effective transverse relaxation rate (R}) in
the iron-rich subcortical areas of macaque and marmoset brains. However, magnetization
transfer (MT) saturation and diffusion MRI (dMRI) revealed increased M T saturation in-
dex (MTsat) and decreased mean and axial diffusivities in the corpus callosum of macaques
and marmosets. The morphometric analyses displayed an age-related reduction in the gray-
to-white matter ratio. We believe this study could help us better understand aging in non-
human primates and how it relates to human brain aging.

The work described in this chapter resulted in the following output:

Rakshit Dadarwal, Judith Mylius, and Susann Boretius. “Brain aging in cynomol-
gus macaques and common marmosets explored by mapping the magnetic susceptibility

and R3”, In: Proceedings of the 29th Annual Meeting of the International Society for
Magnetic Resonance in Medicine (ISMRM), (Virtual) (2021).

Rakshit Dadarwal, Judith Mylius, and Susann Boretius. “Multi-contrast MRI of the
aging brain - 4 comparative study of cynomolgus macaques and common marmosets”
(manuscript in preparation).

5.1 INTRODUCTION

Brain aging has been considered a complex process in which the brain undergoes several struc-
tural and functional changes that eventually contribute to cognitive impairment and an in-
creased risk of developing diseases [Peters, 2006, Sikora et al., 2021]. Age-related structural
alterations are associated with a number of deleterious biological changes, including tissue
volume loss, changes in white matter tissue integrity, iron accumulation in the brain, among
others [Cox etal., 2016, Taubert et al., 2020, Ward et al., 2014]. Likewise, these changes have
also been observed in human neurodegenerative diseases, indicating a close link between the
underlying mechanisms.

Research on brain aging and neurodegenerative diseases depends on both valid animal
models and diagnostic tools applicable to both animals and humans. Rodents have long
been employed as an animal model in aging research, but findings do not necessarily trans-
late well to humans [Nadon, 2006]. Non-human primates (NHPs), on the other hand, are
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phylogenetically closer to humans and share many genetic, physiological, and behavioral fea-
tures. Moreover, NHPs can help to bridge the gap between rodent animal models and hu-
mans [Colman, 2018, Mattison & Vaughan, 2017]. For example, macaques and marmosets
share ~ 93 % sequence identity to the human genome [Gibbs et al., 2007, Worley et al.,
2014, Zimin et al., 2014] and develop similar age-associated diseases and conditions. The
short lifespan of macaques (25 - 30 years) and marmosets (maximum 16 years) makes them
ideal models for studying aging [Colman, 2018, Choi et al., 2016, Tardif et al., 2011].

Multiple MRI contrasts are required for the in-depth 7z vivo characterization of age-
related morphometric and microstructural tissue changes [MacDonald & Pike, 2021]. Be-
cause of their excellent cortical gray and white matter contrast, Ti-weighted (T;w) scans have
been used to examine morphological changes (tissue volumes, cortical thickness, and surface
area) in the brain with healthy aging [Lemaitre et al., 2012, Salat et al., 2004, Shaw et al,,
2016, Tullo et al., 2019]. T3 and magnetic susceptibility have been used to measure age-
related changes in iron burden, primarily in the subcortical nuclei [Acosta-Cabronero et al.,
2016, Betts et al., 2016, Bilgic et al., 2012, Dadarwal et al., 2021, Wen et al., 2020]. Age-
related microstructural changes in the brain have also been evaluated using dMRI and mag-
netization transfer imaging [Bowley et al., 2010, Cox et al., 2016, Schiavone et al., 2009].
However, only a few studies combine multiple MRI contrasts to target both morphometric
and tissue microstructural changes. Multiple MRI contrasts acquired simultaneously using
identical parameters are necessary to get an overall perspective of dynamic neurodevelopment
and tissue remodeling in healthy aging.

In this study, we used multiple anatomical contrasts (T;w, and MTw) and parametric
maps (QSM, R}, MTsat, Tiapp, FA, MD, AD, and RD) to capture age-related changes in
brain morphometry, tissue microstructure, and iron level in macaque and marmoset brains.
Furthermore, We examine the structural properties of macaque and marmoset brains 77 vivo
as they age, from young adulthood to geriatric, and how they differ across brain regions and
species.

5.2 MATERIALS AND METHODS

ANIMALS

This study included 14 healthy female cynomolgus macaques (Macaca fascicularis) between
the ages of 7 - 20 years old and 3 4 healthy marmosets (Callithrix jacchus) between the ages of
2 - 15 years old (17 males and 17 females). The macaques were from two age groups, while
the marmosets were from four, as shown in Figure
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Macaque (Macaca fascicularis) Marmoset (Callithrix jacchus)

Age (yr.) 7-8 Age (yr.) 2 4-6

Animals 4 Animals 8 7

Figure 5.1: The number of macaques and marmosets included in this study, together with their age groups.

5.2.1 ANIMAL EXPERIMENTS

All monkeys were purpose-bred, raised, and housed according to the standards for macaques
of the German Primate Center (Gottingen, Germany). All aspects of the study were con-
ducted in accordance with national and international guidelines of the German Animal Pro-
tection Law and the European Union Directive 2010/63/EU for the Protection of Animals
used for Scientific Purposes. The macaque and marmoset studies were approved by the local
authorities, the Animal Welfare Service, Lower Saxony State Office for Consumer Protec-
tion and Food Safety (macaque study license-number - 33.19-42502-04-16/2278; marmoset
study license-number - 33.19-42502-04-17/2496).

MAcAQUE

In preparation for anesthesia, the macaques were deprived of food overnight. Anesthesia was
induced by a mixture of ketamine (8.05 & 2.65 mg per kg body weight) and medetomidine
(0.02 % 0.01 mg per kg) and maintained by isoflurane (0.8 - 1.7 % in oxygen and ambient air)
via endotracheal tube and pressure-controlled active ventilation. The monkeys were placed
in a prone position, and their heads were fixed in an MR-compatible stereotactic apparatus
(Kopf 1430 M, )-

MARMOSET

Marmosets were initially anesthetized with a mixture of alfaxalone (12 mg/kg, Alfaxan, Ju-
rox) and diazepam (3 mg/Kg, Ratiopharm). Anesthesia was maintained with 0.9 £ 0.3 %
isoflurane in a mixture of oxygen and ambient air as required. Marmosets were mechanically
ventilated via an endotracheal tube for the duration of the measurement (respiration rate =
35 bpm). The body temperature was kept constant by blankets filled with warm water.

