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Abstract

Abstract

Rats and mice are the most abundantly used animal models in translational research. They are
employed in the service of clinical research in the sense of establishing methods, testing therapeutic
strategies and pharmacological interventions. Magnetic Resonance Imaging (MRI) has become the
most important neuroimaging tool. It offers on the one hand absolute integrity of the tissue and
thereby allowing multiple examinations of the same subject without confounding developmental
processes and on the other hand effective exchange between bench and bedside, due to its high
translational nature. Compared to the vastness of imaging studies in rodent models of
neuropathological conditions, we know very little about the development of neuroimaging
parameters over the life span of rats and mice. One of the major challenges in a longitudinal imaging
study is the data handling and post-processing. In order to assure reliability and reproducibility of the
results, the first goal of this thesis was to establish a post processing protocol and designed a
graphical user interface. This allowed for robust analysis of the MRI data and for fast visual inspection
of the registration success. In the second step, the presented studies established a time profile of the
most widely used MRI parameters for cerebral development in mice and rats. This will help
neuropathological studies to set a reasonable age threshold, avoiding maturation processes to
potentially obliterate the therapeutical effect. Thirdly, a longitudinal study in rats was conducted,
searching for translational biomarkers of cerebral ageing. A multimodal approach was chosen,
employing not only structural MRI but also the most prevalent fMRI and PET markers. Calorie
restriction and appropriate housing conditions led the rats to age healthy, without age-related
diseases. The results demonstrate a rather heterogeneous ageing process across different
parameters and cerebral GM regions. This is in strong contrast to the rather synchronized maturation

processes but reflects the human situation during healthy ageing.

Our work created a baseline on structural MRI parameters, describing periods of life marked by
immense structural reorganisation. The results will help future studies on pathologies in the

adolescent or ageing brain and has helped defining the starting point of stable adulthood.
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Zusammenfassung

Zusammenfassung

In der praklinischen Forschung werden vornehmlich Ratten und Mause verwandt um neue Methoden
zu etablieren und innovative therapeutische und pharmakologische Strategien zu testen. Mit
Magnetresonanz Tomographie steht der Forschung eine Bildgebungsmethode zur Verfligung, die
vollstandig nicht-invasiv ist und auch bei wiederholter Anwendung keinerlei Einfluss auf die
Entwicklungsbiologie zeigt. Zusatzlich zeichnet sich MRT durch ein besonders hohes translationales
Potenzial aus. Ganz im Gegensatz zum Menschen ist Uber den Verlauf von neuroradiologischen
Markern wahrend der ontogenetischen Entwicklung und des Alterungsprozesses bei Ratten und

Mausen wenig bekannt. Diese Diskrepanz zu tberbriicken war Ziel dieser Doktorarbeit.

Eine Langzeitstudie ist aufwendig und die entstehenden Datenmengen sind eine Herausforderung fir
effektive Auswertestrategien. Um die Reproduzierbarkeit der Ergebnisse zu garantieren, ist der erste
Teil dieser Arbeit der Entwicklung von Strategien zur Datenverarbeitung und dem Design einer
grafischen Benutzeroberfliche gewidmet. Dadurch konnte im Folgenden eine zuverldssige
Datenverarbeitung und -analyse sowie eine schnelle und verldssliche Revision der Registrierung
gewahrleistet werden. Der zweite Teil beschreibt den zeitlichen Verlauf von MRT Parametern
wahrend der Gehirnreifung in Ratten und Mausen. Die Entwicklungsprofile werden zukiinftigen
neuropathologischen Studien dabei helfen Tiere eines angemessenen Alters zu wahlen, so dass
potentielle therapeutische Erfolge nicht von inhdrenten Reifungsprozessen Uberlagert werden. Der
dritte Teil, eine multimodale Langzeitstudie in Ratten, sollte translationale Marker fiir Hirnalterung
finden. Der multimodale Ansatz beinhaltete neben konventionellem, strukturellem MRT auch die
gangigsten funktionellen MRT und PET-Paradigma. Eine kalorienreduzierte Erndhrung sowie
artgerechte Haltungsbedingungen lieen die Ratten gesund altern und reduzierten altersabhangige
Krankheiten. Die Ergebnisse malen ein eher heterogenes Zeitprofil des Alterungsprozesses, sowohl
im Vergleich der untersuchten Modalitdten als auch den verschiedenen Regionen der zerebralen
grauen Substanz. Dieser parameter- und regionsspezifische Beginn des Alterns steht im Gegensatz

zur zeitlich stark getakteten Entwicklung, spiegelt aber die klinische Erfahrung wider.

Die vorgelegte Doktorarbeit beschreibt die altersabhdngige Entwicklung von strukturellen MRT
Parameter und konzentriert sich dabei auf Lebensphasen, die durch besonders intensive strukturelle
Reorganisation charakterisiert sind. Die Ergebnisse werden zukiinftigen neuropathologischen Studien
im adoleszenten oder alternden Gehirn als Messgrundlage dienen und definieren den zeitlichen

Beginn des Erwachsenenalters.
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Preface

Preface

“It is indeed remarkable that after a seemingly miraculous feat of morphogenesis a complex
metazoan should be unable to perform the much simpler task of merely maintaining what is already

formed.” Williams 1957

We now live longer than ever before; due to the benefit of good nurture, hygiene and modern
medicine. However, living longer does not mean that the health span is prolonged as well. Now more
than ever we have to tackle age-associated diseases, such as neurodegenerative diseases, diseases of
the cardiovascular system or cancer. The challenge remains, and even increases for us to understand

ageing processes.

Ageing is a peculiar thing. It can be observed everywhere in nature, whether in animals, plants,
bacteria or funghi. It is omnipresent and yet difficult to define. Whether for egoistic or altruistic
reasons, men were seeking to conquer ageing and death for thousands of years: While searching for
the “Holy Grail”, alchemy and metaphysics all were hoping for eternal life. In the last century life
sciences have postulated many theories, from a limited number of heartbeats in a lifetime, to an age-
gene, to sexual reproduction or metabolic rate. In the following paragraphs the most important

ageing theories and their history shall be explained.

Ageing is occurring on every level of an organism (systems, organs, cells, cell compartments, proteins
and DNA) and everywhere with different time profiles and phenotypes. In the end the definition
comes down to one rather unsatisfying sentence: The ageing phenotype reflects an accumulation of
small changes, leading to functional decline. This accumulation can be due to environmental

influences (nurture) or due to internal ageing programs (nature).

In 1889 August Weisman postulated his theory of immortal genes and a “perishable and vulnerable
(...) soma”, believing in an ageing and death mechanism to reduce the fraction of old individuals in a
population [1]. Finding such an allele, targeting and removing it should then lead to immortality. This

was the first scientific theory of the evolution of ageing.

Longevity genes in C. elegans, fast ageing transgenic mouse models and even genetic heritance
studies in humans imply on first sight that ageing is genetically programmed [2]. However, if genes
were responsible for the ageing process, they regulate it only loosely. Life spans, ageing phenotypes

and rates vary between individuals. This holds true even in C. elegans, a species showing a
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development so completely synchronized that all adult individuals turn out to have the exact same
number of cells [3]. It seems that a genetic ageing program can only be part of the story. What is
more, an ageing gene contradicts our understanding of evolution. A phenomenon as ubiquitous and
highly conserved as ageing would require strong selective forces, if it was genetically programmed.
Evolution promotes genes that successfully increase the reproduction rate, whereas ageing manifests
itself after the reproductive phase, in the selective shadow. This reasoning was the basis for another
ageing theory, phrased in 1952 by Peter Medawar: The theory of mutation accumulation [4].
Medawar argued that because of that selective shadow, genes with detrimental effects late in life
can accumulate in the genome. George Williams and his “antagonistic pleiotropy theory” (1957)
followed a similar approach, hypothesising that a genes may differ between ages and somatic
environments [5]. A gene that was beneficial during development may be harmful after the

reproductive phase, in the selective shadow.

In the mean time a breathtaking discovery was made that slowly found its way into the ageing
science: Clive McCay discovered that Wistar rats lived longer when kept on a strict calorie restricted
diet (CR) [6; 7]. This was the first report of external factors determining the ageing process, of
nurture being more important than nature. It led to a series of ageing theories, based on the
assumptions that a metabolism is limited to a certain metabolic turnover or number of heartbeats. It
seems that the reduced energy metabolism of CR animals has major beneficial effects [8-10]: The
reduced metabolic rate leads to a chronic mild metabolic stress. Such mild chronic stress, whether
energetic or thermic triggers the cellular stress resistance mechanisms and thereby increases the
cell’s resistance to insults. Both in mild chronic stress and in CR animals, cells show higher levels of
heat shock protein and neurotrophic or neuroprotective factors. Furthermore, a reduction in
metabolic rate reduces the formation of by-products, like reactive oxygen species (ROS) [11]. ROS
challenge the somatic and mitochondrial metabolism, especially the DNA repair systems and are one
of the major contributors to the cellular ageing process. Other theories highlight the role of
aggregated proteins, a phenomenon found in many systems. Protein aggregations range from
innocent lipofuscin in age spots, to detrimental amyloid plagques and Lewis’ bodies in neurons of

Alzheimer’s and Parkinson’s disease [12].

The question remains though, why cellular repair mechanisms cannot cope with these particular
mistakes in folding and translation. Kirkwood hypothesized that the accumulation of damage can
occur because the energetic priority is put into reproduction, rather than cellular and biochemical

maintenance mechanisms (disposable soma theory, 1977) [13].
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In recent years programmed ageing theories arose, based on changes observed in the endocrine
system of the roundworm C. elegans. C. elegans larvae can stagnate in a specific developmental
stage, when presented to unfavourable environmental conditions. This stage was termed dauer,
according to the German word for duration and continuity. Dauer larvae are resistant to stress and
do not feed and show a distinct physiology and morphology [14]. During this emergency state
development, thus ageing is halted and can be continued when conditions change. The genes
responsible for the dauer stage show strong homologies with components of the mammal insulin
and insulin like growth factor (IGF) pathway. The main components of the insulin/IGF-1 pathway are
highly conserved and can be found both in invertebrates (Drosphila and C. elegans) as well as in
mammals [15]. It was found to interfere with the ageing process by altering the metabolism. The
insulin/IGF-1 signalling cascade in mammals is closely linked to the growth hormone (GH) pathway
and is part of the somatotropic axis, a key player in the regulation and control of metabolic processes
[16]. As the signalling cascade is much more complex in mammals, the precise mechanisms are more
difficult to unravel. However, mutant mice lacking components of the pathway show longevity and

an altered insulin metabolism [17].

The somatotropic axis is a strong candidate to unite the opposing theories (nature vs nuture) to a
combined theory of accumulated damage. In the fine equilibrium of a biological system (whether an
organism or a cell) the smallest change can trigger a chain reaction and lead to major dysfunction. A
major contributor to the homeostasis is the nutrition; the number of free radicals, fatty acids,
vitamins, etc. is highly dependent on the diet. Changes can also be induced by external damage, like
UV light and radiation or by intrinsic errors, like imperfect translation or protein misfolding. As
somatic repair mechanisms are not perfect, low levels of damage accumulate with time, leading to
the rather diffuse pathology of age. Depending on the environmental influences and the genetic
predisposition, the ageing phenotype varies between individuals. This theory seems appealing. We
can observe the proposed individuality in the ageing rate in daily life. However, there remain
patterns and evolutions that are not purely random, but common within and between species. It
seems that some systems are more prone to ageing than others. Are we witnessing an intrinsic

ageing process?
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Objectives

Demographic change is challenging economic and health systems as well as science. In a society with
a growing proportion of elderly, understanding the ageing process and prolonging health span is no
longer only a matter of philosophical discussion. Demographic prognoses for Germany and other
Western countries foresee a decreasing population but an increase in the proportion of elderly.
Along with this shift in the population pyramid, the incidence of age related diseases will rise. The
Institut fiir Gesundheits-System-Forschung (Institute for research on health system; www.igsf.de)
anticipates the morbidity rate of stroke to increase by as much as 94%, of dementia even by 144% by
the year 2050. Neurological diseases are already attributed as the main reason for disability in elderly
and one of the major challenges for effective translational research. Understanding the causes and
pathologies of these diseases is crucial for prevention and treatment and needs appropriate animal

I”

models and the knowledge to discriminate between “normal” age-related and age-dependent, but

disease-related, deterioration.

Despite major progress in the translational ageing research, studies often miss the link between
bench and bedside, whether it is in the choice of animal models or the tests used to evaluate the
intervention [18]. Animal models should represent the patient population in critical characteristics
and be combined with the advantages, such as reproduction rate, genetic manipulations, convenient
handling and housing. Neuroscientists have created a large variety of animal models displaying the
main symptoms of age-related diseases, for example artery occlusion to induce an ischemic stroke
[19], injection of 6-OHDA to deplete dopaminergic neurons similar to the pathology of Parkinson’s
disease [20] and transgenic mice showing Alzheimer’s pathology [21]. These animal models provide
mechanistic insight into disease pathology and evolution, as well as a platform to test potential
therapies. However, most pre-clinical research employs young animals, which are not necessarily
representative of the natural disease state. That age of an animal affects the outcome of an
intervention was shown for several disease models, e.g. the recovery after stroke [22]. Even more,
age is considered rather a disease itself and is examined and treated separately with its own
transgenic animals, than an important influence upon diseases. Without doubt, young animals are
convenient in terms of breeding cycle, animal handling and training and they are easy to purchase.
Aged animals in contrast are expensive and spent already much time in breeding facilities before
arriving in the laboratories, making it difficult to control housing environment as well as habituating

them to the specific setup and staff within the lab, a situation that is particularly important for
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behavioural and cognitive tests. Although information assessed with young animals is informative,
the findings cannot necessarily be extrapolated to aged subjects, making it essential to investigate in
aged animals. Comparing the few studies that did focus upon aged animals so far, it becomes obvious
that a common definition of “old” age is lacking. The range of ages for animals referred to as “old”
spans from twelve to 28 months [23-25]. While we have a fairly good time scale of developmental
phases in humans (from infancy to old age), we know little about the distinct phases in rats, making it
difficult to model human age stages. This holds true not only for ageing but also for development and
maturation processes. Many animal models, like rodents or the zebrafish were chosen for their fast
development, neglecting that not only genetic background but also developmental stages matter.
Comparison between the late-developing human brain and the fast rodent brain are especially
difficult for brain maturation processes, like myelination, synaptogenesis and neuronal arborisation.
Not all systems develop in the same pace across species. An open database is now available which
compares different cerebral processes, like myelination or neurogenesis across different mammalian
strains for the first weeks, in rats and mice for example until weaning is terminated and with
proclaimed adulthood (www.translatingtime.net). In fact, there is evidence that the brain continues

to mature well beyond the adult age [26; 27].

Paediatricians have a clear understanding of neurological, psychological and sensorimotor stages and
the pace of human development. Standardized and regular examination have created a standard to
which individuals can be compared. Meanwhile, gerontologists have implemented a battery of tests,
examining the neurological and sensorimotor function of older patients in order to establish
function-based biomarkers of ageing. These biomarkers help to predict the anticipated life span and
the probability of a later disability [28; 29]. Many of those markers could be adapted to rodent
studies, allowing judgement of intervention success. However, potential therapies are tested in
rodent models for ageing and age-associated diseases and evaluated with rodent specific tests.
Standard tests in rodent models do not necessarily find an equivalent in clinical trials, raising the
question if treatment, which is considered successful in preclinical research, actually targets clinically

relevant parameters.

Whether preclinical research outcomes affect parameters used as a standard read-out in medical
research is often unknown. Common biomarkers for clinic and animal models are worthwhile.
Putative biomarkers for brain development and ageing should be non-invasive and comparable both
in animal models and in humans. It is conceivable that the benefits such as those attained by blood
pressure analysis in cardiovascular diseases, could be achieved by measuring glucose and insulin

levels for glucose intolerance gait analysis [28] and using non-invasive imaging for neurological
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disorders. While stroke and Parkinson’s disease affect mostly the motor system, Alzheimer’s disease
has the strongest impact on the cognitive function. All neurodegenerative diseases, and ageing itself,
are associated with changes in neuronal activity, that are reflected not only in the functional but

even more so in the metabolic profile of the whole brain or specific brain regions.

Neuroimaging techniques have evolved to be the most important clinical and pre-clinical tool for
diagnostics and follow-up. Magnetic Resonance Imaging (MRI) reveals macro- as well as
microstructural changes completely non-invasively, Positron Emisson Tomography (PET) visualizes
molecular and metabolic alterations and functional MRI reflects the neuronal or neurovascular
response to a given task. MRI ageing studies in humans have shown a variety of structural changes
throughout life, among them volume ratios of grey and white matter as well as changes in the

integrity of the white matter tracts [30-33].

We conducted a multimodal longitudinal study in rats, monitoring the functional state as well as the
structural integrity of the brain in vivo. A detailed description of brain maturation and ageing
processes will create a baseline for imaging parameters and help finding biomarkers that can be
translated into the clinic. Monitoring the complete lifespan can furthermore contribute to define age
stages in the rat. A second study was assigned to describe postnatal maturation of the neocortex in
mice, and to establish a protocol that allows comparison of histological and imaging findings. As data
handling and post-processing are rather challenging in such a large-scale study, the first goal was to

establish protocols for data analysis and a platform facilitating the control of the registration success.
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Theoretical background of imaging methods

MRI — Magnetic Resonance Imaging
MAGNETIC

Conventional Magnetic Resonance Imaging (MRI) employs the magnetic properties of the hydrogen
nucleus. Hydrogen is the element with the least complex nucleus, consisting only of one positively
charged proton. The hydrogen nucleus has a quantum mechanical property, the nuclear spin: it is
rotating about an axis. The rotation or spin of any charged particle generates a small magnetic field
(characterized by a magnetic momentum) and produces magnetic dipoles. Hydrogen is not the only
nucleus, bringing the prerequisite for MRI. All isotopes with an odd number of protons or neutrons
have a total spin that is not zero, but instead equal % and therefore provide a magnetic momentum.

This is exploited for example in fluorine (19F), phosphorous (31P) and carbon (13C) MRI.

When a nucleus with spin=) is brought into an external magnetic field, quantum mechanics

anticipates two characteristics:

1- Spins align with the magnetic field either parallel or anti-parallel. In other words, they take one of
two energy states: spin down (high energy level) and spin up (low energy level). The ratio between

the two states is not 50:50, but is slightly in favour of the low energy state/parallel.

2- Spins precess around an axis parallel to the magnetic field. The frequency of the spin precession is

unique for different nuclei in different field strengths and is termed Larmor frequency.

For MRI a powerful and static magnetic field is applied. The strength of a magnetic field is given in
the unit Tesla (T). Field strengths differ between scanners and between applications. In clinical
diagnostics, field strengths of 1.5T are common, in preclinical research field strengths with 11T and

higher are in use.

Nevertheless, MRI is not sensitive enough to visualize individual spins. Instead, MR images are
resolved into voxels (volume elements), and all spins within one voxel are treated as an entity. This
spin ensemble is not uniform in energy state (up/down) or phase orientation, having a slight excess
on “up spins” and a random phase location. The excess of “up spins” is creating a constant

magnetization parallel to the magnetic field, termed the “thermal equilibrium of the spins”. After any
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kind of disturbance, the spins will restore this low energy state: net magnetization parallel to the

magnetic field B, and random phase orientation.

RESONANCE

The net magnetization and the spatial orientation can be represented by a vector: The vector length
represents the magnitude of magnetization, its direction codes the spatial orientation of the spins.
Just like a vector, the magnetization can be decomposed into a longitudinal and a transversal
component, the magnetization parallel and perpendicular to By, respectively. In the equilibrium
state, the longitudinal component is making 100% of the net magnetization, the transversal one zero.
The equilibrium state can be disturbed when applying a radiofrequency (RF) pulse. This pulse creates
a supplementary, magnetic field (B,) perpendicular to B,. The additional B1 field leads to a nutation
of the magnetization. For a short time the spin equilibrium is lost: they are reoriented towards B; and
are synchronized in their precession. The amplitude and the duration of the pulse are responsible for
the degree of reorientation: the more energy the pulse renders, the stronger the spatial orientation
of the spins will be deflected. In our vector representation this means: the longitudinal magnetization
is decreasing as the transversal magnetization is growing. As a consequence our magnetization
vector is tilted towards the transversal plane; the achieved angle is called flip angle. A 90° pulse will
flip the magnetization vector into the transversal plane, in which case the transversal component of
the magnetization will grow to 100% and the longitudinal component will be zero. The frequency of
the RF pulse must match the Lamor frequency. Only then will the oscillation of the applied pulse be
in resonance with the spins, synchronizing their precession. This state is called phase coherence. The
transversal magnetization that is in phase coherence can be detected with a coil and is the basis of

the MR image.

jgure 1: MR signal
pins behave like bar magnets and can be aligned by
an external #ha@e%e field (B,); creating a net
8:,o» Magnetization vector M, parallel to B, A
radiofrequency (RF) pulseB#ipRahic.\2Bev«towards
Ihe transverse plane with a flip angle of a. Precession
of the spins in the transv;q%%BEne is reflected in the
transverse vector componenf My and induces a

!5 9 ( #

ore(3414" Yy 8:.,5. Voltage (Upg) in a pickup coil.
*pR4" Adapted with permission frioma atihoff [34]
#ORi(" =$>" 2@
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IMAGING

After excitation, the spins lose their phase coherence and restore the thermal equilibrium. These
relaxation processes are modulated by the interaction between spins and their surroundings (spin-
lattice relaxation), between the individual spins (spin-spin relaxation), and by inhomogeneities of the
magnetic field. The different components are described by three principle time constants: the spin-
lattice relaxation time (T1), the spin-spin relaxation time (T2) and by a time constant T2*. As different
biological tissues differ in their composition of macromolecules and water content, they generate an
intrinsic MRI-contrast based on their relaxation times.

The duration and strength of the excitation pulse, the number of applied pulses, the time between
consecutive scans (repetition time) and the time between excitation and data acquisition (echo time)
are characterized by the MRI sequence and determine the image contrast. Spatial localization in the
brain is achieved by supplementary non-static magnetic fields, so called gradients. The strength,

direction and timing of the gradients can be controlled by the MRI sequence.

T1 is dependent on the thermodynamic interactions between the spins and the surrounding tissue. It
is affected by the distinct macromolecular environment of the tissue. The spins absorb energy during
excitation with the RF pulse. In tissue with many large molecules (like fatty tissue) the energy is
quickly assimilated by the surrounding molecules; the spins restore their thermal equilibrium in a
short amount of time. In tissue with fewer macromolecules the exchange takes longer. T1 is defined

as the time when 67% of longitudinal magnetization is restored.

T2 is defined as the time when the transversal relaxation is decreased to 37% of the initial signal
intensity. T2 reflects mainly the local water content in biological tissue. In tissue with high water
content, the spins keep their phase coherence longer than in tissue with high fat content, thus

showing a higher T2 value (e.g.: ventricles vs. white matter).

T2* reflects transversal relaxation due to interactions between spins (spin-spin relaxation) and
additionally due to field inhomogeneities. Imperfections of the static magnetic field, poor adjustment
to the sample (insufficient shim) or different tissue susceptibilities (especially between air and tissue)
create constant inhomogeneities in the local magnetic field, leading to a faster decay of the signal

than anticipated in the pure spin-spin relaxation model.

While conventional, structural MRI contrasts (T1, T2, T2*) rely on the chemical and molecular
differences between tissues, Diffusion Weighted Imaging (DWI) employs another molecular

characteristic: Brownian motion. Water movement in biological tissue is not completely free
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(isotropic) but is limited by cell membranes (anisotropic). While DWI can visualize differences in
diffusion rate, Diffusion Tensor Imaging is sensitive to differences in diffusion directionality, eg.

between white matter (with a preferred diffusion direction along the axons) and grey matter.

In a DWI sequence two successively applied, pulsed gradient fields are used to detect movement.
The sensitivity of the sequence is determined by the length, strength and spacing of these gradient
pulses and is stated in the b-value. Most DWI sequences are based on the Stejskal-Tanner sequence
from 1965 [35]. As previously stated, the precession (Lamor) frequency is dependent on the field
strength. After a 90° RF pulse the first strong gradient changes the precession frequency of the spins,
as a function of their spatial localization: the affected spins will loose their phase coherence causing
the signal to be attenuated. A refocusing RF pulse (180°) and a second gradient pulse (of identical
orientation and strength) restore the signal. However, if spins are moving along the gradient
direction, the experienced second gradient field will differ from the first one. In this case, the signal

will not be restored completely: the higher the diffusion rate the more attenuated the signal.

In Diffusion Tensor Imaging (DTI) the gradients are employed not only for spatial localization, but also
for encoding the directionality of motion. A DTl dataset consists of at least six gradient directions and
an AO image without diffusion weighting, based on these images three eigenvectors are calculated
for every individual voxel. Different diffusion associated parameters can be retrieved from such a
dataset: the main diffusion direction, the degree of anisotropy (fractional anisotropy), the rate of
diffusion (mean diffusivity), the degree of diffusion along the main direction (axial diffusivity) and

perpendicular to it (radial diffusivity).
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fMRI - functional Magnetic Resonance Imaging

Functional magnetic resonance imaging is based on three premises: (1) Neurons consume more
energy during active firing than in resting state; (2) the increased demand of oxygen and nutrients is
met by a haemodynamic response of the local blood vessels; and (3) the difference in the

haemodynamic parameters can be visualized by MRI.

An active, firing neuron has a higher cerebral metabolic rate (CMR) compared to its resting state. The
increased glucose and oxygen consumption causes the local blood levels to drop. This is
compensated by vasodilation of the arterioles and arteries. The consequence is a regional increase of
cerebral blood flow and volume (CBF and CBV). The mechanism matching the haemodynamic
response to the metabolic need of the neuronal tissue is called neurovascular coupling. The cellular
and molecular constituents of this mechanism have long remained elusive. As vessels in an area
broader than the actual electrophysiological activation are recruited, neurovascular coupling must
not rely on local feedback systems alone (e.g. higher local CO, levels acting upon smooth musculature
of arterioles). A major advance has been the discovery that astrocytes play a key role in
neurovascular coupling [36]. Astrocytes are the most numerous cells in the CNS and are very
heterogeneous in morphology and function. Here we refer to the protoplasmic astrocytes in the grey
matter of the brain. The distinct, star-like morphology reveals the key role of protoplasmic astrocytes
in neurovascular coupling: Their fine processes are very elaborate and build endfeet contacting
neurons, synapses and blood vessels alike. The current understanding of the neurovascular coupling
mechanism is centered on the trinity of neuron, astrocyte and vessel, the so-called neurovascular
unit (Figure 2). The neurotransmitters released by firing neurons are detected not only by the
postsynaptic neurons, but also by astrocytes. The astrocytes integrate the signal and modulate the
vascular reaction by various vasoactive mediators, among them potassium [37], nitric oxide [38],

glutamate and other neurotransmitters.
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Synapse P.S’rrcn’.:’_,-"t Figure 2: Neurovascular coupling
, The neurovascular unit consists of
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Printed with permission from
DE - -':t' Nature Publishing Group [39].
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Functional MRI aims to visualize the neuronal representation of a stimulus. Several indirect
approaches are possible, relying on different aspects of the haemodynamic response: Imaging the
change in cerebral blood volume, cerebral blood flow or in the blood oxygen level. The most
commonly used, both in clinics and in research, is the blood oxygen level dependent (BOLD) fMRI.
BOLD fMRI employs the magnetic properties of haemoglobin, the carrier protein for oxygen in the

blood.

Haemoglobin consists of four protein complexes, each associated with a haem group with high
affinity to oxygen. Two different states exist simultaneously in the blood: oxygenated haemoglobin
(OHb), with oxygen bound to the haem group and deoxygenated haemoglobin (DHb), without

oxygen. The ratio between the two is the basis for the fMRI contrast.

The central ion of the deoxygenated haem group is a Fe®" ion, assigning paramagnetic properties to
haemoglobin. A paramagnetic particle influences the behaviour of surrounding spins in a magnetic
field. In this case: Haemoglobin is surrounded by water in the blood, reducing the phase coherence
of the hydrogen nuclei and causing field distortions. With binding of oxygen, the iron ion becomes
diamagnetic, reducing its influence on the surrounding protons. The reduced inhomogeneity in the
blood shows up as a signal increase on T,* weighted MR images. As the signal intensity is dependent
on the binding of oxygen molecules on haemoglobin in the blood, the signal difference between

more and less oxygenated blood is called blood oxygenation level dependent (BOLD) signal.
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The increased cerebral metabolic rate of oxygen (CMRO,) upon activation first leads to a reduction of
oxygenated haemoglobin followed by a decreased signal, the initial dip. With a delay of about two
seconds the vessels dilate and the blood volume and flow increase; the wave of fresh, oxygen-rich
blood overcompensates the oxygen consumption of the neurons. As a consequence the percentage

of oxygenated haemoglobin and thus the BOLD signal rises above the resting state level.

Functional magnetic resonance imaging in rodents encounters some difficulties, as the rat has to be
anaesthetised or at least immobilised without lowering brain re-/ activity or influencing the
haemodynamic response to the stimulus. To enable longitudinal measurement of the BOLD
response, animals can be sedated with an a2-adrenoreceptor agonist (medetomidine) [40]. A well
established stimulation paradigm for fMRI in rats uses electrical forepaw stimulation to activate the

contralateral somatosensory cortex of the forepaw [41].
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PET — Positron Emission Tomography

Positron emission tomography can visualize biochemical processes by using radioactive nuclides that
coupled to a biochemically active compound and administered to the subject. The radioactivity can
be detected by scintillation crystals inside a PET scanner and the spatial distribution of the
radioactive tracer can be calculated, based on the positron annihilation that follows positron/ +f3-

decay.

Emitted positrons travel only short distance (approx. 1mm) in tissue before they lose their velocity
and interact with an electron. A collision of the two antagonistic particles leads to their annihilation
and the resultant energy is transferred into two y-photons of each 511 keV. The two rays created are
at an angle of 180° and travel into opposite directions (line of response) (Figure 3). The y-photons are
detected by the main part of the PET scanner, a ring of crystals. When two photons arrive in a given
time, the coincidence window, they are considered simultaneously. If such a pair is found, the point
of annihilation can be localized on the line of response. The exact position along this line cannot be
given, but is assessed statistically. The vast number of simultaneous events during a PET
measurement allows computing a probability histogram for every voxel, giving the number of

annihilation incidences.

Gamma-ray Figure 3: Positron annihilation after B-decay.
y The radioisotopes used in PET undergo a positron or

B-decay. The positrons move only a short distance in
N _ tissue before colliding with an electron. The two
iy ) o particles annihilate each other and the energy left is
transferred into two y-rays. The two y-rays travel in
an angle of 180° in opposite direction along the line
of response [42].
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The spatial resolution of the PET image is determined by the coincidence window of a PET scanner
and the number and quality of crystals. The smaller the coincidence window, i.e. the shorter the
allowed delay between a pair of photons, the less false positive annihilations are registered. PET raw
data has to be corrected for several other factors: different efficiency of the individual crystals
(normalizing to standard emitter), dead time (time after signal detection until a crystal is able to
detect the next one), attenuation (tissue absorption) and scattered or random counts. The correction
steps decrease the number of false positive counts but also the signal to noise ratio (SNR). The low
SNR and the fact that the origin of annihilation is about 1mm away from the actual site of activity,

explain the relatively poor spatial resolution of uPET.

The most frequently used radioactive tracer is certainly **Fluoro-deoxy-D-glucose (‘*FDG). **FDG is a
glucose derivative, which has radioactive Fluor instead of one of the hydroxyl groups. *FDG PET is
based on one assumption: firing neurons take up and consume more glucose than “resting” neurons.
BEDG s, like regular glucose, actively transported across the blood brain barrier and taken up by
cells. It also passes in the first step of normal glucose metabolism, the phosphorylation by a
hexokinase to glucose-6-Phosphate. The second metabolic step, the transformation to fructose-6-P
by glucose-6-P-isomerase, is hindered by the missing hydroxygroup in the **FDG molecule. Reversing
the phosphorylation is a rather slow process in all organs, apart from the liver. Until this can be

accomplished, the radioactive *FDG-6-P molecules accumulate inside the cells.

The characteristic tracer kinetics of *FDG offer two scan paradigms, differing in the timing of tracer
administration and data acquisition: static and dynamic measurements. The nomenclature may be
misleading on first sight, as it does not refer to the brain activity that is imaged, but to the tracer

kinetics that can be observed.

In static PET the administration of the tracer is separated in time from the acquisition period. During
the incubation time, subjects can be engaged in different tasks, like memory tests, conditioning or
sensorimotor tasks. Brain regions involved in solving them will consume and take up more FDG.
This paradigm asks for a control measurement, to which the task-driven data can be compared.
Furthermore, it only yields relative measures for glucose consumption, being dependent on within-

subject normalization.

In a dynamic PET paradigm, data acquisition starts simultaneously with tracer injection. The resulting
image represents a resting state of the brain that is not modulated by behaviour. The first frames of
such a dataset deliver information on tracer dynamics and input function which form the basis of the

modelling calculations for absolute glucose consumption of the brain [43].
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In order to identify regions of interest PET data has to be coregistered with either a CT (computed
tomography) or an MR image. Coregistration is easy in combined scanners, supplying a fixed relation
of the coordinate systems. Alternatively a manually or semi-automatically registration can be used

when using a broadly distributed tracer, like *FDG.
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Registration

Longitudinal imaging studies are challenging in terms of data postprocessing and handling. For the
sake of processing time and standardization, a (semi-) automated processing strategy is necessary.
Manual postprocessing, such as ROl selection or registration, is highly dependent on the individual
rater’s personal experience. Intra-rater variability is an issue especially in long-term studies, as the

evaluation strategy will change with time and experience.

A crucial step for an effective and standardized evaluation of large-scale datasets is a reproducible
and precise registration procedure. Registration is the process of transforming different volumes into
a common space, i.e. one source into a target dataset. The main result is a matrix, encoding the
spatial deformation of the source file. Normalization to a common space like a template brain allows
comparison of corresponding structures, the use of standardized volumes/regions of interest and

unbiased morphometry.