During MRI, anesthetized marmosets were positioned in the sphinx position in a custom-
made MRI-compatible stereotaxic frame to minimize movementartifacts. The ear bars served
additionally as hearing protection and were dabbed with a lidocain containing ointment
(Emla s %, AstraZeneca) for local anesthesia. Application of eye ointment (Bepanthen AS,
Bayer) prevented the eyes from drying out during anesthesia.
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MRI DATA ACQUISITION
MAcCAQUE

We collected macaque data on a 3 T Siemens MAGNETOM Prisma MR system (Siemens
Healthineers, Erlangen, Germany). A 7 cm circular single loop coil was used for signal detec-
tion. The macaque brain imaging protocol consisted of anatomical T;w, multi-echo gradient-
recalled echo (ME-GRE), dMRI (dMRI), magnetization transfer-weighted (MTw), proton
density-weighted (PDw), and T;w sequences. The detailed data acquisition parameters have
been previously listed in Table 3.1 (Tyw, and ME-GRE), Table 2.1 (dMRI), and Table
(MTw, PDw, and Ty w).

MARMOSET

We collected marmoset data on a 9.4 T Bruker BioSpec MR system (Bruker BioSpin MRI
GmbH, Ettlingen, Germany), equipped with the BGA 208§ gradient. A 40 mm single loop
coil was used for signal detection (Rapid Biomedical GmbH, Rimpar, Germany). The mar-
moset brain imaging protocol consisted of ME-GRE, dMRI, M Tw, PDw, and T;w sequences.
The detailed data acquisition parameters are listed in Table 5.1 (ME-GRE, and dMRI) and

Table 5.2 (M Tw, PDw, and T w).
Parameters ME-GRE dMRI
Pulse sequence 3D ME-GRE 2D PGSE
Native resolution (mm?) 0.21 X 0.21 X 0.21 | 0.45 X 0.45 X 0.45
Field of view (mm?) 33.6 X 33.6 57.6 X 36
Acquisition matrix 160 X 160 128 X 80
Number of slices 8o 38
Total acquisition time (min) 17.5 18.4
TR/TE (ms) 42/3:3:30 4000/24.5
b-value (s/mm?) - 0, 1000
Diftusion gradient directions - 30
Number of averages 2 2

Table 5.1: ME-GRE and dMRI scan parameters for the marmoset brain..

MRI DATA ANALYSES

The data analysis pipelines for macaques and marmosets were nearly identical.
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Parameters MT PD T,
Pulse sequence 3D FLASH 3D FLASH 3D FLASH
Native resolution (mm?) | 0.21 X 0.21 X 0.21 | 0.21 X 0.21 X 0.2I | 0.21 X 0.21 X 0.21
Field of view (mm?) 37.8 X 37.8 37.8 X 37.8 37.8 X 37.8
Acquisition matrix 180 X 180 180 X 180 180 X 180
Number of slices 180 180 180
Total acquisition time (min) 17.3 17.3 16.1
TR/TE (ms) 16.1/3.8 16.1/3.8 15/3.8
Flip angle (degree) 5 5 25
Number of averages 2 2 2

Table 5.2: MRI acquisition parameters for MTw, PDw, and T;w brain scans in marmosets.

PREPROCESSING

Macaque T;w, ME-GRE, MTw, and dMRI dicom images were first converted into Nifti for-
mat using Demzniix [Li et al., 2016]. Tiw, mean of ME-GRE across echo times (nGRE),
and M'Tw Nifti images were denoised using ANTs Denoiselmage [Manjén et al., 2010]. The
segmentation of the brain mask for each MRI contrast was carried out manually using the
ITK-SNAP segmentation tool [Yushkevich et al., 2006], due to the unavailability of auto-
matic skull-stripping tools for macaque brains. We used these segmented brain masks to cor-
rect Tyw, mGRE, and M Tw images for bias fields using ANTs NyBiasField Correction [ Tusti-
son et al., 2010]. The skull-stripped mGRE and M Tw images were afhnely registered to the
subject Tyw brain volume using ANTs registration algorithm [Avants et al., 2008, Avants
etal, 2011].

Marmoset MTw, ME-GRE, and dMRI Bruker files were converted into Nifti format
using Bruz. MTw and mGRE images were denoised using ANTs Denoiselmage [Manjén
et al., 2010]. The segmentation of the brain mask for each MRI contrast was carried out
manually using the ITK-SNAP segmentation tool [Yushkevich et al., 2006]. These seg-
mented brain masks were used to correct MTw, and mGRE images for bias fields using ANTs
NyBiasFieldCorrection [Tustison et al., 2010]. The skull-stripped mGRE image was affinely
registered to the subject Tyw bran volume using the ANTs registration algorithm [Avants
etal., 2008, Avants et al., 2011].

POPULATION-AVERAGED BRAIN TEMPLATES

The preprocessed macaque T;w scans were rigidly registered to the symmetric DPZCYNO
template (0.5 mm) (template developed is described in chapter 3) before being nonlinearly
aligned to produce a population-averaged macaque template. Similarly, the preprocessed
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macaque M Tw scans were rigidly registered to the down-sampled (o0.21 mm) version of the
MBM v2 atlas (8o um) [Liu et al., 2020a] before being nonlinearly aligned to construct a
population-averaged marmoset template.

QSM anp R;

Macaque and marmoset ME-GRE magnitude images were utilized to calculate R} maps by
fitting the ME-GRE magnitude signal decay across all echo times with a mono-exponential
model [Pei et al.,, 2015]. The QSM maps were reconstructed using the coil-combined ME-
GRE phase images. This QSM reconstruction included phase unwrapping using the best-
path algorithm, background field removal using Laplacian boundary value and variable spher-
ical mean value filtering algorithms, and solving the inversion problem using the multiscale
dipole inversion approach [Abdul-Rahman et al., 2007, Acosta-Cabronero et al., 2018, Zhou
etal., 2014]. Finally, R5 and QSM average atlases were created using the previously calculated
warps from subject magnitude to the population-averaged template (Figures 5.5 and 5.4).

The resulting macaque and marmoset QSM maps were not normalized using any refer-
ence tissue magnetic susceptibility values, as we previously demonstrated in the chapter 2that
whole-brain referenced magnetic susceptibility results do not difter from unnormalized mag-
netic susceptibility results.

QSM ECHO TIME DEPENDENCE

Macaque and marmoset QSM maps were calculated for each echo using coil-combined sin-
gle echo phase data. The temporal responses of magnetic susceptibility in macaque and mar-
moset brain ROIs are displayed in Figure

MT SATURATION

MTsat and apparent longitudinal relaxation time (Tjapp) maps were estimated using the
method described by helms et al. [Helms et al., 2008]. The steps of the method were im-
plemented in MATLAB R2018a (The Mathworks Inc., Natick, MA) and are available at

. Finally, macaque brain and marmoset brain M Tsat
and Tjapp average atlases were created using the warps from subject native space to the population-
averaged template (Figure 5.5 and 5.4).