Several registration procedures exist, differing in numerous aspects [44; 45]:

(1) image dimensionality (2D/ 3D) (5) optimization procedure (cost function)

(2) registration basis (intensity/ landmarks) (6) geometrical transformation

(3) modalities (intra- /intermodal) (7) object (organ/region of interest)

(4) degree of rater interaction (8) subject (intra-/ intersubject/ subject-atlas)

In the following section, the specific aspects relevant for this study shall be explained. For a more
detailed review of different methods of image registration see Sotiras et al. [46], Lester and Arridge

[47] or Fitzgerald et al. [44].

(1) MRI and PET imaging produce a set of distinct, successive 2D images; combined they can be
considered as one 3D volume. In special cases, however, the volume should not be considered as a
consecutive volume, but rather be treated slice-wise. In fMRI where dimensions in z-direction (voxel
depth) are considerably higher than in-plane, a slice-wise approach is advisable so not to lose

information by interpolation.

(2-5) Registration can be based on different features of a volume (registration basis). Most common

in medical imaging is an intensity-based transformation, independent of a rater to define features of
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interest or landmarks. The transformation algorithm will align the source image to the target, based
on the intensity of the voxel alone. The transformation is determined by iteratively running an
algorithm, trying to maximize the similarity between the datasets. The voxel similarity is measured by
a cost-function, which is lowest when similarity is best. Different optimization procedures can be
iteratively employed to minimize the cost function/ maximize the similarity. Images of the same
modality show similar contrast and can be aligned using a normalized cross correlation. Intermodal

registration most often uses mutual information.

(6) The geometrical transformation of the source can be limited with various degrees of freedom
(DOF), depending on the registration paradigm. The most restricted form of transformation is rigid-
body registration with six DOF, allowing three rotations and translations, respectively. Affine
registration allows the source to be sheared and scaled with three supplementary scaling factors
(DOF=12). These two methods are called linear, because they treat the volume uniformly. They are
sufficient for most intra-subject registrations. In cases where the datasets vary strongly, e.g. subjects
of different ages and genetic backgrounds, a more complex approach is suitable. The brain of young
animals is not only smaller, but shows different proportions than of older subjects. Non-linear
registration takes such local differences into consideration, resulting in a precise match between the
source and target file. Non-linear registration defines more than twelve DOF. Neuroimaging data
comes with a high resolution and many structural details. When the algorithm weighs all structures
equally, it might find a similarity on a detail first and iterate the transformation based on this local
minimum/maximum. Introducing a structural hierarchy reduces the incidence of these local minima
traps and increases the accuracy. In a hierarchical scheme the image resolution is artificially reduced
(by downsampling or a Gaussian filter) so that the strong contrasts of the most global features are
registered first. Step-wise the resolution is increased, allowing the finer details to be considered in

the transformation. This approach is also called coarse-to-fine manner.

(7-8) The target of a registration can either be another subject, the same subject under different
conditions or a standardized template. Intraindividual registration is interesting for longitudinal
studies and helps visualizing processes of development, age or pharmaceutical intervention.
Registration to a template brain or atlas allows the evaluation of standardized regions or volumes of
interes (ROI/VOI). It is always advisable to decrease the extent of the transformation necessary, in
order to minimize the incidence of registration mistakes. A template brain should thus represent a
population mean, bring high resolution of the same modality and be matched in respect to age and

strain.
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Automated registration procedures are beneficial as they reduce rater variability as well as time.
However, they lack any external control mechanism. All registration paradigms can fail, especially
upon fluctuations in raw image quality and preprocessing. A review process must be done
manually/visually by an expert and includes comparing the alignment based on landmarks and
features of interest. A graphical interface is needed that allows screening large scale data quickly and

reliably.
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ABSTRACT

Multi-contrast MRI is a frequently used imaging technique in preclinical brain imaging. In longitudinal cross-sectional
studies exploring and browsing through this high-throughput, heterogencous data can become a very demanding task.
The goal of this work was to build an intuitive and easy to use, dedicated visualization and side-by-side exploration tool
for heterogeneous, co-registered multi-contrast, follow-up cross-sectional MRI data. The deformation field, which
results from the registration step, was used to automatically link the same voxel in the displayed datasets of interest. Its
determinant of the Jacobian (detJac) was used for a faster and more accurate visual assessment and comparison of brain
deformation between the follow-up scans. This was combined with an efficient data management scheme. We
investigated the functionality and the utility of our tool in the neuroimaging research field by means of a case study
evaluation with three experienced domain scientists, using longitudinal, cross-sectional multi-contrast MRI rat brain
data. Based on the performed case study evaluation we can conclude that the proposed tool improves the visual
assessment of high-throughput cross-sectional, multi-contrast, follow-up data and can further assist in guiding
quantitative studies.

Keywords: Visualization, Exploration, Side-by-side, Multi-contrast MRI, Follow-up, Cross-sectional, High throughput,
Rat, Brain, Image Processing, Image Registration

1. INTRODUCTION

Preclinical neuroimaging uses the combination of various imaging techniques to help understand the brain and treat
brain disorders. One of the imaging techniques most frequently used to characterize the brain is multi-contrast MRI.
Combined, this heterogeneous data allows overcoming the limitations of the individual imaging techniques by providing
the researcher with complementary information. However, in studies with several subjects and multiple time-points,
exploring and browsing through the multi-contrast, cross-sectional, longitudinal heterogeneous data becomes a very
demanding task.

One way to combine heterogeneous data is to use image registration, which allows t o find the spatial relation between
the cross-sectional, longitudinal or multi-modal images, thus combining them into a common reference frame [1-7]. In
this work we focus on lifespan multi-contrast neuroimaging, where detection of local deformations over the lifespan is
essential. Though several registration and brain analysis toolkits are publicly available [8-10], there are currently no
simple, dedicated and easy to use applications that allow quick inspection of such life-span MR data in an integrated and
intuitive way.

The main contributions of this work are:

i.  We provide an intuitive platform to integrate and visualize high-throughput co-registered multi-modal, cross-
sectional follow-up data

ii. Our approach allows for an efficient data management and improves side-by-side exploration of high-
throughput data by automatically linking the same region of interest(ROI)/voxel in the datasets using the
deformation field obtained during the registration. Combining the latter with a determinant of the Jacobian
visualization [7, 11-18] allows for a more accurate and faster visual assessment of brain change/deformation
with time

iii. The presented tool was evaluated by means of an end-user case study evaluation [19] with three experienced
domain scientists and made publicly available. Life span, cross-sectional, multi-contrast MRI rat brain data was
used
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2. METHODS

2.1 A visualization platform for high-throughput, follow-up, co-registered multi-contrast MRI brain data

To model local deformation in different regions of the brain over an individual’s life-cycle, non-rigid B-spline
registration is used [1-7, 11-18]. After a registration is performed, the deformation field and its determinant of Jacobian
(detJac) are calculated. The deformation field is a vector image, where each voxel contains the information about its
displacement (in physical coordinates) during the registration. The detJac extracts local expansion/compression
information from the deformation field. In the construction of the data visualization application proposed in this work we
explore the combination of displaying the images of interest (as originally acquired) with the information provided by
the deformation field and its detJac.

When comparing 2 different datasets (e.g.: same subject, 2 time-points) the information provided by the deformation
field is used to link the same ROI in the displayed datasets of interest: without distorting the original data one can
automatically pin-point the exact same region/voxel in both datasets and understand what deformation the brain
underwent from one time-point to another in all directions.

The detJac is used to inspect that deformation field: values between 0 and 1 indicate local compression, values above 1
indicate local expansion, and 1 indicates volume preservation [7, 11-18]. Identifying areas of local compression or
expansion can facilitate the detection of areas of interest (brain change/deformation) in longitudinal studies and allows
for a faster screening of the brain data before further proceeding to quantitative studies.

To handle high throughput co-registered data and to allow quick selection and switching between the hundreds of
datasets a logical data management approach was devised. The final application consists of a two-step wizard: after the
user defined the main data directory, a list of all the available co-registered data is presented, which can be sorted by
subject name, age, modality or type of experiment; in the second step, the user performs the data analysis/exploration,
selecting and switching between any dataset of interest. Figure 1 shows and describes in more detail the main
components of the application.

2.2 Experimental set-up

To demonstrate and evaluate the application potential of the proposed visualization and exploration tool from an end-
user point of view, a case-study with three experienced domain scientists was performed. Multi-contrast longitudinal
MRI rat brain data from an existing life span study, exploring juvenile development and ageing processes of the brain
was chosen to test the application.

2.3 Rat brain data

From postnatal day 21, two groups of four male Wistar rats (Harlan-Winkelmann GmbH, Borchen, Germany) were
housed pairwise under standardized environmental conditions. Food restriction (80% of ad libitum consumption) started
at an age of about 3 months in order to minimize obesity, a risk factor for age-related diseases [20]. The different groups
were introduced into the study with different ages: Group 1 was followed from the age of three weeks with data
available up to 14 months at the time of co-registration; Group 2 from ten until 24 months.

Animals were employed in MRI experiments on a bimonthly basis, with supplementary scans in the first 3 months to
account for the fast cerebral growth. MRI experiments were conducted on an 11.7 T Bruker BioSpec™ horizontal bore
scanner (Bruker Biospin, Ettlingen, Germany). Animals were anaesthetized using 2% Isoflurane (Forane, Baxter,
Deerfield, IL, USA) in 70:30 N,0:0,, and vital functions were monitored continuously.

This study design shows traits of both a longitudinal and a cross-sectional approach. This beneficial combination allows
monitoring the development of the same individuals over time, and at the same time excluding, or identifying possible
long-term effects created by repeated measurement and anaesthesia.

T2 weighted images were chosen for their anatomical detail, diffusion tensor imaging (DTI) for the information on tissue
anisotropy and myelination. T2 maps were calculated from an MSME (multi slice multi echo) sequence (10 echoes) with
TE = 10 ms, TR = 5000 ms (IDL version 6.4, Boulder, CO, USA). The DTI datasets were used to calculate fractional
anisotropy (FA), mean diffusivity (MD) and eigenvalue maps (DTI studio version 3.0.3, Baltimore, MD, USA). Both
datasets were acquired with identical geometry, slice positioning and spatial resolution (FOV = 28 x 28 mm, resolution
0.146 x 0.146 mm inplane and 0.5 mm slice thickness; without gaps). Multiplying the number of subjects by the number
of time-points and by the numbers of different MRI maps the total number of datasets exceeds 500.
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2.4 Tmage registration

Image registration was performed between every two consecutive time-points and between each time-point and the
baseline. In Group 1, the 3m old brain served as the baseline, for Group 2, the 10m old brain served as baseline. All
registrations were performed using the first echo of the MSME data, chosen for its high anatomical detail and high SNR.
The resultant transforms were propagated to the T2 maps and the DTI data. To compensate for any rotation, translation
and scaling that exists between different datasets, rigid and affine transformations were applied. These are linear global
transformations. To model local differences that allow detecting changes in different regions of the brain over the life-
cycle (deformation, volume change, eventual tumor development, etc.), non-rigid B-spline registration was performed
after the global initialization. For this data the following parameters were chosen: normalized correlation coefficient as a
similarity measure, a four-level Gaussian image pyramid with downsampling and the B-spline with an eight point
spacing transformation model. For all images a binary mask was available, made by an expert using the BET tool of the
FSL package [9]. The image registration was performed using the publicly available elastix toolbox [7, 21].

With the registration results for any possible combination of data at hand, one can easily choose what to visualize and
compare side-by-side: same subject-same modality-different time-points, different subjects-same modality-same time-
points, same subject-different modalities-different time-points, different subjects-different modalities-same time-point,
etc. The presented tool was developed in MeVisLab™ [22], is cross-platform and does not require any other software to
be installed.

Data directory

(120 191 17): 0.0000 (50 2 (34 10916): 0.0000

192,192,30,Grey,1
0.146,0.146,0.500
LUT C/W: 296200 / 956

(165 65 18); 0.0000 (139 112 18): 0.0000 (58 23 20): 0.0000

’l'

192,19: Gr
0.146,0.146,0.5
21591/2.43182 LUT C/W: 308100/

Figure 1. A screenshot of the proposed visualization platform for co-registered high-throughput multi-contrast, follow-up,
cross-sectional MRI brain data exploration. Once the main directory is defined in (A), (B) presents a list with all the
available data: different subjects acquired using different modalities in different time-points. This list can be sorted
according to subject name, age or modality. After a baseline dataset of interest is selected in (B) a list of all the datasets co-
registered to it (other subjects, time-points, modalities, types of experiment) is presented in (C). This way a quick overview
of the co-registered data is available. The view panel (D) shows the selected baseline from (B), and panel (F) shows the
dataset of interest that was previously co-registered to the selected baseline. These 2 datasets of interest are now
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automatically linked using the deformation field obtained in the registration. This way, the anatomical location of a voxel in
the baseline dataset on the left (white cursor), is pinpointed on the right (green cursor) allowing for an intuitive side-by-side
exploration of the original, non-distorted data. The view panel in the middle (E) shows the detJac, allowing for a quick
visual assessment of brain change/deformation that occurred between the time-point in (D) and the time-point in (F). Values
above 1 (bright yellow) indicate local expansion, values between 0 and 1 (bright blue) indicate local compression and values
equal or very close to 1 (grey) indicate volume preservation. The bottom row — (B’), (C’), (D’), (E”) and (F’) duplicates the
functionality of the top row — (B), (C), (D), (E) and (F). This allows making different types of comparisons as described in
the paragraph above. The images displayed are an example of the co-registered rat brain data: on the top row two time-
points for subject S1 are shown and compared to the bottom row where the same time-points for subject S2 are presented

2.5 End-user evaluation and results

The proposed visualization and exploration tool was evaluated based on the principles and terminology set out by Yin
for case study research [19]. The main study question was formulated as: “How can the visualization platform assist
neuroimaging researchers in studying changes over time in multi-modal rat brain data?” and the case was defined as
“use of the tool by three domain and widely published scientists, referred to as DW, a clinical and experimental MRI
expert, CB, a medical and pre-clinical visualization expert and LvdW, a neuroimaging, pre-clinical MRI expert”. None
of the users was involved in any stage of the development of the application before taking part in the evaluation
presented here. Together with each of the domain scientists, in three separate, independent sessions, we used the
application to analyze the multi-contrast, follow-up cross-sectional rat brain MRI data. That data was acquired to study
juvenile development and ageing processes of the brain. During the evaluation sessions, feedback on the application was
gathered and structured according to the following study propositions. Following, each proposition is stated, together
with its related feedback, after which general comments and preliminary conclusions are presented.

Easy to use, does not have a steep learning curve

All three users confirmed this statement. CB added that all basic functions were straight-forward and indeed after a few
minutes of explanation one could start using the application and that one of the positive aspects of the application was
that since all files in the user-defined directory followed a naming convention all the data could be easily read by
application. He also pointed out that it was positive that selecting a baseline automatically showed all registered datasets
to ease selection of the follow-up datasets. LvdW also confirmed that the application was straightforward and intuitive to
use. Both CB and LvdW suggested that auto-adjust the window-level for each selected dataset would be an improvement
and that it should also be linked between the datasets being compared side-by-side.

The proposed platform allows for a fast selection and switching between the datasets of interest, efficiently handling the
high-throughput data (more than 500 datasets).

DW confirmed this statement. CB commented that the tool indeed allows for fast selection from large sets, without
having to waste time with orthodox file opening dialogs. However, there is room for improvement in terms of assisting
the user in their progress, for example keeping track of comparisons they’ve made, perhaps even suggesting interesting
comparisons based on image metrics. CB found the proposition a bit too broadly defined: he fully agreed that it
facilitates selection and comparison, but there is more to be done in terms of integrated efficient handling of high-
throughput data. LvdW noticed that the application is indeed convenient to load registered/linked data and suggested an
improvement: make it possible to sort the data based on modality, subject, age, etc.

Automatically linking the same ROIl/voxel in the displayed datasets, by using the deformation field of the previously
performed registration improves side-by-side exploration of follow-up data.

DW confirmed that the linked cursor improved side-by-side exploration. CB noted that indeed this is an effective way
that helps one to relate the registered parts of the two datasets being compared, adding that an interesting possibility
would be extending the cursor’s region of influence, so that local deformation could be better investigated. LvdW
commented that automatic linking contributed to a considerable time saving.

The proposed platform allows for an intuitive exploration of cross-sectional and multi-modal data.

DW and LvdW agreed with the statement, the latter one adding that one really gets to know their data well with this
application. CB stated that he was not sure what intuitive meant in this context. He added that slice-views were
important in any application based on tomographic data and this tool enables basic comparison with slice-views, and so
can form a basic part of any comparison toolbox. He expects that it will be useful for the visual inspection of cross-
sectional and multi-modal data.
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Combining the display of the two time-points of interest together with a detJac visualization allows for a more accurate
and faster visual assessment of brain change/deformation.

DW agreed with this statement. CB stated that the detJac visualization is definitely useful for the quick location of areas
of significant shrinkage and expansion, which is important in many small animal follow-up studies. He added that side-
by-side visualization of time-points is a basic but reliable way to compare data and in the case of this tool, one could also
consider putting the baseline and follow-up views directly adjacent to ease comparison. LvdW said that the assessment
of brain change/deformation was definitely faster also because of the linked cursor.

The above also holds true in the detection of asymmetries in brain deformation.

All three users agreed with this statement. CB added, that indeed it seemed easy to spot (as)symmetries in the colour
coded detJac and that it would help to have a detJac threshold operator to filter out small changes.

All three also suggested that a colorbar showing color scale of the detJac would be helpful.

The tool can be also used for a fast, qualitative assessment of the registration accuracy, since one can quickly check if
the clicked points in image-time-point 1 have the correct correspondence in the image-time-point 2.

All three users agreed that the tool could be in principle used to qualitatively assess the registration accuracy. DW
commented that one could recognize misregistration, but for a routine quality check he prefers an overlay image. CB
stated that he was not convinced, because one has to probe the positions. He agreed that one can spot-check easily for
registration accuracy, but this is not the best way to check for whole slices or even the whole volume. In the case of
slices, he would prefer also having alpha-blended slices or even red-green blended slices. LvdW stated that it required
some expertise for someone to notice that something is wrong with the registration accuracy and that this was not the
most obvious tool for that; if we want to make it visual, she’d rather look at a difference image.

The tool can help guide the quantitative study of age-related brain deformation, in that, areas of interest can be
localized and qualitatively assessed before further studied

DW agreed with the statement and added that it had indeed potential. CB also confirmed this statement, adding that this
kind of explorative tool should be part of any quantitative analysis pipeline, both for quality checking the data and for
finding areas of interest that deserve further quantification. LvdW stated what this tool is something that she’d certainly
use for getting a feel for the data, since often, one starts by looking through the data to see what quantification use in the
experiment. She concluded by adding that a possibility to draw a region of interest and propagate through all the time-
points would also be advantageous.

Regarding the execution times of the implemented tool, once the user defined the main data directory, the elaboration of
the list of all co-registered datasets organized by subject name, age and modality (more than 500) takes no more than10
seconds on a 2.40GHz Intel Quad Core™ with 4GB of RAM, normal Windows™ desktop PC. Once the list is ready, the
selection and switching between different datasets of interest takes around one tenth of a second.

3. DISCUSSION, CONCLUSION AND FUTURE WORK

In this paper we presented a tool that allows to visualize and explore high-throughput multi-contrast, cross-sectional
follow-up co-registered MRI data of rat brain. It is independent of the used registration toolkit and does not distort the
original data. Using the proposed tool, one can automatically link the same ROI in the displayed datasets by using the
deformation field of the previously performed registration, thus improving side-by-side exploration of follow-up data
and quickly visually assess brain change/deformation by combining the display of the two time-points of interest
together with a detJac visualization.

The proposed visualization and exploration platform was evaluated by three domain experts based on the methods set
out by Yin [19] for case study research. All three were enthusiastic with the application. CB commented that he expects
it to be useful for the visual inspection of cross-sectional, follow-up and multi-contrast data and form the basis of any
comparison toolbox. LvdW commented on the possibility of using the tool in future studies in her research group once
the tool becomes publicly available. All three domain experts commented that to assess the registration accuracy they
would prefer either a difference or an overlay or and alpha-blended image. The authors agree with this comment, but
since the evaluation of the registration accuracy was not the main concern while implementing this tool, it is definitely a
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feature that one can add in the future versions together with the option to draw ROIs and propagate their deformation
through all the time-points.

Since the performing of the case study evaluation with the domain experts, we implemented several essential suggestions
made by the users: auto-adjustment of the window-level and its linkage between the datasets that are being compared;
make it possible to sort the listed data (based on modality, subject, age, etc.); add a threshold operator to filter out
changes and a colorbar showing the color scale of the detJac. Based on the analysis of the performed case study we can
conclude that the proposed application can improve the visual assessment of high-throughput multi-contrast follow-up
data and further assist in guiding the quantitative studies. The proposed tool was tested and evaluated using longitudinal
MR rat brain data. However, it can be applied to any type of co-registered pre-clinical or clinical follow-up, cross-
sectional multi-modal data.

Besides the input from the interviewed domain experts, we must add that from our own experience, the side-by-side
visualization tool combined with the detJac map was successfully used to identify and follow in time a spontaneous
brain tumor growth, later confirmed ex vivo and identified as melingeoma [23]; and to detect changes in cortical
thickness during juvenile development allowing the creation of physiologically meaningful ROIs for quantitative
analysis of imaging parameters [24].

To add new options and features, the presented tool, together with the correspondent source code and a user-manual will
be made publicly available for download via www.lkeb.nl
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Longitudinal studies on brain pathology and assessment of therapeutic strategies rely on a fully mature
adult brain to exclude confounds of cerebral developmental changes. Thus, knowledge about onset of adult-
hood is indispensable for discrimination of developmental phase and adulthood. We have performed a
high-resolution longitudinal MRI study at 11.7 T of male Wistar rats between 21 days and six months of
age, characterizing cerebral volume changes and tissue-specific myelination as a function of age. Cortical
thickness reaches final value at 1 month, while volume increases of cortex, striatum and whole brain end
only after two months. Myelin accretion is pronounced until the end of the third postnatal month. After
this time, continuing myelination increases in cortex are still seen on histological analysis but are no longer
reliably detectable with diffusion-weighted MRI due to parallel tissue restructuring processes. In conclusion,
cerebral development continues over the first three months of age. This is of relevance for future studies on
brain disease models which should not start before the end of month 3 to exclude serious confounds of continuing
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Introduction

Brain development is a continuous process, which proceeds well after
birth and even adolescence. Most studies employing rats claim to use
“young adults”, implying a fully matured brain parenchyma. However,
the definition for “young adults” is diverse and ranges between two
and four months old and body weight of 200 to 350 g.

For longitudinal studies it is particularly important to be able to
discriminate between natural, development-dependent tissue changes
and those alterations due to induced diseases or lesions. As individual
organs, tissues and microstructures mature at different paces, great
care must be taken in choosing the age and observation period for the
animal model of interest.

Adolescence is understood as the time of transition between infancy
and adulthood, despite a lack of clear and unambiguous boundaries
between those stadiums. In some cases, adulthood is used equivalent

* This is an open-access article distributed under the terms of the Creative Commons
Attribution-NonCommercial-No Derivative Works License, which permits non-commercial
use, distribution, and reproduction in any medium, provided the original author and source
are credited.

* Corresponding author at: In-vivo-NMR Laboratory, Max Planck Institute for
Neurological Research, Gleuelerstrasse 50, D-50931 Koln, Germany. Fax: +49 221 4726
337.

E-mail address: mathias@nf.mpg.de (M. Hoehn).

to full sexual maturity. Depending on the research interest, adolescence
is described by changes not only in social (Meaney and Stewart, 1981),
cognitive or risk-taking behavior (Spear and Brake, 1983), but also in
the neurotransmitter system (Andersen, 2003). The onset and extent
of this phase may differ for different strains/breeds, between the sexes
and for further different parameters, and conservative age range in-
cludes postnatal days 28 to 42 (Spear, 2000). This time window starts
about a week after rat's weaning age and ends shortly after sexual
maturity.

As many of these characterizations were based on group compar-
isons at different ages, they describe mere group averaged values,
while inter-individual variability in the temporal profile of develop-
ment may be completely lost. We hypothesized that intra-individual
longitudinal studies using noninvasive imaging modalities may
allow the identification of biomarkers of developmental phases of
the brain which will distinguish between an early, adolescent period
of pronounced cerebral development and a later, matured, “steady
state” cerebral adulthood. We further hypothesized that such bio-
markers could be reflected either in anatomical, structural and vol-
ume changes over time or in quantitative tissue characterization
through physiology-based imaging parameters. For this purpose,
we have followed male Wistar rats from 21 days until 6 months.
We measured whole brain, cortical and striatal volume changes
with high-resolution T,-weighted MRI to look for structure-related
biomarkers. For developmental tissue changes, T, relaxometric
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imaging and diffusion imaging were recorded to investigate the
microstructure of the tissue and the myelination, respectively.

Materials and methods
Animals

All animal experiments were conducted in accordance with the
German Animal Welfare Act and approved by the local authorities
(Landesamt fiir Naturschutz, Umwelt und Verbraucherschutz NRW).
From postnatal day 21 on (weaning age) twelve male Wistar rats
(Harlan-Winkelmann GmbH, Borchen, Germany, and Janvier, Le
Genest Saint Isle, Cedex, France) were held in an environment with
controlled temperature (21+/—1 °C), humidity (55%+/—10%),
and light (12/12 h dark/light cycle). Animals were housed in groups
of four until the age of two months, and in pairs afterwards, and were
given access to food and water ad libitum.

Study design

Animals were subdivided into three survival groups: three weeks
(n = 4), three months (n = 4) and six months (n = 4) to obtain histo-
logical specimens of all those ages. MRI experiments were
conducted at the age of three weeks (3W), one (1M), two (2M),
three (3M) and six (6M) months, until sacrifice, depending on
group. Hereafter, we will refer to these time points using the above-
introduced abbreviations.

MRI

MRI experiments were conducted on an 11.7 T Bruker BioSpec
horizontal bore, dedicated animal scanner (Bruker Biospin, Ettlingen,
Germany). RF transmission was achieved with a quadrature volume res-
onator (inner diameter 72 mm), while a quadrature rat brain surface
coil (~30 mm x 30 mm) was used for signal reception. After induction
of anesthesia with 3% isoflurane, rats were placed in an MRI compatible
cradle, and the head was fixed with ear bars and a support ring for the
upper incisors in order to reduce movement artifacts. Animals were
anesthetized with 2% isoflurane (Forane, Baxter, Deerfield, IL, USA)
in a 70/30 mixture of N,0 and O,, and vital functions were monitored
during the whole anesthesia period using DASYLab (version 9.0,
Measurement Computing Cooperation, Norton, MA, USA). The
breathing rate was assessed via a breathing pillow, placed under
the thorax, and kept at 70-80 breaths/minute by adjusting the
isoflurane concentration. Body temperature was recorded with a
rectal temperature probe, and regulated by a feedback system (set
value: 37 °C) controlling a heating blanket with warm circulating
water (Medres, Cologne, Germany).

Ty-weighted imaging (T2WI) was chosen for the anatomical detail of
the images (first TE) and the information on tissue microstructure.
Diffusion tensor imaging (DTI) was acquired for information on tissue
anisotropy and myelination. Both scan protocols, T2WI and DTI, were
set to cover the volume between olfactory bulb and cerebellum and
were acquired with identical geometry (field of view: 28 mm x
28 mm, matrix 192 x 192, 0.5 mm slice thickness, no interslice gaps).
The number of slices was adjusted individually in every session in
order to account for brain growth.

T2WI was acquired using a Multi Slice Multi Echo sequence (MSME;
TR/TE = 5000 ms/10 ms; 10 echoes with 10 ms inter-echo spacing).
DTI was recorded with an 8-shot spin echo EPI sequence (30 directions;
b-value = 630 s/mm?, and five supplementary A, images) using a
Stejskal-Tanner sequence.

The TurboRARE sequence, used for the generation of the rat brain
template, used a TR/TE.¢ = 4000 ms/32.5 ms and a RARE factor of 8.
Two averages were recorded with a field of view 28 mm x 28 mm
(matrix 192 x 192) and 0.5 mm slice thickness.

Postprocessing

Quantitative T, maps were calculated from the MSME multi-echo
trains assuming mono-exponential decays, using IDL (IDL version 6.4,
Boulder, CO, USA).

Raw diffusion data was first eddy current corrected (FSL version
4.1.7, FMRIB Centre, Oxford, UK). Then, eigenvalues (N1, N2, A3) and
mean diffusivity (MD) maps were calculated using DTI Studio (DTI stu-
dio version 3.0.3, Baltimore, MD, USA). As the tensor elements have
been reported to be more sensitive than the fractional anisotropy (FA)
alone which is a mathematical expression of the combination of the ten-
sor elements (Bockhorst et al., 2008; Deo et al., 2006; Song et al., 2002),
we have focused our analysis on Njand N\ | The three eigenvalues stand
for the length of the three principal axes (directions) measured in diffu-
sion tensor imaging. The first, largest eigenvalue (\,) represents the
axial or parallel diffusivity (\;), while the perpendicular or radial diffu-
sivity (\) is the average of the two minor axes, the second (\;) and
third eigenvalue (\3). The average of all three eigenvalues is the mean
diffusivity (MD) (Basser et al., 1994).

Registration and VOIs

The registration paradigm included registration to a template brain.
This template was generated by registering separate data sets of 35
three month-old male Wistar rats to each other. Then one average
brain template was generated from these 35 registered data sets. Addi-
tionally, volumes of interest (VOIs) for several anatomical structures
were manually created based on a rat brain atlas (Paxinos and
Watson, 1998). In the following, the VOIs of the cortex and the striatum
are analyzed. All analysis used the brain volume represented by the se-
ries of coronal sections shown in Fig. 1, where the volumes were conser-
vatively selected to avoid errors at the boundaries of the acquired maps
and thus in order to avoid an error in volume determination. The ROI
“whole brain” was defined as the brain tissue limited caudally by the
cerebellum and rostrally by the rhinal fissure, as demonstrated in the
sagittal section scheme in Fig. 2.

First, the 3M MRI dataset was registered to the template brain, then,
the 2M and 6M data sets were registered to the 3M data set of each sub-
ject, the 1M MRI data was registered to the 2M and the 3W data to that
at 1M. Thus, data sets of all time points of each individual were regis-
tered step-by-step to the template brain starting with the data sets of
the 3 month old animals and propagating to the next-closest time
point. Using the information provided by the deformation field (see
below for details) for each registration step, the template VOIs were
propagated from one time point to the next, thereby enabling quantita-
tive comparison of corresponding areas. Subsequently, the VOIs were
evaluated quantitatively for MRI parameter changes and for volume
change.

All registration steps were carried out with the first echo (TE1)
image of the MSME sequence (TR/TE = 5000 ms/10 ms), chosen for
its high anatomical details and high signal-to-noise ratio (SNR). Individ-
ual brain masks were created (brain extraction tool in FSL) and applied
during all steps of the registration process. The masks of all, the refer-
ence data set and the deforming data set, were used to crop the images
to sections merely larger than the masks themselves to facilitate the
registration steps of the brain. The quality and success of the registration
process was controlled by visual inspection using a custom-made
graphic user interface (GUI) (Khmelinskii et al., 2013).

Registration was performed in a coarse-to-fine process. Initial regis-
tration was accomplished with a rigid transformation for rough global
alignment. Subsequently, an affine registration was conducted to com-
pensate for brain size scaling during the animal's developmental
growth. Finally, a non-rigid B-spline registration was applied to follow
regional changes. A Gaussian image pyramid was employed in all regis-
tration steps, applying four resolutions for the rigid and affine and two
for the B-spline part. Normalized correlation was used as a similarity
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Fig. 1. Template brain with regions of interest (ROIs). The template brain is an average MR image stack (TurboRARE) of a three month old rat brain (n = 35 male Wistar rats). The extent
shown here from the onset of the cerebellum caudally (top left) to the rhinal fissure rostrally (right bottom) was defined as the whole brain ROI Superimposed are the structural ROIs for
cortex (red) and striatum (blue), both based on Paxinos and Watson rat brain atlas (Paxinos and Watson, 1998).

metric. The registration was implemented using the open source image
registration toolbox Elastix (Klein et al., 2010). Detailed information on
the registration parameters can be found at the Elastix website (http://
elastix.bigr.nl/wiki/index.php/Par0020).

The absolute three-dimensional deformation, necessary for the reg-
istration of two data sets, is contained in the deformation matrix. The
identical geometry of the DTI and MSME (thus also the TE1) data sets
allowed us to apply these deformation matrices of the TE1 images in a
second step to the parameter maps. The VOIs are then available for all
parameter maps of all time points, thereby enabling not only the quan-
titative evaluation of the T, and diffusivity changes, but also the compu-
tation of brain structure volumes.

Cortical thickness determination

The mean cortical thickness was assessed by measuring the distance
between external capsule/corpus callosum and dorsal brain surface. For
this purpose, a semi-automated macro was implemented in Image]
(version 1.46, NIH, Bethesda, MD; USA) measuring the cortex thickness
perpendicular to a manually generated outline of the white matter. In
this procedure the most medial part of the corpus callosum was exclud-
ed, because the assumption of a parallel cortex is not met in this region.

In detail, in a first step a “profile image” is created: A manually gener-
ated outline (“Segmented Line” tool in Image]) is used to fit a curve to the
center of the corpus callosum using Gaussian combined with Heaviside

[ms] [mm?s]
60 2.5*1 o°®

Fig. 2. Magnetic resonance data. Representative T, (A) and N, (B) map of a 3M old animal, before registration to the template brain. Depicted is every 5th MR image of an acquired 30 slice-
stack, gray lines in the rat brain sketch (Paxinos and Watson, 1998) below indicate their anatomical position.
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step function fits. Straight lines, perpendicular to this curve and reaching
the cortical surface, form the “profile image”, i.e. the curve is straightened.
In a second step, the cortex thickness is measured in the profile image by
determining the length of the straight lines perpendicular to the curve
crossing the cortex only. This distinction is achieved by submitting the
gray scales in the profile image to a Rodbard fitting function. This proce-
dure of cortex thickness determination was performed for the somato-
sensory cortex in 5-6 slices.