DMRI

The pipelines provided at were used to analyze macaque
and marmoset dMRI data. Macaque brain diffusion-weighted images were denoised [Veraart
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etal,, 2016], and corrected for susceptibility distortions, eddy current distortions, and sub-
ject movement artifacts [Andersson et al., 2003, Andersson & Sotiropoulos, 2016]. Mar-
moset brain diffusion-weighted images were denoised [Veraart et al., 2016] and corrected
for eddy current distortions [Andersson et al., 2003] and subject movement artifacts using
the ANTs motion correction algorithm. The correction of susceptibility distortions requires
non-diffusion-weighted (b, ) scans in both anterior-posterior and posterior-anterior phase en-
coding directions, which were unavailable for the marmoset measurements. Other pre-and
post-processing steps in the dMRI data analysis pipelines of macaques and marmosets were
similar. We then fit a diffusion tensor model (DTT) model to the preprocessed macaque and
marmoset images and calculated fractional anisotropy (FA), and axial (AD), radial (RD), and
mean (MD) diffusivity maps [Basser et al., 1994, Garyfallidis et al., 2014].

REGIONS OF INTEREST

The macaque brain population-averaged T;w template was nonlinearly registered to the DPZ-
CYNO template to generate warp fields to and from the symmetric DPZCYNO T;w tem-
plate. These warp fields were applied to the DPZCYNO cortical, subcortical, and white mat-
ter label maps to propagate them into the group average T;w image space and finally into the
individual macaque native space (Figure 5.2).

Marmoset brain group average M Tw image was nonlinearly registered to the MBM v2,v3
templates [Liu et al., 2021, Liu et al., 2020a] to extract the cortical, subcortical and white
matter ROIs (Figure 5.2).

All the macaque and marmoset ROIs were transferred into the subject native space, man-
ually assessed, and refined wherever required. Finally, two cortical gray matter (frontal and
occipital), five white matter (frontal, occipital, and callosal regions), and four subcortical gray
matter ROIs were considered for the statistical analyses. The ROIs comprises the prefrontal
cortex (PFC), visual cortical areas V2 - V4 (V2-V4), frontal white matter (Fw), occipital white
matter (Ow), genu (CCg), corpus callosum body (CC-B), splenium (CC-Sp), putamen (Pu),
thalamus (Thal), globus pallidus (GP), and substantia nigra (SN). The visual cortical areas
V2, V3, and V4 of the marmoset brain were merged to produce the V2-V4 ROI, while the
sagittal stratum and occipital vertical fasciculus were combined to form the PFC ROL

MORPHOMETRY

We used nonlinear warp fields generated during registration from the native subject space
to the species-specific average image space to create macaque and marmoset group averages
MTsat, Tyapp, QSM, and R} maps for the respective age groups.

Age-related local volumetric changes in each voxel were determined by the Jacobian of
the deformation from the native macaque or marmoset space to the population-averaged
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Macaque Marmoset

M Putamen M Thalamus ™ Globus pallidus Substantia nigra W Genu ™ Body ™ Splenium
Frontal white matter ™ Occipital white matter Pre frontal cortex V2-v4

Figure 5.2: Selected regions-of-interest (ROls) in the gray matter and white matter structures of the macaque and mar-
moset brains: putamen, thalamus, globus pallidus, substantia nigra, genu, body, splenium, frontal white matter, occipital
white matter, prefrontal cortex, and V2-V4.

template space. For the macaque and marmoset brains, Jacobian determinant maps were
computed using subject-to-template deformation warp files and smoothed using a 3D Gaus-
sian kernel (FWHM o.42 mm). The used relative Jacobian determinants were only based on
nonlinear deformations after eliminating global linear deformations.

STATISTICS

Macaque age group differences in QSM, R}, MTsat, Tiapp, FA, MD, AD, and RD were
probed using paired t-test statistics. We used Bonferroni correction to remove the effects of
multiple comparisons in macaque data analyses. Marmoset age group differences in QSM,
R}, MTsat, Tyapp, FA, MD, AD, and RD were statistically tested using one-way ANOVA
tests. Statistical tests on macaques and marmosets were conducted with a p-value of 0.05.

Student’s t-test was performed on the Jacobian determinant maps for voxel-wise com-
parison of young adult and geriatric groups. Q-values (false discovery rate (FDR) adjusted p-
values) and the respective z-scores were calculated using the 3dFDR function of AFNI [Cox
& Hyde, 1997].

5.3 RESULTSs

Macaque and marmoset age-group specific average brain templates are shown in Figure 5.3
and Figure 5.4. The significant increase in subcortical contrast in QSM and R} templates is
evident with increasing age in both macaque (Figure 5.3) and marmoset (Figure 5.4) brains.
Specifically, the basal ganglia appear hyper-intense with an increase in age. Independent of
age, the basal ganglia had higher QSM and R} contrast than the thalamus, cortex, white mat-
ter, and hippocampus. However, no substantial brain tissue contrast differences with age
were observed in M Tsat and Tiapp.
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Figure 5.3: QSM, R;, MTsat, and T;app group averages of macaque brain across two age groups. QSM and R; contrasts
in macaque basal ganglia structures enhanced with an increase in age.
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Figure 5.4: Marmoset brain QSM, R;, MTsat, and Tjapp average maps for four age groups. QSM and R; contrasts in the
basal ganglia of marmosets were increased with an increase in age.
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5.3.1 QSM aND R}

The cortical and subcortical gray matter ROI analyses revealed an age-related increase in mag-
netic susceptibility and R}, which was more pronounced in the macaque brain than the mar-
moset brain (Figure 5.5 A and B). The V2-V4 area of the macaque cerebral cortex had higher
magnetic susceptibility and R} values than the PFC area. In comparison to Pu, Thal, and
SN, the GP had the highest magnetic susceptibility and R values. In macaque white mat-
ter RO, the observed magnetic susceptibility values in the macaque became relatively more
diamagnetic with age. The Ow area of the macaque brain had higher diamagnetic suscep-
tibility values than the Fw area. However, there were essentially no age-related changes in
magnetic susceptibility in marmoset white matter ROIs. The R} values in the white matter
of the macaque and marmoset brains increased with age. In the hippocampus of macaques
and marmosets, a significant age-related decrease in magnetic susceptibility and increase in
R} were found (Supplementary Figure A.9).