Histology

At 3W, 3M and 6M, animals were sacrificed by transcardial perfusion
with phosphate buffered solution (PBS) and 4% paraformaldehyde
(PFA). Brains were postfixed overnight in 4% PFA before treatment
with 30% sucrose. Tissue sections of 40 um thickness were cut (Micro-
tome, Leica Microsystems, Wetzlar, Germany) and preserved at —
20 °C for histological staining. Sections at six selected levels were
stained for both myelin and for cell nuclei, using Black-Gold II (BGII)
(Schmued et al,, 2008), and cresyl violet (CV), respectively (both:
EMD Millipore, Billerica, MA, USA).

In order to assess the cell and myelin density in the brain, image ac-
quisition and evaluation was conducted with a Keyence BZ9000 fluores-
cence microscope (Keyence, Neu-Isenburg, Germany) with a cell count
analysis tool (Keyence). Quantification was based on contrast and color
intensity in full-focus projections of images with 20x magnification
(focal planes of 3 um). ROIs were chosen in multiple areas: four cortical
ROIs per hemisphere, each, in 6 sections (48 in total) and three striatal
ROIs per hemisphere, each, in three sections (18 in total). Relative my-
elin content was defined as the relative area covered by BGII stained
processes; cell density was determined as the number of CV stained
cell nuclei per area.

Statistics

Longitudinal MRI data was evaluated using repeated measures
ANOVA (SPSS version 18, IBM Corp. Armonk, NY, USA) with a repeated
within-subject design. Where Mauchly's test indicated that the assump-
tion of sphericity was violated (p < 0.05), we report the results with
Greenhouse-Geisser corrected (€) degrees of freedom and significance
levels. Post-hoc pairwise comparisons with Bonferroni test are reported
for consecutive time points only, unless interpretation of supplementa-
ry comparisons was useful.

Histological data was checked upon homogeneity of variances using
Levene's test and analyzed with a one-way ANOVA with subsequent
Bonferroni correction (SPSS).

All data were expressed as standard error of the mean (SEM) unless
otherwise stated.

Results
Volume changes during development

The brain undergoes a strong growth during the first postnatal
months. This growth curve was found to be quite homogeneous across
the eight animals examined in this study. The volume change is signifi-
cant for all three VOIs (whole brain: ?(5) = 16.7 p < 0.05, £¢ = 0.46;
F(1.37,9.6) = 68.86, p <0.001; cortex: F(3,21) = 65.48, p < 0.001;
striatum y(5) = 18.3 p < 0.05, &¢ = 0.4; F(1.2, 84) = 33.5, p < 0.001).
Whole brain volume (excluding cerebellum and olfactory bulb) increases
from 1202.9+/—18.9 mm?> (SEM) to 1585.5 +/—43.9 mm?> (SEM)
(Fig. 3A), thus gaining about 30% during the five weeks between postnatal
week three and end of month two (p < 0.001). After 2M, brain volume is
no longer changing significantly. Analyzing the cortical and striatal vol-
umes separately, their volumetric plots (Figs. 3B and C), both show a high-
ly significant increase (p < 0.001) from 3W to 1M, a continuous growth
from 1M to 2M (p < 0.05), and no significant change from 2M to 3M.

Separate to the strong volume growth of whole brain, cortex and
striatum, the cortical thickness shows a different developmental growth
pattern. The cortical thickness grows substantially and significantly
between 3W and 1M (p < 0.05), at which time it stabilizes already
(Fig. 3D) (7*(5) = 14.96 p < 0.05,& = 0.43; F(1.29,9) = 6.86, p < 0.05).

Quantitative MRI parameter changes during development

Simultaneous with the dramatic volume changes, the quantitative
MRI variables are changing. T, relaxation time of the whole brain, the
cortex and the striatum decreases substantially and continuously in
the time window between 3W and 2M (p < 0.05 between 3W/1M
and 1M/2M) with a statistically significant effect over time (whole
brain: F(3,21) = 28.84, p < 0.001; cortex: F(3,21) = 36.4, p < 0.001;
striatum: F(3,21) = 30.6, p < 0.001). After 2M, the T, decrease in the
striatum levels out, while the T, values of cortex and whole brain are
still decreasing until the age of six months (Fig. 4A). Note that the T,
decrease of the whole brain contains a contribution from shrinking
relative ventricle volume, while the cortical and striatal T, decrease is
primarily due to tissue reorganization processes.

The diffusion parameters axial (\;), mean (MD), and radial diffu-
sivity (A.) show a decrease during the first six months of cerebral
development with a statistical effect over time (repeated measures
ANOVA) in all three structures analyzed (Figs. 4B-D). However, not
all parameters show differences between subsequent time points
(T-test).

i evolves similarly in cortex and striatum, both in respect to the ab-
solute values and the relative change over time. In both areas, N, shows
a light but steady decrease during the first three months (cortex:
F(3,21) = 6.72, p < 0.01; striatum: F(3,21) = 9.33, p < 0.001) followed
by stagnation thereafter. Mean N\, of the whole brain is slightly higher
compared to the absolute values of cortex and striatum, but follows the
same qualitative developmental pattern (F(3,21) = 6.86, p < 0.01).
None of the three structures shows a significant difference in \, between
sequential time points, but they all show a difference between 3W and
3M (p < 0.05).

MD values of the three VOIs tend to increase from striatum to cortex
to whole brain (Fig. 4C), though their qualitative development over
time is alike and statistically significant in all three cases (whole brain:
F(3,21) = 13.29, p < 0.001; cortex: F(3,21) = 9.1, p < 0.001, striatum:
F(3,21) = 19.13, p < 0.001). The first three time points until 2M show a
slowly decreasing trend followed by a steep decline between 2M and
3M and a rather stable phase thereafter (i.e. 3M to 6M). Despite the
qualitative similarity in the development, the cortical ROI did not
show any significant changes between sequential time points.

N\. development with time is similar to MD, but here the cortical
values are equal to or even higher than those of the whole brain. In all
three VOIs, an effect of time was observed (whole brain: F(3,21) =
11.69, p < 0.001; cortex: F(3,21) = 6.72, p < 0.01; striatum: F(3,21) =
21.23, p < 0.001) with a particularly strong N\, decrease between 2M
and 3M. This difference was found to be significant in whole brain and
striatum (p < 0.05), while in the cortex, the N, values at 3M significantly
differ only from 3W and 1M (p < 0.01) but not from 2M.

Histological analysis of developmental changes

Histological evaluation of the brains at different developmental
stages revealed a pronounced increase in myelinated fibers on Black-
Gold II staining during the first six months. This development was ana-
lyzed both qualitatively (Fig. 5) and quantitatively (Fig. 7A). The three-
week young brains show positive staining only in the white matter
structures, such as the corpus callosum, the anterior commissure, or for-
nix (Fig. 5). At 3W, myelinated fibers are barely detectable in the cortex,
their contribution to the tissue is as low as 1% (Fig. 7A). By 3M, the radi-
ally oriented fibers of the cortex become myelinated to a high degree
and cover about 15% of the cortex. At six months of age, the cortical
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Fig. 3. Individual volume changes of developing brain regions. The graphs show the absolute volume of the whole brain (A), the striatum (B) and cortex (C) and the cortical thickness (D)
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represented by * p < 0.05, ** p < 0.01 and *** p < 0.001 and correspond in color to the respective data line.

layers can be recognized and at this time, 70% of the cortex is BGII*. The
increase of cortical BGII™ area is apparent over time and found to be
highly significant (F(2,6) = 32,3, p < 0.001).

In the striatum changes are not as pronounced upon visual inspec-
tion. Quantitative analysis, however, reveals a strong increase in relative
area covered with myelin (F(2,6) = 33,4, p < 0.001). The white matter
bundles of the striatum are already distinguishable at three weeks but
make up only 5% of the area; with time they become more intensively
stained and increase in numbers until, at three months, they represent
about 28% of the striatal area. Here, in contrast to the cortical matura-
tion, a further increase from 3M to 6M was not observed.

No maturation change is noticeable by visual inspection of CV stain-
ing of animals of different ages (Fig. 6). Quantitative analysis of cell den-
sity confirms this impression for the cortical but not for the striatal ROIs
(Fig. 7B). Cell density in the cortex remains stable over the course of the
first six months of maturation, with no distinct differences between the
single time points. In the striatum, however, cell density is decreasing
between 3W and 3M, reaching a constant level thereafter (F(2,6) =
25.3,p < 0.01).

Discussion

This study combined a longitudinal and cross-sectional approach to
monitor postnatal development in Wistar rats by noninvasive in vivo
MRI and conventional histology. We have assessed the noninvasive
in vivo biomarkers cerebral growth, tissue water and tissue structure
by MRI relaxation time measurements, and tissue diffusion parameters
together with ex vivo tissue myelination state and cell density. With
these parameters, we have been able to characterize and define the
time window of brain maturation in the male Wistar rat. This novel
definition is of paramount importance for longitudinal studies of the
rat brain when it is important to discriminate in which phase of

development or maturation the subject under investigation is at the
start of the study or during its runtime. We have shown in this study
that the rat brain and especially the rat brain cortex are indeed not yet
fully developed at 3 months of age. Furthermore, individual brain re-
gions and processes have been shown to have individual time scales
for maturation. Based on these observations, we recommend careful
examination of the brain structures under investigation before investi-
gating functional topics or disease models in longitudinal examinations.

In vivo MRI parameter patterns of brain maturation

When inspecting the in vivo data alone, different maturation time
profiles become apparent. Changing MR parameters alone, however,
do not allow conclusions about single microstructural processes. Yet,
the combination of the different in vivo measurements in this study sug-
gested cell density and myelination to be strongly responsible for
changes in T, and diffusion, respectively. Additional histological tissue
characterization can reveal such changes in microstructure with high
sensitivity, thus permitting unambiguous interpretation of the MRI
parameters. In the present study, two tissue properties were analyzed:
the development of myelinated fibers was visualized with the well
characterized Black-Gold II staining (Schmued et al., 2008), while cell
density was evaluated with cresyl violet, in order to detect neuronal
as well as glial cell types.

Independent of ROI selection (whole brain, cortex or striatum), the
first two months show continuous volume changes, accompanied by a
dramatic T, decrease. This result of decreasing T, relaxation time with
early growth is supported by an earlier study on postnatal rats in our
group (Kallur et al.,, 2011). Judging from the T2WI-based volume data
alone, one is tempted to believe that brain growth is completed by the
end of two months. Interestingly enough, we have found that the quan-
titative parameter, T, relaxation time, continues to decrease beyond 2M,
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indicative that water content and/or tissue reorganization processes
continue to change at a time when the brain volume has reached a
mature state. This is in agreement with reports on dramatic decrease
of brain water content with increasing gestational age in humans
(Hiippi and Dubois, 2006), while it continues to further decrease sub-
stantially during early development for many species, including rodents
(Samorajski and Rosten, 1973). This T, decrease (as an indicator of brain
water content decrease) may well be related to increasing myelination
as a growing tissue compartment, consequently resulting in decrease of
the extracellular space available for brain water.

Myelination as well as increased cell density, both decrease the
amount of free water in the brain in favor of intracellular water com-
partmentation (Anderson et al., 2000; Chabert and Scifo, 2007). This is
in agreement with early neurochemical studies (Fuller et al., 1982;
Lancaster et al., 1984; Norton and Poduslo, 1973) which had reported
that brain development is accompanied by a decreasing water content
of the tissue and a constant increase of the myelin fraction. Indeed,
our diffusion data show that the myelination process is not yet finished
at 2M, again in agreement with the early reports describing ongoing
myelination increases in healthy rats during their observation period
of 52 days (Lancaster et al., 1984) and 70 days (Fuller et al., 1982), re-
spectively. Previous studies reported that during adolescence changes
in DTI parameters reflect myelination, but during the neonatal period,
they rather reflect changes in general water content and structure
(Wozniak and Lim, 2006). In our study, a pronounced decrease in the
DTI parameters MD and N\, was found between 2M and 3M and reflects
the dramatic change of the myelination status, confirmed by histology
across the whole brain ex vivo between 3W and 3M (Figs. 5 and 7). As
discussed earlier in model systems, diffusion anisotropy integrates in-
formation on myelination state and on axonal structure (Deo et al.,
2006; Song et al., 2002). According to these authors, myelination

changes are best represented by the radial diffusion tensor eigenvalue N |,
while these changes have relatively little effect on the maximal
eigenvalue \;. Myelination acts like a restriction on radial free water
mobility and, in consequence, leads to a reduced mean diffusivity,
most clearly seen in a strong reduction in \,. This is in line with our
MRI and histology results, showing that in the striatum with its strongly
myelinated, big fiber bundles, MD as well as N\, are reduced more
strongly than in the cortex. The drop in N, observed here is probably a
result of the general diffusivity reduction, rather than actual reduced
axial weighting. Though the ex vivo data is available only for 3W and
3M, the high temporal resolution of the DWI data suggests that the
major period of myelination is between 2M and 3M.

When interpreting myelination, as assessed here by BGII staining,
one must consider that staining intensity is not taken into account for
the present quantification approach, thus denser packing in bundles is
not represented in the evaluation. The strong myelination of the first
three months is followed by rather subtle changes, observed both in
staining intensity and stained area. In contrast to the DWI results, this
is indicative that the brain is not completely developed at three months,
thereby revealing the sensitivity limit of diffusion MRI.

In the following we discuss in vivo as well as ex vivo data of the
different cerebral structures, followed by a recommendation for age-
relevant brain studies.

Whole brain

The whole brain ROI shows higher MD and \, values and a stronger
decrease over time, when compared to cortical and striatal ROIs. As
the whole brain ROl includes all cerebral structures between olfacto-
ry bulb and cerebellum, it consists to a better part of white matter
rich structures such as the hippocampus, the striatum, and the actual
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Fig. 5. Histological evaluation of myelin content. Black-Gold II staining was used to visualize cerebral myelin content, representative brain sections of differently aged animals are pictured
here from left to right: 3W, 3M, 6M. The middle row shows an overview (4 x magnification) of one hemisphere with the position of the two close-ups indicated by the black squares: the

upper row shows a ROI (20x) in the cortex, the lower row in the striatum.

white matter. Thus, when interpreting the strong drop in diffusivity
values with age, the major cause probably is myelination. As fluid
compartments have the highest diffusivity, reduction in the relative
size of the ventricles will further lower the mean diffusivity in the
whole brain.

Cortex

The ex vivo and in vivo results for the cortical ROI suggest a rather
complex maturation process. Most prominent is the apparent discrep-
ancy between the evolution of cortical volume and of cortical thickness
and of MRI diffusivity parameters and myelin content. These apparently
contradicting findings reflect only different aspects of the same
processes.

The cortical volume was found to increase until 2V, yet the cortex
thickness has reached maximum already after 1M. These findings are
in full accordance with ex vivo examination by Romand and colleagues,
reporting a significant cortex increase along the long body axis between
postnatal day 36 and 60 while thickness development already ended
with postnatal day 36 (Romand et al,, 2011). Thus, the cortex reaches
its final thickness after one month while rostral/caudal expansion of
the brain continues until at 2M.

Interestingly, the cortical growth phase is not accompanied by
changes in cell density; according to Mortera et al. (Mortera and
Herculano-Houzel, 2012), mainly neurogenesis rather than gliagenesis
accounts for the volume increase. With the volume increase, the T, is
reducing strongly until 2M, showing a decreasing trend afterwards.
Apparently this T, change is not due to a changing density of cells, but
must emerge from other maturation processes. A reduced T, as well
as MD can indicate a reduction of free water in the tissue (Whittall
et al., 1997), thus, decreasing the random movement of free water

molecules and resulting in altered spin-spin interaction, the physical
mechanism of T,. Apart from myelination and higher cell density, the
observed T, decrease may have several additional reasons coming
from neuronal ramification and synaptogenesis, to simple compression
and fine changes such as changing protein composition of the extracel-
lular matrix. Especially the T, change beyond 3M, during growth stag-
nation and with major myelination processes terminated, reflects the
high sensitivity of T, for tissue composition changes.

Our histological evaluation does not account for such processes of
microscopic tissue composition alterations, so that ex vivo explanations
for cortical T, changes are limited to the aspect of myelination. The BGII
staining revealed a continued cortical myelination at least until 6M, con-
tributing to reduction of extracellular space because of constant cell
density. Although the radial organization increases pronouncedly on
the BGII staining between 3M and 6M, this is not reflected on diffusion
parameters. No decrease in either N, or MD could be detected between
these time points, indicating that further myelination after 3M was
accompanied by other processes diminishing the radial diffusivity
sensitivity. This diminishing diffusion sensitivity parallel to the ongoing
myelination process may, at least in part, account for the apparent
discrepancy between our results and earlier reports by Bockhorst and
colleagues, reporting a decrease between postnatal day eight and 28,
but no further change in cortical Ny, N, or MD after postnatal day 28
(Bockhorst et al., 2008). Those earlier data may suffer from technical
reduction of diffusion sensitivity: while we recorded our diffusion data
at 11.7 T, data by Bockhorst et al. were collected at 7 T and needed
more signal averaging, thus resulting in longer scan time, and, in conse-
quence, making the images prone to movement artifacts which may lead
to some blurring of the diffusion strength in the reconstructed quantita-
tive parameter images. Support for such explanation comes from those
authors reporting that the diffusion-weighted images needed to be
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Fig. 6. Histological evaluation of cell density. Cell density was assessed via cell counting in cresyl violet stained sections. Representative brain sections of differently aged animals are
pictured here from left to right: 3W, 3M, 6M. The middle row shows an overview (4x magnification) of one hemisphere, the upper and lower row show the close-ups indicated by
the black squares: the upper row a ROI (20x) in the cortex, the lower row in the striatum.

warped to minimize image distortions induced by eddy currents. We
therefore believe that our observations of diffusion changes persisting
until 3M are based on more robust and more sensitive raw data
recording.