96



>
<
o
Q
8
el
c
)

= 301 *
§ 0.011 .
;;s 0.00..-.—i = ;25' i
= 2]
2 B - ~ T ) :
& -001- =y I j e
2 _0.021 - == ’
(,3) : * 15 E 7-8yr.
PFC  V2-V4  Fw ow PFC  V2-V4  Fw Ow W 15-20yr.
’g * 100 *
2021 - * ~ 754 , x
h—4 1
= 2] *
Sl . - @ Ew =
= 0.1 == N —
& =]
[0 = I
P FT w0 s
& 0.0
Pu GP Thal SN Pu GP Thal SN
B Marmoset
B 60 *
& 0.000 Tty 5 * * N
> <9V ;’i
= -0.0051 . v, " * o eﬁ'ﬁ e
2 T 40+ * e 2
% o Oé % yr.
@ -0.010
0 4-6yr
i 30';@’ e 7 10yr
® -0.015 - 1oyr.
PFC  V2V4  Fw ow PFC  V2-V4  Fw Oow [ 12-15yr.
£ 0.034 * 1001 .
g 80- A
Z‘O'OZ_ ,I:‘
3 X 2 40 * *
%001- @“ '3 * u ?é ¢ ¢
[
N s R I 401 ot _oat
§ 0.00 ?@?‘ *
Pu GP  Thal SN Pu GP  Thal SN

Figure 5.5: Macaque and marmoset magnetic susceptibility and R; regional summary statistics for gray and white matter
ROIs. A. Magnetic susceptibility values significantly increase with age in macaques in the V2-V4, Pu, GP, Thal, and SN.
The R; results were identical to the magnetic susceptibility results, with increasing R; values in the PFC, V2-V4, Pu, GP,
Thal, and SN. B. Marmoset brain showed significant age-related differences in magnetic susceptibility in the GP, and R}‘
in the all analyzed cortical, subcortical, and white matter ROIs. Abbreviations: PFC: the prefrontal cortex, V2-V4: visual
cortical area V2, V3, and V4, Fw: frontal white matter, Ow: occipital white matter, Pu: putamen, GP: globus pallidus, Thal:
thalamus, and SN: substantia nigra.
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5.3.2 MT SATURATION

As shown in Figure 5.6, the cortical gray matter and white matter ROI analyses revealed no
significant age-related differences in M Tsat, and Tyapp in the macaque and marmoset brains.
The white matter ROIs in the macaque and marmoset brains had greater M Tsat values than
the cortical gray matter ROIs. In the macaque and marmoset brains, both frontal and oc-
cipital white matter ROIs (Fw and Ow) showed almost identical M Tsat values. The Tjapp
values in the cerebral gray matter were higher than in the white matter. The hippocampus
of macaques and marmosets revealed no significant age-related differences in the M Tsat and

Tapp (Supplementary Figure A.9).
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Figure 5.6: Macaque and marmoset MTsat, and T;app regional summary statistics for the gray and white matter ROIs. A.
The MTsat and Tlapp in the macaque PFC, V2-V4, Fw, and Ow showed no significant age-related changes. B. Marmosets
showed similar results, with MTsat, and T;app remaining unaltered across age groups.

5.3.3 DMRI

FA revealed no statistically significant age-related changes in the macaque and marmoset
brain corpus callosum ROIs, as shown in Figure 5.7A. The observed FA values in the mar-
moset CC-B were lower than CCg and CC-Sp. In addition, all three corpus callosum ROIs
revealed an age-related reduction in macaque and marmoset MD and AD, which was more
evident in marmosets than in macaques. In both macaques and marmosets, no age-related
changes in RD were found. Moreover, the CC-B had higher RD values than the CCg and
CC-Sp.
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Figure 5.7: Age associations with the microstructural characteristics of callosal regions. Macaque and marmoset brains
FA, MD, AD, and RD regional summary statistics for the three different parts of the corpus callosum. A. There were no
significant differences in FA, MD, AD, and RD for the corpus callosum regions (CCg, CC-B, and CC-Sp) in the macaque
brain. B. MD and AD decreased significantly with age in the marmoset brain, while FA and RD remained almost unaltered.

5.3.4 MORPHOMETRY

Macaque and marmoset brain morphometry analyses showed a reduced gray-white matter
volume ratio with age (Figure 5.8). The regression line fitted to the relationship between
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gray-white matter volume ratio and age showed a decline in gray-white matter volume ratio
with an increase in age.

Macaque Marmoset

GM - WM volume ratio >
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Figure 5.8: Macaque and marmoset brain morphometry results. A. The GM-WM volume ratio in macaque brains declined
with age. B. The GM-WM volume ratio in marmoset brains also dropped as they became aged. Abbreviations: GM - gray
matter, and WM - white matter.

CORPUS CALLOSUM MORPHOLOGY

The macaque brain Jacobian determinant analysis showed significant age-related expansion
in a small portion (rostral body and anterior midbody) of the corpus callosum body (CC-B),
as shown by the dotted black line on the relative Jacobian calculated z-score map in Figure

A. The rest of the macaque brain corpus callosum showed no significant age-related ef-
fects. Tissue expansion with an increase in age is shown by positive z-score values, and tissue
shrinkage is indicated by negative z-score values. The ROI analyses showed an increase in R
values, particularly in the CCg area. However, no substantial age-related changes in magnetic
susceptibility, M Tsat, and Tyapp values were seen. The R} values in the corpus callosum were
highest in the CC-Sp region. Furthermore, In comparison to the CCg and CC-Sp, the CC-B
region had the most increased diamagnetic susceptibility in the macaque brain.

The genu (CCg) and splenium (CC-Sp) parts of the marmoset brain showed a significant
age-related expansion in the Jacobian determinant analysis, as shown by the dotted black line
on the Jacobian analyzed z-score map in Figure 5.9B. The R} and M Tsat values in the mar-
moset brain corpus callosum areas (CCg, CC-B, and CC-Sp) increased with age. Magnetic
susceptibility, and Tyapp values, on the other hand, showed no significant age-related vari-
ations. R} values in the corpus callosum were highest in the CC-Sp region, similar to the
marmoset results. In the corpus callosum, the CC-B region had the highest diamagnetic sus-
ceptibility.

I00



12y wm m

0.035 10 70 163 1.26-2 10

0.02 78 0.014 2000

Susceptibility (ppm)
s
2
Ry (s™")
{
¢ il
MTsat
o
2
¢ =
s
Trapp (m:
=
8

Figure 5.9: Age associations with the morphometric and microstructural characteristics of the corpus callosum. A.
Macaque brain population-averaged T;w template image, with overlaid Jacobian analyzed z-score map. The relative Jaco-
bian determinant maps were calculated using warps from the subject T;w scan to the final population-averaged template.
Negative z-score values indicate tissue shrinkage, while positive z-score values indicate tissue expansion as monkeys get
older. The dotted black box on the z-score map for the macaque brain shows significant age-related enlargement in one
small area of the corpus callosum body. The macaque brain corpus callosum is highlighted in the QSM, R;, MTsat, and
Tiapp average templates. The QSM, R;‘, MTsat, and Tyapp based regional differences across age groups are depicted in
the box plots. B. Marmoset brain population-averaged MTw template image, with overlaid Jacobian determinant analysis
calculated z-score map. The dotted black boxes on the z-score map for the marmoset brain show age-related significant
expansion in genu and splenium of the corpus callosum. The relative Jacobian determinant maps were calculated using
warps from the subject MTw scan to the final population-averaged template. Abbreviations: CCg - genu, CC-B - body,
and CC-Sp - splenium.
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5.3.5 QSM ECHO TIME DEPENDENCE

In both marmoset and macaque brains, the subcortical gray matter nuclei (Pu, GP, Thal, and
SN) displayed susceptibility echo time (TE) dependence to varying degrees. All aging groups
had difterent temporal curves of susceptibility (tQSM) for subcortical structures across ROls.
The macaque brain showed a more prominent age-related positive shift in tQSM profiles
than the marmoset brain (Figure A and B). The nonlinearity of tQSM profiles in Pu,
GP, and SN in the macaque brain increased with age (Figure A). In comparison to the
other examined subcortical areas, the thalamus showed the least TE dependency. For small
echo times, the tQSM profile differences in the GP were substantial, and the tQSM profile
gradually deteriorated faster in elderly macaques than in young adults (Figure A).

In marmosets, only the GP showed age-related variations in tQSM profiles (Figure s.10B).
Specifically, tQSM profiles of the marmoset GP showed a positive shift with increasing age.
The tQSM profiles of the remaining subcortical regions (Pu, Thal, and SN) showed no ap-
parent age-related changes. Furthermore, the overall trend of tQSM profiles in macaque and
marmoset brains was similar.
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Figure 5.10: Magnetic susceptibility echo time dependence in macaque and marmoset brains. A. In the macaque brain,
subcortical regions (Pu, GP, Thal, and SN) revealed a positive age-related shift in susceptibility temporal (tQSM) profiles
over echo-times. A positive shift in the tQSM profiles in the macaque Pu, GP, and SN was associated with an increased
nonlinearity in the curve. B. The tQSM profiles in the marmoset Pu, GP, Thal, and SN. In comparison to the macaque brain,
the positive age-related shift in tQSM profiles was only found in the marmoset brain GP. In the marmoset brains Pu, Thal,
and SN, no significant age-related changes in tQSM profiles were identified.
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5.4 DISCUSSION

In this 27 vivo study, we demonstrated the capacity of multiple MRI contrasts to character-
ize age-related alterations in the macaque and marmoset brains. Brain morphometry, QSM,

5> MTsat, Tyapp, FA, MD, AD, and RD were assessed and reported across age groups in
14 healthy macaques and 34 healthy marmosets. Age-related morphological, white matter
tissue integrity and tissue iron concentration changes in the brain are captured using a multi-
contrast MRI approach. Macaques and marmosets’ age-related alterations will help us figure
out how effectively they mimic human aging. We believe this study contributes to a bet-
ter understanding of macaques and marmosets’ translational capacities as animal models for
studying healthy human aging.

QSM and R are the most effective 7% vivo methods for determining iron content in the
brain (Haacke et al., 2015; Hametner et al., 2018). Both macaques and marmosets showed
a significant age-related increase in magnetic susceptibility and R in subcortical gray mat-
ter areas (Pu, GP, Thal, and SN), which is consistent with human aging studies [Betts et al.,
2016, Bilgic et al.,, 2012, Li et al.,, 2021, Hallgren & Sourander, 1958, Daugherty & Raz,
2013]. The magnetic susceptibility and R} values of Pu, GP, Thal, and SN were much
higher than those of PFC, V2-V4, and white matter, regardless of age. This is because sub-
cortical gray matter has a higher iron concentration than cortical gray and white matter. In
macaque and marmoset brains, the globus pallidus (GP) showed the highest magnetic sus-
ceptibility and R values compared to other brain areas, as is also the case in the human brain
[Bilgic et al., 2012]. However, several human studies have found that the putamen has the
highest iron levels, followed by the globus pallidus [Ramos et al., 2014, Hallgren & Souran-
der, 1958, Acosta-Cabronero et al., 2016]. The hippocampus of macaques and marmosets
showed a considerable increase in R} with age, which was consistent with the human hip-
pocampus [Betts et al., 2016, Rodrigue et al., 2013]. However, magnetic susceptibility of
the macaque and marmoset hippocampus was found to decrease with age (Figure A.9). An
increase in iron in the hippocampus has previously been related to memory loss and a reduc-
tion in hippocampal volume in humans [Rodrigue et al., 2013, Bartzokis et al., 2011].

There were no age-related white matter changes in macaque and marmoset M Tsat, with
the exception of the corpus callosum in marmosets. M Tsat has been shown to be a marker
of white matter integrity. The age-related increase in M Tsat in the genu, body, and splenium
areas of the marmoset corpus callosum was in contrast to previous human studies, which
showed an age-related decline in M Tsat [Callaghan et al., 2014, Gunning-Dixon et al., 2009,
Seiler et al., 2014]. In humans, age-related reductions in white matter integrity, especially in
the prefrontal cortex, are linked to deteriorated cognitive functions [Gunning-Dixon et al.,
2009].

In macaques and marmosets, whole-brain morphometry analyses showed an age-related
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decline in gray-white matter volume ratio, which has also been shown in human aging studies
[Farokhian et al., 2017]. The corpus callosum morphometric analysis revealed an age-related
expansion in specific sections. According to a recent study, a decrease in corpus callosum vol-
ume is a distinctive aspect of human brain aging [Westerhausen et al., 2021]. In baboons and
capuchin monkeys, there was no evidence of an age-related reduction in corpus callosum vol-
ume, which is different from humans and Chimpanzees [Westerhausen & Meguerditchian,
2021, Westerhausen et al., 2021, Phillips & Sherwood, 2012]. A continuous linear increase
in corpus callosum volume from young to old age is reported in baboons, which could ex-
plain some of the observed age-related changes in the macaque and marmoset corpus cal-
losum. Furthermore, previous studies on the effects of aging on the corpus callosum mor-
phology and density of myelinated nerve fibers in the rhesus macaque has also reported an
age-related reduction in myelinated nerve fiber density (20% per unit area), degeneration of
myelin sheath, and impaired remyelination [Bowley et al., 2010, Peters, 2002].