The cortical architecture features radial compartments, like the
pyramidal axons and functional columns, and layers perpendicular to
the radial compartments. From such well characterized cortices as the
primary visual cortex, it is known that the radial organization of the
pyramidal neurons is established prenatally, and that their processes
mature within the first postnatal weeks (Miller, 1986). This columnar/

radial organization is not yet reflected in the histological staining, as
the axons are not yet myelinated, but can be found in the DWI when
inspecting the direction of the first eigenvector, \,(Hoehn-Berlage
et al, 1999). With the maturation of the cortical layers and the
branching of the neurons within, the distinct and homogeneous pattern
of the eigenvector dissolves, becoming less regular with increasing age.
Though the radial structure appears dominant in the BGII staining, the
layering structure of the cortex seems to modulate the major N\ values
seen in the DWI data afterwards. Cell-dense layers like layer IV, rich
on interneurons, branches and cross connections, will have a more
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Fig. 7. Ex vivo histological quantification. Quantification of the histological sections was performed on eight cortical and six striatal close ups with 20 x magnification per section. A representative
overview section (4x) is inserted in the upper left, with the 14 ROIs indicated by red (cortex) and blue (striatum) boxes. The relative BGII ™ area reflects the extent of myelination (A), while cell
density is assessed by the mean number of cells per mm? (B). Both graphs give the mean value for cortex (red) and striatum (blue) with error bars representing SEM (n = 3).
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restricted and less directed diffusion than layers with fewer cell bodies.
Though the spatial resolution is not sufficient to illustrate these differ-
ences within the cortex, diffusion of water molecules could be deflected
between layers rather than along the myelinated axons in some parts
of the cortex and be generally reduced during the maturation of the
cortical parenchyma.

Striatum

In the striatum the developmental time scale observed in DWI
appears to be consistent with the myelination process visualized in his-
tology, showing big fiber bundles on CV and BGII stained tissue sections.
The significant volume growth until 2M and the increasing trend until
6M are accompanied by an antiparallel development of the T, values
equivalent to those in the cortex and whole brain ROIs. The changes in
diffusivity are manifested quite strongly until 3M, as the striatum is
rich in white matter bundles stretching toward the internal capsule.
Histological assessment shows that in the same time frame, until 3M,
cell number and myelin content of the striatum are changing remark-
ably and stabilize thereafter. Cell density is decreasing between 3W
and 3M, maybe due to both, the striatal growth (until 2M) and the
volume demanding myelination process. The strong myelination is
reflected in the decrease of radial and mean diffusivity between 2M
and 3M. At three months, however, all processes seem to be terminated
and the striatal tissue has completely matured.

Consequences for investigations on cerebral disease models

Many studies on cerebral diseases are based on the assumption of
inducing the disease or lesion on healthy and adult animals. There is,
however, a wide body of literature on such disease model investigations
using rats of body weight ranging between 270 and 320 g. According to
standard weight-age diagrams provided by the animal suppliers for the
strain of Wistar rats used in the present study, this weight range makes
the animals typically around two months old, at any rate clearly youn-
ger than 3 months of age. In this case, volume change and cortical thick-
ness have already stabilized, cell density in the striatum has also
stabilized but myelination in both, striatum and cortex, continues up
to 3M for striatum, for cortex even up to 6M. Based on the diffusion
changes alone, myelination changes are very pronounced between
months two and three. Taken these new observations together, it
must be cautioned that lesion studies during this age period may be
influenced by ongoing developmental brain maturation processes.
This situation may be even more complex in the case of studies dealing
with evaluation of therapeutic strategies. In light of our new observa-
tions, it would therefore be preferable to perform such disease model
investigations (including those on therapeutic evaluations) on Wistar
rats being at least three months of age at the beginning of the
investigations.

Future studies will increase the temporal resolution of the matura-
tion and growth changes to even better define the end of the develop-
mental phase. Improvement of spatial resolution of the MRI will
permit detailed analysis of structures prone to contain partial volume
effects, such as corpus callosum or ventricular spaces, and will extend
the whole volume to include hindbrain and olfactory bulb.

Conclusions

Combining longitudinal MRI measurements with histological tissue
characterization, we have derived a temporal profile of postnatal rat
brain maturation. Different cerebral structures show an individual time-
line for postnatal development. While the striatum seems to be fully
matured by three months, the cortex is still changing until at least six
months. Our present results convincingly demonstrate that brain vol-
ume is a reliable variable of having reached a steady state situation
concerning organ expansion while measurement of cortical thickness

will be misleading for two to three month old rats. Clear indications of
ongoing developmental changes in the rat brain point to the time win-
dow until three months of age; in particular persistent myelination
aspects in cortex and striatum make it advisable to speak of “adult
animals” only from three months of age on. Future investigations
on disease models or lesions may have to consider this age of three
months as a safer threshold to avoid ongoing developmental
changes in the brain opposing the study of the patho-mechanisms
of interest.
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months in rats, there is a clear need to discern the corresponding minimal animal age to provide an “adult
brain” in mice in order to avoid modulation of disease progression/therapy studies by ongoing developmental

ﬁl{lw ords: changes. For this purpose, we have studied anatomical brain alterations of mice during their first six months of
Mouse brain age. Using T2-weighted and diffusion-weighted MR], structural and volume changes of the brain were identified
Brain development and compared with histological analysis of myelination. Mouse brain volume was found to be almost stable al-
Cortex ready at three weeks, but cortex thickness kept decreasing continuously with maximal changes during the first
Myelination three months. Myelination is still increasing between three and six months, although most dramatic changes

DTI are over by three months. While our results emphasize that mice should be at least three months old when
adult animals are needed for brain studies, preferred choice of one particular metric for future investigation
goals will result in somewhat varying age windows of stabilization.

© 2015 Published by Elsevier Inc.

Introduction

The development of the brain continues well beyond birth and goes
through various phases of adolescent changes (Andersen, 2003; Meaney
and Stewart, 1981; Spear and Brake, 1983) before it reaches a state in
adulthood which is considered a steady state condition. Such steady
state is usually assumed when adult animals are studied, be it in the
course of neurodevelopmental studies (Tissir and Goffinet, 2003) or for
the investigation into cerebral disease evolutions (Adamczak et al.,
2014; van Dorsten et al,, 1999) and development of corresponding thera-
peutic strategies (Bockhorst et al., 2008). This requires the definition of a
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time window in early age when this cerebral maturation has been
reached as well as the definition of a time window in progressed age
when aging processes start to disturb this steady state. The definition of
the onset of adulthood and the end of maturation is the goal of the present
study. Often, adulthood of experimental animals was used equivalent to
full sexual maturity or to body weight indications only. However, in an
earlier study on rat brain maturation we have been able to point out a
wide temporal discrepancy of sexual maturity to full brain maturation
(Mengler et al., 2014).

With the wide access to studies of selected gene expressions in trans-
genic animals, mice have become the dominant species for experimental
investigations on cerebral diseases, including stroke (Adamczak et al.,
2014), neurodegenerative diseases such as Alzheimer's disease (Zempel
and Mandelkow, 2014), trauma (Webster et al., 2015) and many more.
Many of these studies are performed on animals of not more than eight
weeks, declared as adult animals. Based on the earlier reported situation
on rats that full brain maturation requires animals with an age of at
least three months (Mengler et al., 2014), there is a clear need to discern
the corresponding minimal animal age to provide an “adult brain” in
mice.
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Magnetic resonance imaging (MRI) has become an indispensible
tool in neuroanatomy. MRI provides information on macrostructural
as well as microstructural changes in the intact tissue, without suffering
from shrinkage or other preparation artifacts, like shearing or cutting
artifacts. The non-invasive character of MRI allows a longitudinal
investigation of subjects and can complement histology when studying
development, aging or disease models. Especially in postnatal develop-
ment, MRI has proven useful for the detection and measurement of re-
gion specific growth and myelination (Wozniak and Lim, 2006). The
relative water content of a tissue contributes greatly to contrast based
on the spin-spin relaxation time contrast T2. Additionally, the different
water diffusion characteristics in tissues are captured in diffusion tensor
imaging (DTI); the structural complexity of a tissue not only changes
the degree of diffusion, but also the directionality of the water move-
ment. In recent years, postnatal development in rodent brains was
frequently studied using DTI of ex vivo specimen (Mori et al., 2001;
Zhang et al., 2003, 2005). These studies have built a fair basis for DTI-
based morphometry of white matter. However, they lack detailed gray
matter characterization and only few studies were performed with
true in vivo measurements.

Neurodevelopmental studies of cerebral and in particular of cortical
morphology can help identify structural, anatomic changes and reorga-
nizations. Here, we have employed T2 relaxivity and DTI MRI in order to
visualize microscopic as well as morphometric changes of the mouse
brain and to unravel the time profile of the development and matura-
tion of cortical structures.

Methods
Animals

All experiments were performed on C57Bl/6] mice (Janvier, Le
Genest Saint Isle, Cedex, France) of four different postnatal ages: three,
eight, twelve and twenty-four weeks.

Animals were allowed two weeks of habituation upon arrival.
Weaning mice (P21) were born in the facility. They were housed in
groups of four and were given access to food and water ad libitum, in
an environment with controlled temperature (21 +/— 1 °C), humidity
(55 +/— 10%), and light (12/12 h dark/light cycle). All animal experi-
ments were conducted in accordance with the German Animal Welfare
Act and approved by the local authorities (Landesamt fiir Naturschutz,
Umwelt und Verbraucherschutz NRW).

MRI acquisition and data processing

MRI experiments were conducted on a 9.4 T Bruker BioSpec
horizontal bore, dedicated animal scanner (Bruker Biospin, Ettlingen,
Germany), equipped with a gradient system of 660 mT/m at 110 ps
ramp time. For RF excitation a quadrature volume resonator (inner di-
ameter 72 mm; Bruker Biospin) was used, for signal reception a quadra-
ture mouse brain surface coil (Bruker Biospin) was applied. MRI data
was acquired using Paravision 5.1 software. After induction of anesthe-
sia, mice were placed in an MRI compatible cradle (Bruker Biospin), and
the head was fixed with ear bars and a support ring for the upper inci-
sors in order to reduce movement artifacts. Animals were anesthetized
with 2% isoflurane (Forane, Baxter, Deerfield, IL, USA) in a 70/30 mix-
ture of N0 and O,; vital functions were monitored during the whole an-
esthesia period using DASYLab (version 9.0, Measurement Computing
Cooperation, Norton, MA, USA). The breathing rate was assessed via a
breathing pillow, placed under the thorax, and kept at 100-120
breaths/min by adjusting the isoflurane concentration. Body tempera-
ture was recorded with a rectal temperature probe, and regulated by
adjusting the temperature of a warm water circulation system (Medres,
Cologne, Germany), feeding a heating blanket and the MR cradle.

T2WI and DTI protocols were set to cover the volume between the
rhinal fissure and the anterior part of the cerebellum, and imaging

data was acquired with identical geometry for both scans (field of
view: 28 mm x 28 mm, matrix 192 x 192, 0.5 mm slice thickness, no
inter-slice gaps). The number of slices was adjusted individually in
every session according to age dependent brain size.

T2W images were acquired with a multi slice multi echo sequence
(MSME TR/TE = 5000 ms/10 ms; 10 echoes, with 10 ms inter-echo
spacing). For every voxel a monoexponential decay curve was deter-
mined from the ten echoes of the MSME (IDL version 6.4, Boulder, CO,
USA) and the resulting spin-spin relaxation time was calculated
pixelwise to obtain quantitative T2 maps.

Diffusion tensor imaging was recorded with an 8-shot spin echo EPI
sequence (30 directions; b-value = 670 s/mm?, and five supplementary
A0 images), with a gradient scheme according to Jones 30 (Jones et al.,
1999; Skare et al., 2000). DTI data is prone to distortions due to eddy
currents, induced when strong gradient pulses are switched on and
off, and to motion artifacts originating from the subject. Prior to tensor
calculation, we therefore applied an eddy current correction (FSL ver-
sion 4.1.7, FMRIB Centre, Oxford, UK) and visually inspected the single
frames, discarding the corrupted ones. The occurrence of other distor-
tions and artifacts was limited during image acquisition by applying
an automatic ghost correction, the use of a fat suppression module
(1.9 ms Gaussian pulse, 1,400 Hz bandwidth, 2 ms spoiler) and naviga-
tor echoes. The total acquisition time added up to 50 min, including ad-
justment scans and a full brain RARE sequence. The RARE data set was
used for co-registration of measurements at separate time points.

From the diffusion tensor, three eigenvectors and the corresponding
eigenvalues (N1, N, N\3) can be determined, representing in each voxel
the main diffusion directions and the magnitude of diffusivity in all
three directions. The largest eigenvalue (\;) represents the axial or par-
allel diffusivity (N\;), while the perpendicular or radial diffusivity (A ) is
the average of the two minor values, the second (\;) and third eigenval-
ue (N\3). The average of all three eigenvalues is a measure for the mean
diffusivity (MD) (Basser et al., 1994). Based on the three eigenvalues,
the fractional anisotropy (FA) is calculated, giving a measure for the an-
isotropy of diffusion within the voxel (0 < FA < 1, where 0 = isotropic
condition).

Registration procedure and deformation-based morphometry (DBM)

The first echo of the MSME yields the best anatomical contrast and a
high SNR, thus best qualifying for co-registration of individual image
data sets. The images were stripped of external tissue (Smith, 2002)
and normalized to a template brain compiled of n = 24 nine week old
C57/Bl6 mice. The registration followed a hierarchical scheme
(Mengler et al., 2014) and was implemented using Elastix (Klein et al.,,
2010). Detailed information on registration parameters can be found
here (http://elastix.bigr.nl/wiki/index.php/Par0025). Two independent
raters controlled the quality and success of the registration process
using a custom-made graphic user-interface (Khmelinskii et al., 2013).
Subsequently, the displacement field, containing the local deformations
relative to the template, was applied to re-orient the calculated maps
derived from the T2WI and DTI datasets.

The template was manually labeled with anatomical brain regions of
interest (see below), and the corresponding volumes of interests (VOIs)
were mapped in the native space of the individual datasets.

The displacement field encodes the anatomical differences between
two ages of a brain, such that each voxel describes the transformation
vector to the homologous position. A measure derived from the defor-
mation matrix is the determinant of the Jacobian (det]ac), representing
the local volumetric changes. The detJac ranges from 0 (100% shrinkage)
over 1 (no volume change) without upper boundary (volume increase).
A logarithmic transform makes the Jacobian distribution symmetric,
setting aside every a priori assumption on volume growth (Leow et al.,
2006; Yanovsky et al., 2008). Volume changes were evaluated based
on this log detJac using MATLAB 2011b (MathWorks Inc., Natick, MA,
USA).
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ROI analysis

Quantitative MRI parameters were evaluated for specific regions fo-
cussing on key structures, both in white and gray matter. Gray matter
structures were manually segmented within the template brain, cover-
ing the cerebral cortex, thalamus, hippocampus and striatum (Inline
Supplementary Fig. S1). The corresponding regions of interest (ROIs)
were transformed to the individual datasets, using the inverse displace-
ment fields generated during the registration process, and evaluated for
volume of the tissue structure and its quantitative MRI parameters. As
white matter structures are rather small, their boundaries are blurred
on MRI data, due to partial volume effects, making transformation del-
icate. In order to avoid transformation errors, particularly when
adjusting for local tissue expansion and brain growth, ROIs were creat-
ed on averaged age maps generated of the respective age group data,
acting as age-specific “templates”. The following white matter struc-
tures were analyzed: corpus callosum, fimbrium, external and internal
capsule.

Inline Supplementary Fig. S1 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2015.10.009.

Using the same strategy, the cortex was segmented into cortical
layers (upper, middle and lower cortex) on the first echo image of the
multi-echo spin echo sequence. This was executed for different cortex
areas: motor cortex (M1), primary somatosensory cortex of the fore-
limbs (S1), whisker barrel field of the somatosensory cortex (BF) and
secondary somatosensory cortex (S2).