Independent of age, all studied subcortical areas in macaque and marmoset brains showed
magnetic susceptibility echo time (TE) dependence. Overall, the tQSM profiles in the macaque
and marmoset brains appeared to be similar. In the macaque brain subcortical areas, the pos-
itive age-related shift in tQSM profiles was stronger than in the marmoset brain. The shift in
tQSM profiles was also accompanied by increased nonlinearity levels in the macaque brain
Pu, GP, Thal, and SN. However, in marmosets, only GP showed an age-related positive shift
in tQSM profiles, while Pu, Thal, and SN did not. The tQSM profiles in the GP, Thal, and
SN of young macaques followed a similar pattern to the human profiles [Sood et al., 2017].
Furthermore, tQSM profiles in macaques and marmosets Pu followed a higher upward trend
than tQSM profiles in humans, which showed a decline in tQSM profiles across TEs [Sood
et al.,, 2017]. To our knowledge, this is the first study that focuses on QSM TE dependence
across healthy aging. To establish a relationship between magnetic susceptibility, TE depen-
dence, and tissue microstructure, more research is required.

The cross-sectional design of this study was one of its limitations. In order to measure
changes in the brain, longitudinal studies are more robust and reliable in aging research.

In summary, we found age-related changes in iron and myelin content in cortical, subcor-
tical, and white matter areas. In both macaques and marmosets, the effect of increased iron
in subcortical nuclei was found to be the strongest age-related effect. MT saturation and
dMRI results showed varying degrees of sensitivity to age-related white matter microstruc-
tural changes. Furthermore, the gray-white matter ratio in the brains of macaques and mar-
mosets declined with age. Different MRI contrasts showed varying age-related changes, which
prompts the validation of those contrasts against histology.
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MRI - HISTOLOGY COMPARISON

This study looks at how the brains of macaques and marmosets change with age 7% vivo. How-
ever, the empirical findings must be confirmed using histology as the ground truth. In a pre-
liminary study, we have used one young adult and one geriatric marmoset brain. The brains
were divided into two hemispheric portions (left and right). The right hemisphere was used
to make a 3D brain holder that allowed for exact brain orientation during MRI scanning
and histology sectioning. Young and elderly brain hemispheres were initially placed in 4 %
paraformaldehyde (PFA), which is MRI sensitive. To scan the brains in an MRI insensitive
solution, the brains were first placed in PBS for 24 hours before being placed in Fomblin,
an MRI-invisible lubricant. Both hemispheres were scanned on a 9.4 T Bruker BioSpec MR
system, equipped with the BGA 128 gradient. A 40 mm quadrature transmit/receive coil was
used for signal transmission and detection.

Parameters ME-GRE MT PD T,
Pulse sequence 3D ME-GRE 3D FLASH | 3D FLASH | 3D FLASH
Native resolution 100 100 100 100
(isotropic) (#m?)
Field of view (mm?) 36 X 25.6 36 X 25.6 36 X 25.6 36 X 25.6
Acquisition matrix 360 X 256 360 X 256 | 360 X 256 | 360 X 256
Total acquisition time 5:37 4:06 4:18 4:18
(hrs)
TR/TE (ms) 43.8/[3.2/3.8/38]| 16.8/4.2 16.8/4.2 16/4.2
Flip angle (degree) 25 5 5 25
Number of averages 5 10 10 10

Table 5.3: For postmortem marmoset brains, MRI acquisition parameters for ME-GRE, MTw, PDw, and T;w scans.

We used high-resolution (100 um isotropic) MRI data to compute QSM, R, MTsat,
and T app maps as demonstrated in Supplementary Figures and . High-resolution
QSM and R] revealed increased contrast with age in subcortical structures (Supplementary
Figure ). Furthermore, QSM, R}, MTsat, and Tiapp also demonstrated higher sen-
sitivity to cortical myelination, which is important for studying cortical myeloarchitecture.
Multi-layer white matter structure can be clearly seen in the marmoset brain QSM, R, MT-
sat and Tyapp maps (Supplementary Figure )-

In preliminary findings, ferritin immunochemistry showed age-related iron accumula-
tion in the basal ganglia, which mirrored the 7z vivo results. In future, MRI and histological
results from all 34 marmosets will be compared. Furthermore, quantitative values from cor-
tical, subcortical, and white matter areas will be compared between young and old marmoset
brains (Supplementary Figure )-
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In conclusion, we believe that comparing multi-contrast MRI with histology will aid in
the translation of aging research from non-human primates to clinical populations.
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The end of one thing is just the beginning of anotber.

Simone Elkeles

General Discussion and Conclusions

MRT has been successfully used in basic neuroscience, clinical research, and daily diagnostics
of human neurologic disease. Besides its undoubted benefits, MRI provides only an indirect
measure of tissue microstructure. However, MRI comes with a variety of different contrast
mechanisms. Suitable combinations of those may allow for a more precise 7z vivo tissue char-
acterization. In humans, a direct comparison of MRI findings and postmortem analysis of
brain tissue is limited. Animal models can help bridge this gap by correlating microstructural
changes, such as alterations of myelin and axons, with the observed MRI signal. In this the-
sis, I took advantage of both, genetically modified mice, which often result in very specific,
targeted changes in the brain, and NHPs, which provide a very close similarity to the human
situation.

I'focused on imaging the myelin and iron content in the brain by utilizing multiple MRI
contrasts and advanced combinations of those contrasts. Myelin and iron are essential for
normal brain functions. Altered myelin and iron are significant indicators of the develop-
ment and progression of demyelinating and neurodegenerative diseases and may play a key
role in the pathophysiology of these diseases. Changes in myelin and iron content have been
observed in healthy aging and age-related disease.

The work described here investigated the sensitivity and specificity of currently available
myelin and iron-related MR imaging techniques. Neuroimaging researchers have been seek-
ing to image myelin and iron 7z vive in the brain for decades. Recent meta-analytic studies
show that myelin is sensitive to several quantitative MR biomarkers; however, no biomarker
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seems to be more sensitive than another [Lazari & Lipp, 2021]. The findings of this thesis also
support these conclusions. In mouse mutants with altered myelin, I discovered that current
diffusion MRI techniques (DTI, DKI, WMTI, and NODDI) are sensitive and partially spe-
cific to myelin and axon-related alterations. However, none of the utilized diffusion model
was superior to the other ones.

In addition, I looked into MR methods such as magnetization transfer saturation, mag-
netic susceptibility, and relaxometry. These techniques provide a number of quantitative
MR markers that are sensitive to changes in myelin and iron but not necessarily specific to
them [Hametneretal., 2018, Hagiwaraetal., 2018]. As these quantitative markers reflect dif-
ferent biophysical mechanisms in a complex tissue environment [Edwards et al., 2018, Does,
2018, Moller et al., 2019], their combination may be advantageous here. And indeed, by ap-
propriate linear combinations, I could significantly improve the segmentation of myelinated
tissue.

These combinations of differently weighted images and parameter maps require MR
templates in a common space [Jung et al., 2021, Bazin et al., 2020, Dadar et al,, 2021]. Like-
wise, region-of-interest or tissue segmentation-based quantitative analysis strongly relies on
such templates. To improve the neuroimaging data analysis in cynomolgus macaques, I de-
veloped a multi-contrast high-resolution MRI template. The created templates in stereotaxic
orientation will serve as a common space for the single-subject MRI scan standardization and
anatomical structural localization. Furthermore, the availability of multiple structural (T;-
weighted, T,-weighted, Magnetization Transfer weighted, and Multi-echo gradient recalled
echo) and parametric (QSM, R3, MTsat, and Tjapp) contrasts in the same template space
will aid in developing new brain parcellations and improving already existing parcellations.
All the developed MRI templates, anatomical parcellations (including cortical, subcortical,
and white matter), and brain surfaces will be openly made available to the scientific commu-
nity.

Utilizing the imaging methods established here and the corresponding analysis pipelines,
I compared the MRI finding in healthy adult humans and cynomolgus monkeys and did
a comparative study on brain aging of cynomolgus monkeys and marmosets. Both studies
will be briefly discussed in the following. The study of human brain neuroanatomy, brain
circuitry, and functions of the healthy and sick brain has benefited greatly from NHPs [Vitek
& Johnson, 2019]. However, the similarities and the differences in QSM and R} measured
iron and myelin content between human and NHP brains are neither well known nor well
understood yet. In this thesis, I examined both humans and NHPs, using nearly identical
MRI parameters to provide a thorough comparison. I found similar magnetic susceptibility
and R} values in the human and NHP brain, with the exception of a few areas such as the
red nucleus and cerebrospinal fluid. Furthermore, I found that the human and NHP brains
have similar QSM echo time dependence, except for a few areas further supporting the great
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value of NHPs for biomedical research [Colman, 2018, Mattison & Vaughan, 2017].

In humans, brain aging has been associated with changes in gray and whiter matter vol-
ume [Hedman et al., 2012, Farokhian et al., 2017, Smith et al., 2007]. The morphomet-
ric analyses required for such studies strongly rely on the quality of the (mostly automati-
cally performed) brain segmentation, commonly done on conventional T;-weighted and T>-
weighted images [Tullo et al,, 2019, Callaert et al., 2014, Smith et al., 2007]. However, in
particular, the contrast between the subcortical structures and the adjacent white matter is
very limited on those T;- and T,-weighted images.

In this thesis, I propose a method (SILiICON and TQ-SILiCON) to overcome these lim-
itations. The weighted linear combination of images utilizing different contrast mechanisms
(e.g., T1, MT, QSM) provides excellent visualization of cortical, subcortical, and white mat-
ter. By adopting a clinically appropriate MRI data acquisition and limiting the number of
contracts to the two most contributing, that is, T1 and QSM, the required measurement
time becomes suitable for clinical use in humans.

Moreover, I have applied the multi-contrast MRI approach to detect age-related alter-
ations in the macaque and marmoset brain. I compared monkeys of various ages, ranging
from young adults to the elderly. In contrast to reports about older humans, I observed al-
most no changes in dMRI and magnetization transfer in the monkeys with increasing age
[Callaghan etal., 2014, Gunning-Dixon etal., 2009]. However, similar to humans, macaques
and marmosets showed a decreased gray-to-white matter ratio with age and age-related iron
accumulation in subcortical areas.

This raises the possibility that the brain of NHPs is less affected by aging, or that the
monkeys in our studies, who were old relative to their current life expectancy in captivity,
are not comparable old to those humans whose life expectancy has been extended due to
changing lifestyles and advanced therapeutic interventions in recent decades.

Future work will include histological validation of the proposed multi-contrast MRI
method, as well as further investigation of the NHP brain’s age-related alterations.
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Supplementary Material

Human Monkey
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Figure A.1: In the axial view of the human and monkey brain Quantitative Susceptibility Mapping (QSM) and effective
transverse relaxation rate(RZ) templates, the superior colliculus is highlighted by the red arrows. In both human and
monkey brains, the QSM template has stronger superior colliculus contrast than the Rﬁ template. In comparison to the
human brain QSM template, the periaqueductal gray is more evident on the monkey brain QSM template (highlighted by

the green arrow).
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Figure A.2: Unreferenced (A) and cerebrospinal fluid (CSF) normalized (B) magnetic susceptibility values for seven gray
and six white matter regions-of-interest (ROls) in the human and monkey brains. Mean magnetic susceptibility with the
distribution of individual observations for unreferenced (non-normalized) and CSF normalized maps (in parts per million).
(A) In both the RN and the CC-B, unreferenced QSM data reveal significant differences between human and monkey brains.
In comparison to the monkey red nucleus, the human red nucleus had higher magnetic susceptibility values. In addition,
the monkey brain had relatively higher diamagnetic values than the human brain. (B) The Thal, Cau, Put, SN and GPi
ROls in the CSF normalized gray matter analysis revealed significantly higher QSM values in the monkey brain than in the
human brain. In the white matter ROIls, the human brain displayed relatively higher diamagnetic susceptibility values than
the monkey brain. Abbreviations: middle thalamus (Thal), caudate (Cau), putamen (Put), substantia nigra (SN), external
globus pallidus (GPe), internal globus pallidus (GPi), red nucleus (RN), corpus callosum genu (CCg), corpus callosum body
(CC-B), corpus callosum splenium (CC-Sp), cingulum (Cing), internal capsule (IC), anterior commissure (AC).
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Figure A.3: Magnetic susceptibility versus R; scatterplot for human and monkey brain regions-of-interest.
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Figure A.4: Magnetic susceptibility echo time dependence for gray and white matter regions-of-interest in human and
monkey brains. Magnetic susceptibility temporal profile results are displayed for putamen, internal globus pallidus, external
globus pallidus, splenium, and internal capsule. The individual plot shows the susceptibility temporal response for the
group mean (thin dotted line) and confidence interval (Shaded area). Except for the internal capsule, the tQSM profiles of
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human and monkey brains were very comparable.
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Figure A.5: The effects of human and monkey head orientations in the magnetic field on magnetic susceptibility and R;.
In vivo measurements of the human and monkey brains were performed in the supine and prone positions, respectively
(gray bars). To study the QSM and R; changes produced by the subject’s head orientation inside the magnetic field, one
ex vivo macaque head was measured in supine and prone positions (green bars). In all of the brain areas examined, in
vivo supine-prone differences are far greater than ex vivo supine-prone differences. Abbreviations: CCg - corpus callosum
genu, CC-B - corpus callosum body, and CC-Sp - corpus callosum splenium.
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Figure A.6: The contrast-to-noise ratio estimation was performed using segmented macaque brain regions-of-interest.
The whole-brain tissue was segmented into four tissue types: cerebrospinal fluid, cortical gray matter, white matter, and

subcortical gray matter.
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Figure A.7: Multi-contrast Deutsches Primatenzentrum cynomolgus macaque (DPZCYNO) standard templates.
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Symmetric DPZCYNO templates