Cortical thickness determination

Cortical thickness measurements were performed on the individual
datasets as well as on the age group average datasets. For the former the
original MRI datasets per age were affine registered. In all cases the cor-
tex was manually segmented. This resulted in a surface representation
of the cortex with outer and inner boundaries. For each surface element
(triangle) of the cortical outer boundary the surface normal was calcu-
lated. This surface normal is perpendicular to the surface therefore run-
ning from the outer to the inner boundary of the cortex. The length of
this surface normal from the outer to the inner boundaries corresponds
to the thickness of the cortex at that position. The thickness and position
for every surface element were stored in a so called surface lattice. This
surface lattice was mapped onto the outer cortex and color coded (cf.
Fig. 3)

Next, in order to determine the most anterior and posterior coordi-
nates for M1 and S1 a 3D mouse brain atlas, derived from Franklin &
Paxinos (Franklin, 2007) was affine registered to every dataset. From
the most anterior to the most posterior landmark for M1 and S1 a
path was interpolated along the outer cortex surface. Additionally, a
supplementary path along the lateral aspect of the cortex was created,
stretching from the most anterior to the most posterior part of the seg-
mented cortex. The cortical thickness at each coordinate of the different
paths was obtained as the thickness value from the nearest element of
the surface lattice.

From the individual datasets of these thickness profiles (Inline Sup-
plementary Fig. S3) the averaged values across all animals of a given age
are also presented (cf. Fig. 3).

Inline Supplementary Fig. S3 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2015.10.009.

Histological examination

After the MRI session, mice were deeply anesthetized with
isoflurane and perfused transcardially with saline, followed by 4% PFA.
Brains were extracted, postfixed overnight and kept in sucrose solution
until they sank. Specimens were serially sectioned at 30 pm on a freez-
ing microtome (Leica Microsystems, Wetzlar, Germany) and kept at
—20 °C in cryo-protective solution. After mounting on glass slides,

sections were washed, heated, and stained for myelin before
dehydrating in alcohol, clearing, and coverslipping. Myelin staining
was achieved with the black-gold technique (Schmued et al., 2008)
until fine fibers of the molecular layer appeared in the 24 week speci-
men. At selected levels, overview images of the sections were taken
with 4x magnification (Keyence BZ-9000, Keyence Corp., Neu-
Isenburg, Germany). ROIs in the upper, central and lower part of the
S1 and M1 were chosen and corresponding images acquired with 40x
magnification. ROI images were transformed into binary images using
the “make binary” tool implemented into Image] software (version
1.46r, NIH, Bethesda, MD, USA) without applying supplementary
thresholds. Black areas were defined as “stained for myelin”. All
postprocessing and analysis was performed using Image] software.

Statistical analysis

As MRI parameters of the same subject cannot be considered inde-
pendent data, MANOVAs for the different parameters were performed
to find differences between the age groups. Significant MANOVAs
were followed up by separate ANOVAs for the individual ROIs. A
Tukey HSD test, for post hoc pair-wise comparisons, revealed differ-
ences within a variable and ROI and between ages (all in SPSS version
22, IBM Corp. Armonk, NY, USA).

Results

Tissue selective ROI analysis of MRI parameters during developmental
changes

ROI-based analysis of the T2 relaxation time values showed an
initial decrease of T2 both in white and in gray matter from three
to eight weeks of age. From eight weeks on, the T2 values were in-
creasing slightly and continuously, continuing even till 24 weeks of
age (Fig. 1). Using Pillai's trace there was a detectable effect of age
on T2 values (V = 2.49, F (27, 18) = 3.275, p < 0.01). Separate
ANOVAs for the different ROIs supported this effect to be highly sig-
nificant for every ROI, except for the fimbrium. Results of the post
hoc pairwise comparisons (Tukey HSD test) between the ages are il-
lustrated in Fig. 1.

The DTI derived parameters revealed a more differentiated time pro-
file. Fractional anisotropy (FA) was increasing in all white matter struc-
tures, except the internal capsule (ic). In gray matter, FA values went
through a maximum at eight weeks of age in the hippocampus and cau-
date putamen but there was no clear age pattern in the thalamus. In the
cortex, the FA value was continuously decreasing from three weeks of
age on (Fig. 1). According to Pillai's trace there was an effect of age on
fractional anisotropy values (V = 2.46, F(27,15) = 2.53,p<0.05). How-
ever, separate univariate ANOVAs on the individual ROIs revealed sig-
nificant effects for the FA in the external capsule only (F(3,11) =
10.869, p < 0.001). This effect did not reach statistical relevance in the
pairwise comparison. Corresponding behavior of axial diffusivity, pro-
ton density and of radial diffusivity did not show any significant effect
of age in multivariate or univariate ANOVAs.

When analyzing volumes of defined tissue areas over time, it is
noted that for all gray matter regions analyzed the final volume is
reached within the first eight postnatal weeks, with no further global
or local volume changes observable after this time point (Fig. 2A). A
strong effect of age is supported by a multivariate ANOVA, F(15,
51) = 4.843, p < 0.001, post hoc pairwise comparison revealed that sig-
nificant differences occur only until week eight. The volume increase,
however, is not substantial enough to be clearly revealed in the
deformation-based morphometry, showing mostly volume reduction
of ventricular cavities and only slight volume increases in the deep
gray matter of the thalamus (Fig. 2B).
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Fig. 1. Quantitative MRI parameters in different ROIs. The data shown is the group average of the different ages for T2, fractional anisotropy (FA), proton density, radial (RD) and axial diffusivity.
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24 weeks with p < 0.05 %; p < 0.01 %; p < 0.001 %%,

Age dependent changes in the cortex

The cortex thickness is decreasing from rostral to caudal direction.
This pattern is preserved during all stages in the observation period
(3-24 weeks) as depicted in the 3-dimensional color-coded cortex
thickness maps in Fig. 3. The most caudal part (visual cortex) is thinnest
while the rostro-medial cortex area around the motor cortex showed
the largest thickness. Focusing on individual anatomical regions, their
local absolute values also decrease with increasing age, indicating a con-
tinuing flattening of the cortex over time. This effect was found most
pronounced in the most rostral end of the motor and somatosensory
cortex regions, selected here for visualization (Fig. 3). As the whole
brain still expands during the observation period, this cortical flattening
largely counteracts the expected volume increase of the cortex.

T2- and DTI-derived contrast did not permit to discriminate the his-
tologically defined cortical layer structure. Nevertheless, robust radial
variation of fractional anisotropy contrast permitted a subdivision of
the cortex into upper, central and lower cortical sections, as outlined
in Fig. 4. Analysis of these three sections was performed for both FA
and T2 parameters in the primary somatosensory cortex S1 and the
motor cortex M1 as the anatomical regions of utmost interest (the re-
sults for S2 somatosensory cortex and barrel field cortex are presented
in Inline Supplementary Fig. S2). A clear cortical depth dependent vari-
ation is observed for fractional anisotropy (Fig. 4 top diagrams), which
was lost in the earlier analysis of the whole cortex as a single ROI
(Fig. 1). This cortical depth dependent variation was noted irrespective

of age within the first six months. The T2 values on the other hand did
not reflect a section dependent variation (Fig. 4, bottom diagrams).

Inline Supplementary Fig. S2 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2015.10.009.

Investigating T2 in the different cortical sections, using a multivari-
ate ANOVA showed a significant effect of age in S1 and M1 (V = 0.78,
F (6,64) = 6.77, p < 0.001). Post hoc pairwise comparisons (Tukey
HSD) revealed highly significant differences between all age groups in
the upper and central layers of M1 (p < 0.01) and between three
weeks and the other ages in the lower layer. In S1, T2 was significantly
decreasing after three weeks, followed by a gradual increase from eight
weeks on. Despite this increase, T2 values did not reach the T2 values at
weaning age at three weeks but stayed significantly below this three
week value in the lower and central sections.

Fractional anisotropy (FA) seems to be more layer dependent than
T2. While FA was decreasing in the upper and central layers over time,
both in S1 and in M1, it remained unchanged in the lower layer for S1,
but was even slightly increasing with age in M1. However, these obser-
vations did not reach statistical significance in a multivariate ANOVA
(Pillai's trace: V = 0.3, F(6,62) = 1.82,p > 0.1).

Myelin stained tissue sections showed an increase in the quantified
staining intensity after the age of three weeks (Fig. 5). Further, a clear
radial increase of staining intensity was noted from cortex surface to-
wards the corpus callosum, independent of age group. ROIs correspond-
ing to the cortical sections defined in the in vivo MRI were used to
estimate the myelination intensity in these cortical sections as a
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eight weeks (upper row) and from twelve to twenty-four weeks (lower row). The T-values are color coded, with blue shades indicating a shrinkage in tissue and red shades representing
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function of age. This analysis revealed an effect of age for all three corti-
cal sections (Pillai's trace: V = 1.9 F(6,4) = 18.24 p < 0.01). After three
and again after eight weeks, the myelin content of the cortical layers in-
creased substantially across all cortical layers. This observation holds for
both S1 and M1.

Discussion

We have investigated the anatomic changes of the mouse brain dur-
ing the first six months of age with the aim to discern developmental
and maturation phases, thus identifying criteria of adult mouse brain.
As we had reported in an earlier study on rat brain, maturation to a
steady state “adult” situation of the brain takes much longer than sexual
maturation. This distinction between developing/adolescent and adult
brain is even more important in mice as they have become the most
widely used species for a broad range of neuroscientific and neurologi-
cal investigations, partly due to the easy access to transgenic animals.
We realize that there are many aspects and corresponding variables to
shape a complex picture of maturation. Among others there are neuro-
transmitter levels, receptor expressions or other molecular and cellular
factors to be considered in further studies. Here, we have analyzed vol-
ume changes and structural alterations of the mouse brain using in vivo
MRI. The use of different MRI modalities at high spatial resolution in
combination with sophisticated image processing techniques make

our approach sensitive for global and regional tissue growths, changes
in laminar patterns and myelination in white and gray matter.

MRI parameter patterns of brain maturation

The combination of T2 and DTI contrasts has proven in the past to be
highly sensitive for late developmental changes in the brain (Mengler
et al,, 2014). With increasing myelination and tightening of the myelin
sheaths, T2 has been reported to decrease rapidly during the early post-
natal phase, in rats as long as postnatal week eight (Wozniak and Lim,
2006). The T2 relaxation time continuously decreases from three
weeks to twelve weeks, as observed in the present study, and is in
agreement with earlier reports on T2 decrease (Hiippi and Dubois,
2006; Mengler et al., 2014; Samorajski and Rosten, 1973), caused pre-
dominantly by a reduction of tissue water content — further confirmed
by decreasing proton density (Fig. 1) — and tissue reorganization pro-
cesses. The increase of T2 between twelve and 24 weeks of age may in-
dicate further late reorganization processes in the various anatomical
ROIs (cf. Fig. 1) while in the case of the whole brain (Fig. 1) this only re-
flects the growing relative amount of free liquid in larger ventricles.
Myelination and increasing cell density also contribute to the decrease
of free water in the brain (Anderson et al., 2000; Chabert and Scifo,
2007) thus influencing T2 relaxation, as discussed in details in our ear-
lier study on rat brain maturation (Mengler et al., 2014).

Fig. 3. Cortical thickness. A: the upper panel shows a lateral view onto the mouse brain, with the mean cortical thickness color coded on the surface, from left to right: three, eight, twelve
and twenty-four weeks. The white line depicts the lateral thickness profile plotted in the diagram beneath. The mean cortical thickness is plotted from anterior to posterior for each of the
four ages: three weeks (blue), eight weeks (red), twelve weeks (green), and twenty-four weeks (purple). B: mean cortical thickness from the anterior to posterior aspect of M1 and S1,
respectively. The profile plotted, is showcased in the upper right corner of each graph. Instead of the standard deviation, the individual cortical thickness plots for M1 are illustrated in

Supplementary Fig. 3 (Inline Supplementary Fig. S3).



L. Hammelrath et al. / Neurolmage 125 (2016) 144-152 149

A Cortical Thickness

Thickness [mm]

25 Lateral Cortex

2.0

1.5

1.0

Thickness [mm]

0.5

0.0 - —>
anterior posterior

B 22 M1
2.0

1.8

1.6

1.4

Thickness [mm]

1.2

1.0

0.8 - —>
anterior posterior

22 S1

2.0

1.8

1.6

1.4

Thickness [mm]

1.2

1.0

0.8 >
anterior posterior

— 3 Weeks — 8 Weeks —12 Weeks — 24 Weeks




150
0.24
>
2 020
(=]
=
$ o6
S
< 012
©
[ =
S 008
k3]
2 004
0
Upper
01 _rr s
40
‘@ 30
£
N
= 20
10
g :
Upper
B 3 Weeks

L. Hammelrath et al. / Neurolmage 125 (2016) 144-152

S1 0.24 M1
0.20
0.16 * %
X3
0.12
0.08
0.04
0
Central Lower Upper Central Lower
HE T i E R HER
* ok Kk * Kk ok = o %
< §
40
30
20
10
Central Lower Upper Central Lower
O 8 weeks 012 Weeks M 24 Weeks
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Myelination changes are well reflected in diffusion tensor parameters
(Mengler et al., 2014). As the axial diffusivity values are not changing over
age for most anatomical ROIs in our results, changes of fractional anisotro-
py (FA) are due to changes in radial diffusivity values. Although our pres-
ent findings are different from results on dysmyelination in the shiverer
mouse (Tyszka et al., 2006), they are conclusive and in line with earlier re-
ports on FA and RD development (Deo et al., 2006; Mengler et al., 2014;
Song et al., 2002). FA therefore can be used as surrogate reflecting the
preferential orientation of myelin structures in a tissue volume. In most
white matter ROIs (all except fimbrium), FA continuously increased in
agreement with growing intensity on the Black and Gold II staining of my-
elin (Fig. 5). Gray matter ROIs show a slight decrease of FA with age indi-
cating that ongoing tissue organization processes of network formation in
gray matter reduce structural preferential orientations with time. Of all
gray matter ROIs, this effect is most pronounced in the cortex (Fig. 1), con-
tinuing still between twelve and 24 weeks.

Cortical changes during maturation

The histological staining clearly shows for the cortex a layer-
dependent and region dependent pattern that must be distinguished
in the discussion of age dependent myelination. In an earlier study,
Sizonenko et al. (2007) had divided the cortex into upper and lower cor-
tex regions and reported a drop in FA and an initial drop in T2 followed
by a gradual increase. Here, we subdivided the sensorimotor cortex into
upper, middle and lower cortex sections, thus adding more detail to the
region-specific evaluation. The upper two of the three sections overlaid
on the cortex in the MRI images show a continuous decrease of FA with
age. The lowest section is closely age independent in the somatosensory
cortex area (S1) but is continuously increasing in the motor cortex (M1)
(Fig. 4). While myelin staining shows an increasing staining intensity,
FA decrease reflects the fact that the predominant radial cortical struc-
ture is increasingly challenged by growing horizontal layer organiza-
tions. The latter development results in reduction of preferential
direction organization of diffusion. The different behaviors of the lowest
section in the somatosensory and motor cortices, respectively, indicate
that different time lines must be considered for this structural reorgani-
zation process in different anatomical cortex regions. A corresponding
behavior is documented for barrel cortex and secondary somatosensory

cortex (S2) in the supplement (Inline Supplementary Fig. S2). Further-
more, it shows the necessity to subdivide the cortex in layers for MRI
analysis so that layer-dependent changes are not averaged out (Fig. 4
and Inline Supplementary Fig. S2) (Baloch et al., 2009). Summarizing
these observations, the interlaminar differences in myelination, ob-
served with histology, are matched by a radial gradient in T2 and FA
values at the approximate position of the histological central layers II/
IIl and lower layers IV-V. While quite low but stable with time in layers
IV-VI, directionality decreases over time in layer II/IIl. As interlayer con-
nections get stronger and myelination increases, the radial organization
is superposed and the tangential layers of the neocortex are revealed.

The cortex volume changes only marginally over the period three to
24 weeks, in contrast to the situation in rats where cortical volume kept
increasing during the first three months (Mengler et al., 2014). Cortical
thickness in rats increases during the first month, but then stagnates. In
mice, we have observed a gradual cortex thickness decrease from rostral
to caudal (Fig. 3), independent of age. With growing age, this thickness
is decreasing in all positions along the rostral-caudal line, but this age
dependent decrease is most pronounced at the rostral end. In general,
there is a global tendency to level out this thickness gradient along the
rostral-caudal line with increasing age. Thus, the cortex volume of
mice remains closely constant from three weeks as the continuing
thickness decrease compensates for the brain volume increase with
age. In rats, the continuing cortex volume increase is explained by
brain expansion paralleled by thickness stabilization after four weeks
of age.

Consequences for age determination of a fully matured mouse brain

From the present findings, it becomes clear that one needs to care-
fully choose the desired variable to define a stable condition, which is
no longer varied by increasing age. Cortex volume appears not to be a
sensitive parameter, while cortical thickness is more suitable: the
most drastic decrease occurs during the first eight to twelve weeks,
after which time only slight changes are noted. Also, the MRI parame-
ters, T2 and FA, generally show their most pronounced changes during
the first two to three months. When using myelination as maturation
criteria, very pronounced increases were observed till twelve weeks of
age, with only minor changes thereafter.
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Taken these different criteria together, it appears best to define the
period up to month three as adolescent with clear maturation depen-
dent alterations. From three months of age, with only very small further
changes observed, beginning adulthood of the mouse brain may be con-
sidered. This distinction is of importance as many studies on cerebral
diseases are based on the assumption of dealing with adult animals as
analysis of disease development should not be modulated by ongoing
maturation processes. From our present results, it appears advisable to
prefer mice of three months of age or even older when stable, adult
brains as baseline must be demanded.