Contrasts | Cort GM - WM Cort GM - Subcort GM | Subcort GM - WM
Tyw 3.1 1.3 1.8

MTw 0.7 0.04 0.6
mGRE 0.05 I I

Tow 0.6 0.2 0.4

QSM 0.7 3.4 2.8

R 0.1 1.6 1.7
MTsat I 0.1 I.I

Tiapp 1.2 0.4 0.8

Table A.1: The contrast-to-noise ratio (CNR) in the symmetric DPZCYNO templates. The CNR between cortical gray and
white matter (CNR = 3.1) was highest in the T;w template. Furthermore, the CNR between cortical and subcortical gray
matter (CNR = 3.4) and subcortical gray and white matter (CNR = 2.8) was highest in the QSM template. Abbreviations:
Cort GM - cortical gray matter, Subcort GM - subcortical gray matter, and WM - white matter.

Asymmetric DPZCYNO templates

Contrasts | Cort GM - WM Cort GM - Subcort GM | Subcort GM - WM
Tiw 2.7 I.1 I.§
MTw 0.4 0.1 0.4
mGRE o.1 0.6 0.7
Tow 0.4 0.1 0.3
QSM 0.7 3.3 2.7
RS 0.05 1.3 1.4
MTsat 0.7 0.1 0.6
Thapp 0.7 0.3 0.5

Table A.2: The contrast-to-noise ratio (CNR) in the asymmetric DPZCYNO templates. The CNR between cortical gray and
white matter (CNR = 2.7) was highest in the T;w template, just like in the symmetric templates. Cortical and subcortical
gray matter (CNR = 3.3) and subcortical gray and white matter (CNR = 2.7) had the highest CNR in the QSM template.
Abbreviations: Cort GM - cortical gray matter, Subcort GM - subcortical gray matter, and WM - white matter.
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Figure A.8: We have used the Jacobian determinant analysis to estimate the morphological differences between the
cynomolgus and rhesus macaque brains. First, we used only five young adults between the ages of 7 and 8 years old to
create a rhesus macaque template age comparable symmetric template from cynomolgus macaques. We then nonlinearly
registered the newly created symmetric T;{w template from cynomolgus macaques to asymmetric T;w template from rhe-
sus macaques (NMT v2) [Jung et al., 2021]. The rhesus macaques employed in the creation of the NMT v2 symmetric
template were between the ages of 3.2 and 13.2 years. The log Jacobian determinant was calculated using the deforma-
tion fields generated by the nonlinear alignment of the symmetric cynomolgus macaque template to the rhesus macaque
template. The positive log Jacobian values exhibit tissue expansion, and negative log Jacobian values exhibit tissue shrink-
age from the cynomolgus macaque template to the rhesus macaque template. Cortical gray matter areas showed more
tissue expansion than white matter areas. The symmetric T;w template-based three-tissue segmentation results indicated
that rhesus macaques had a higher gray-white matter volume ratio (1.74) than cynomolgus macaques (1.43). Some of the
limitations of this method are: (1) The cynomolgus and rhesus macaques used in the template construction were of differ-
ent ages. (2) The rhesus macaque template was made up of scans from 25 males and 6 females, whereas the cynomolgus
macaque template was made up of scans from 5 females.
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Figure A.9: Age associations with the morphometric and microstructural characteristics of the hippocampus. A. Macaque
brain population-averaged T;w template image, with overlaid Jacobian determinant analysis calculated z-score map. The
relative Jacobian determinant maps were calculated using warps from the subject T;w scan to the final population-
averaged Tyw template. Positive z-score values indicate tissue enlargement, while negative z-score values indicate tis-
sue shrinkage as monkeys get older. The dotted black box on the z-score map for the macaque brain shows substantial
age-related enlargement in one small area of the hippocampus. The macaque brain hippocampus area is highlighted in
the QSM, R;, MTsat, and Tiapp average templates. The QSM, R;, MTsat, and Tiapp based regional differences across
two aging groups are depicted in the box plots. B. Marmoset brain population-averaged MTw template image, with over-
laid Jacobian determinant analysis calculated z-score map. The relative Jacobian determinant maps were calculated using
warps from the subject MTw scan to the final population-averaged MTw template. The marmoset brain hippocampus
area is highlighted in the QSM, R;, MTsat, and T;app average templates. The QSM, R;, MTsat, and Tapp based regional
differences across four aging groups are depicted in the box plots. Abbreviations: HPC - the hippocampus.
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Figure A.10: QSM (A) and R; (B) maps in the young and old marmoset brains. QSM and R;‘ maps were calculated from
multi-echo gradient-recalled echo (ME-GRE) data acquired at 9.4 Tesla with 100 um isotropic resolution. The locations of
iron-rich subcortical structures in sagittal view are indicated on the magnified visualization of QSM (A) and R; (B) maps.
Abbreviations: A - anterior, P - posterior, and D - dorsal.
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Figure A.11: A. QSM and R; maps of the marmoset brain in sagittal view. The locations of iron and myelin-rich cortical
and white matter structures are indicated on the magnified visualization of QSM and R} maps. R; is more reliable and
sensitive to cortical iron and myelin than QSM [Hametner et al., 2018]. Myelin is diamagnetic within the white matter.
B. MTsat and Tjapp maps of the marmoset brain in sagittal view. The locations of cortical and white matter structures
are indicated on the magnified visualization of MTsat and Tiapp maps. Abbreviations: A - anterior, P - posterior, and D -
dorsal.
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Figure A.12: The marmoset brain’s subcortical regions-of-interest in sagittal view. Abbreviations: Cd - caudate, Thal -
thalamus, Sep - septum, Pu - putamen, GP - globus pallidus, HipF - hippocampal formation, SNR - substantia nigra, MGN
- medial geniculate nucleus, and SC - superior colliculus.
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