Conclusions

We have followed various anatomic changes and tissue characteri-
zation by MRI parameters as well as myelination as a function of brain
age in the mouse. Our results clearly indicate that the adolescent
phase with ongoing changes in the brain lasts at least till three months
of age. For the large number of studies involving mouse brains for genet-
ic investigations with transgenic animals or for neurological disease
studies, mice should be used at the age of three months or later when
adult animals are required. However, it must be cautioned that our var-
ious applied metrics show different behaviors with some reaching stabi-
lization earlier than others. Thus, the relevance of the chosen metric in
future studies will influence the choice of age window for stable brain
conditions.
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Abstract

We conducted a lifespan study on rats monitoring healthy ageing of the brain. Calorie
restricted rats were employed repetitively up to the age of 24 months using non-invasive
imaging techniques. We investigated the effect of age on structural (Diffusion Tensor
Imaging, T2) as well as functional (fMRI) and vascular (angiographies) integrity. This
explorative study like this benefits from an automated evaluation technique that is based on
individual structural changes rather than manual ROI analysis. For this purpose, we used
deformation-based morphometry to address volumetric changes in the brain.

We found a rather gradual change with different pacing in the MR parameters and between
the major grey matter structures of the brain. While general and regional volume decrease
appears to happen consistently between 18 and 20 months. The fMRI signal as well as the
angioarchitecture strengthened until the age of 12 month and showed signal decrease and
vascular deterioration, but stable vessel density until 24 months. Dependent on the study
purpose, the different time frames for ageing onset should be considered. A study on
vascular or functional changes needs to anticipate age-related changes already with 12
months, while focussing on the structural and volumetric changes in the brain, will reveal an

ageing phenotype not before an age of 20 months.
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1. Introduction

Demographic change is challenging economic and medical systems as well as science. A lot
has been done in the last decades to understand ageing processes, from telomeres to
oxidative stress damage, from C. elegans to transgenic mice strains. And many of the
insights hold therapeutic potential for a prolonged health span. Especially therapies
intervening with the IGF-1 pathway and the somatotropic axis are promising candidates,
modulating the insulin metabolism and prolonging both life and health span [1].

Extensive cross-sectional and follow-up studies in humans have and still are building up a
standard, including biomarkers for neurodegenerative diseases. A comparable ageing
reference is not established in rodents. In particular a temporal profile of translational
relevant parameters is needed, in order to judge the true clinical potential of tested therapies
(compare [2]). A highly translational tool is Magnetic resonance imaging (MRI). MRI has
become an indispensible tool for clinical neurodiagnostics and with higher field strengths,
stronger gradients and increasing resolution also for translational research. MRI is non-
invasive, provides high resolution and lacks histological artifacts, like shearing or shrinking,
allowing for longitudinal anatomical studies.

Until now, MR studies on ageing rats are sparse and limited to longitudinal studies on
pathological phenotypes (alcohol-preferring rat [3]) or mice [4].

We conducted a lifespan study on Wistar rats in order to establish an age reference for the
most widely used imaging techniques. Based on structural MRI and histological validation,
we could already show brain development to continue well after three months of age [5].
Here we investigated the effect of age on structural (Diffusion Tensor Imaging, T2) and
volumetric measures (deformation based morphometry (DBM)) as well as functional and

vascular integrity.

2. Materials and Methods

2.1 Animal husbandry

All animal experiments were conducted in accordance with the German Animal Welfare Act
and approved by the local authorities (Landesamt fir Naturschutz, Umwelt und
Verbraucherschutz NRW). From postnatal day 21 on (weaning age) twelve male Wistar rats
(Harlan-Winkelmann GmbH, Borchen, Germany) were kept in an environment with controlled
temperature (21+/- 1°C), humidity (55%+/-10%), and light (12/12h dark/light cycle). Animals
were housed in groups of four until the age of two months, and in pairs afterwards; in cages
equipped with bedding, nesting material, paper, wooden blocks, a tunnel, a hideout with

exploration platform and unlimited access to water. From the age of eight weeks, rats were
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calorie restricted to 80% of their ad libitum consumption. Somatosensory performance was
assessed every eight weeks, to ensure the health of the animals. Tests included a
neurological score for general reflexes and outer appearance (Table 1), motor performance

(Rotarod) and somatosensory tests for asymmetry in forepaw use (cylinder).

2.2 Animal groups

Animals were divided into three separate groups, with ages different for study entry (2 and 8
months) and survival (12, 18 and 24 months, see Fig. 1). This interleaved study design can
exclude effects of repetitive anaesthesia (different entry ages) and allows histological
evaluation of the tissue (survival time). Three animals had to be excluded in the course of the
study due to spontaneous tumour formation (n=2 at the age of 12m and 20m), one died
under anaesthesia (22m, n=1). All animals underwent structural MRI scans on a bimonthly

basis, fMRI with 2 months, as a young adult control time point, and at 10, 16 and 24months.

2.3 Magnetic Resonance Imaging

MRI experiments were conducted on an 11.7T Bruker BioSpec horizontal bore dedicated
animal scanner (Bruker Biospin, Ettlingen, Germany). RF transmission was achieved with a
quadrature volume resonator (inner diameter 72mm), while a quadrature rat brain surface
coil (~30mm x 30mm) was used for signal reception. Rats were placed in an MRI compatible
cradle, and the head was fixed with earbars and a support ring for the upper incisors in order
to reduce movement artefacts.

Animals were anesthetized with 2% isoflurane (Forane, Baxter, Deerfield, IL, USA) in a 70/30
mixture of N,O and O, and vital functions were monitored during the whole anesthesia
period using DASYLab (version 9.0, Measurement Computing Cooperation, Norton, MA,
USA). The breathing rate was assessed via a pressure pad, placed under the thorax, and
kept at 70-80 breaths/minute by adjusting the isoflurane concentration. Body temperature
was recorded with a rectal temperature probe, and regulated by a feedback system (set
value: 37°C) controlling a heating blanket with warm circulating water (MedRes, Cologne,
Germany).

Both scan protocols, T2WI and DTI, were set to cover the volume between the rhinal fissure
(rostrally) and the anterior part of the cerebellum (caudally) and were acquired with identical
geometry (field of view: 28mm x 28mm, matrix 192 x 192, 0.5 mm slice thickness, no
interslice gaps). The number of slices was adjusted individually in every session.

Quantitative T2 maps were acquired using a Multi Slice Multi Echo sequence (MSME;
TR/TE=5,000ms/10ms; 10 echoes). For every voxel a monoexponential decay curve was

extrapolated from the ten multi-echo trains of the MSME (IDL version 6.4, Boulder, CO,
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USA), the resulting spin-spin relaxation curve yields the quantitative T2 map (t until 37%
decay) and the proton density (S at TE=0ms).

Diffusion Tensor Imaging was recorded with an 8-shot spin echo EPI sequence (30
directions; b-value=670 s/mm?, and five supplementary A0 images), with a gradient scheme
according to Jones 30 [6, 7]. DTI data, in general is prone to distortions due to eddy currents,
induced when strong gradient pulses are switched on and off, and to motion artefacts,
originating from the subject. Prior to tensor calculation (DTI Studio 3.0.3, Baltimore, MD,
USA), we therefore applied an eddy current correction (FSL version 4.1.7, FMRIB Centre,
Oxford, UK) and visually inspected the single frames, discarding the corrupted ones. The
occurrence of other distortions and artefacts was limited during image acquisition by applying
an automatic ghost correction (ghostings), the use of a fat suppression module (1.9ms
Gaussian pulse, 1400Hz bandwidth, 2ms spoiler) (off resonance artefacts) and navigator

echoes.

2.3 Data post processing

A study-specific template brain was created from datasets of fourteen months old Wistar rats
(n=12). We chose an “aged” template brain, reflecting the actual data better than a young
“standard” template brain (usually three months). By reducing the necessary transformation
of the data, possible registration mistakes are minimised. The TurboRARE sequence, used
for the generation of the rat brain template, used a TR/TEeff = 4,000ms/32.5ms and a RARE
factor of eight. Two averages were recorded with a field of view 28mm x 28mm (matrix 192 x
192) and 0.5mm slice thickness. Volumes of interest (VOI) were manually created for key

grey matter structures: hippocampus, striatum, cortex and thalamus.

Registration was conducted in a coarse-to-fine manner, using normalized cross-correlation
as similarity measure. Three discrete registration steps, with increasing degrees of freedom
were implemented (rigid, affine, non linear B-spline), in order to normalize the images to a
common space. The first echo of the MSME served as source; the template brain as target
volume. Registration followed a hierarchical scheme, employing a Gaussian pyramid on
every level (four in the rigid and affine, two in the B-spline part), in order to avoid local
minima traps. The resulting deformation fields were applied to the corresponding T2- and

DTI-maps.

Datasets were registered between ages of a subject, as well as individually to the template.
The latter allowed the evaluation of the VOls individually for every age and subject, both in
terms of MR parameters and volume. The step-by-step registration yields incremental

volumetric information, for each age-step can be assigned to a deformation field. The
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logarithmic transform of the deformation fields (the determinant of the Jacobian matrix) was

employed in order to examine local volume changes [8, 9].

2.4 Angiography

MR angiographies visualize the architecture of the major blood vessels and can reveal
anomalies, clotting or injuries. One angiography sequence was implemented in order to
image all major vessels (FLASH 2-D TOF TE=2ms, TR=15 ms, FOV 40mm x40mm, matrix
256 x 256, slice thickness of 0.4mm, flip angle of 80°). By adding a saturation band over the
neck of the animals, all signal flowing into the brain, i.e. the arterial contribution to the signal,
is deleted. This second sequence was used in order to image mainly the cerebral veins. The
combination of the two sequences allows the non-invasive assessment of both arteries and

veins longitudinally without the use of contrast agents.

2.5 Functional MRI

After an initial anaesthesia with isoflurane, the animals were positioned in the scanner, as
stated above. Additionally, two pairs of needle electrodes were inserted into both forepaws
and a subcutaneous infusion was placed for anaesthesia delivery.

The detailed anaesthesia protocol was described previously and shall only briefly be
repeated here [10, 11]. A bolus of medetomidine (0.05ml/kg bodyweight; Domitor®, Pfizer,
Berlin, Germany) was administered subcutaneously. Isoflurane was slowly reduced and
discontinued while N20 was exchanged for N2. To allow for stabilization of the physiological
conditions, fMRI acquisition and continuous infusion of medetomidine solution (0.1 ml/kg
bodyweight/h in saline solution) were not started until 20 min after bolus injection. After
completion of the fMRI experiments, atipamezol (1 ml/kg body weight; Antisedan®, Pfizer,
Berlin, Germany) was injected subcutaneously with 2ml of saline solution to reverse the
sedative effect and to substitute for fluid loss during the experiment.

BOLD fMRI was recorded using a spin-echo EPI sequence (TE= 17.5ms; TR=3,000ms; FOV
28.8x28.8 mm, Matrix 96x96, with 1.2mm slice thickness). Electrical forepaw stimulation was
achieved with rectangular pulses (3mA, 6Hz, 0.3ms, in house built stimulation unit), the
paradigm consisted of five blocks (45s resting and 15s stimulation period) with a
supplementary 45s resting period at the end, adding up to 115 repetitions and an acquisition
time of 5min and 45s. A set of three fMRI scans was collected for the right and left paw,
respectively, and for anatomical reference a supplementary structural sequence
(TurboRARE) was acquired.

The fast fMRI sequences are prone to motion artefacts. Therefore all datasets were therefore

motion corrected (FSL) prior to statistical evaluation. Motion correction was applied
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separately for each slice and was restricted to in-plane translations and rotations. The BOLD
percent change was calculated voxel-wise, using a Student’s t-test (details see [11, 12]).

The anatomical reference was registered to the template brain. The relative position of the
fMRI sequence to the anatomical template combined with the transformation matrix resulting
from the registration procedure, allows assigning fMRI cluster to predefined brain regions (s.
VOIs above). A cluster was defined as a group of at least fifteen adjacent voxels in any
dimension (stretching in-plane and contiguous MR image slides) with a p-value of 0.01 or
better. Thus, a conservative and robust selection of the correct activated region was assured.
All functional postprocessing was automated in a Python pipeline, guaranteeing an unbiased

ROI selection.

2.6 Histology

At designated ages, brains were perfused with PBS and 4% PFA. The brains were extracted
and postfixed overnight in PFA, followed by incubation in 30% sucrose solution. Tissue
sections of 40um were cut (Microtome, Leica Microsystems, Wetzlar, Germany) and
preserved at -20°C. Sections at four selected levels were stained for blood vessels and
astrocytes using RECA (Serotec Rat Endothelial Cell Antibody + biotinylated secondary +
streptavidin conjured Alexa488) and GFAP antibodies. Vessel density was calculated for
different anatomical structures, according to the procedure described by Wu et al. [13]. ROls
for cortex, striatum and thalamus were positioned both in the left and right hemisphere and
on four, two and two consecutive sections respectively (Keyence BZ-9000, Keyence Corp.,
Neu-Isenburg, Germany). ROI analysis was performed using ImageJ software (version 1.46r,
NIH, Bethesda, MD, USA).

2.7 Statistics

Due to the interleaved study design, statistical evaluation of the MRI data was performed
with a mixed models approach using the maximum likelihood model (SPSS version 22, IBM
Corp. Armonk, NY, USA). The different group sizes (heterogeneous variances) were
accounted for by a heterogeneous, autoregressive covariate structure. Post-hoc pairwise
comparisons were Bonferroni corrected. Histological quantification was statistically evaluated
using a univariate analysis of variances (ANOVA). Regression maps of brain volume
changes were calculated using SPM 8 (UCL, London; UK) with Matlab 2011b (Mathworks
Inc, Natick, MA, USA).
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3. Results

3.1 Health status
Over the course of the study the bodyweight stayed in a healthy range, not exceeding 450g
(see Fig2) and the behavioural and neurological scoring did not reveal any sensorimotor

deficits (Table 2). We can therefore assume the rats in this study to be healthy.

3.2 Structural and volumetric ageing profiles

Structural MR datasets were evaluated for quantitative MR parameters as well as volume
changes.

ROI analysis revealed a significant effect of age upon the volume of cortex (F (8, 46) = 5.8,
p<0.001), striatum (F (8, 43) = 2.9, p<0.011), hippocampus (F (8, 37) = 3.22, p<0.01) and
whole brain (F (8, 31)= 2.85, p<0.05) (Fig.3). Post-hoc pair-wise comparisons however, could
only show the cortical volume at 24 months to be significantly reduced compared to the other
ages. In the whole brain, a trend is visible separating the ages from 8m to 14m and from 16m
to 24m. Deformation-based morphometry detected the volume decrease to localize at the
lateral cortex in level with the ear canals. A volume increase can be in the thalamus and next

to the lateral ventricles (Fig. 4).

T2 values are decreasing with age all over the brain; this effect reaches statistical
significance in the cortex (F (8, 15) = 20.1, p<0.001), striatum (F (8, 17) = 20.1, p<0.001) and
thalamus (F (8, 19) = 9.7, p<0.001) (Fig. 5). Fractional anisotropy shows a gradual increase
over time, which is statistically significant in all grey matter regions analysed (ctx: F (8, 19)=
5.9, p<0.001; cpu: F (8, 18) = 3.1, p<0.05; hip: F (8, 19) = 2.7, p< 0.05, thal: F (8, 18) = 4.2,
p<0.01) (for Hippocampus see Suppl. Fig 1, thalamus Suppl. Fig. 2 and whole brain Suppl.
Fig. 3).

Other diffusion derived parameters, like radial diffusivity (RD) and Tensor Trace (TT) show a
decline with age only in the cortex (RD: F (8, 19)= 2.9, p<0.05; TT: F (8, 21) = 3.14, p<0.05)
and across the whole brain (RD: F (8, 14) = 3.14, p>0.028; TT: F (8, 15) = 3.46, p<0.05).
Additionally, a significant difference between the age of 24m and the younger ages was

apparent in the post-hoc pairwise analysis of T2 and FA in the cortex.

3.3 Functional ageing profiles

The BOLD fMRI signal intensity in the contralateral S1 somatosensory cortex is increasing
between the ages of two and ten months and is decreasing slowly with further ageing of the
animals. Simultaneously the activated area of the representation field becomes increasingly

focussed with time, with the cluster size reducing from about 1,000 pixels to a mere 500 pixel
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in two year old animals (F (3, 8) = 4.91, p> 0.05, Fig 6b). The negative BOLD signal of the
ipsi- and contralateral striatum exhibits a corresponding pattern over time, with the strongest
negative BOLD at 10 months. Simultaneously, the spatial extent of the signal is increasing in
the young (F (3, 5) = 6.18, p<0.05). Additionally, we could observe a difference in negative
BOLD incidence, while a strong negative BOLD is always found in the young, we found the
cluster size as well as its occurrence strongly reduced after 10m, with many sessions not

revealing any striatal BOLD signal (Fig.6b).

3.4 Blood supply

Cerebral blood vessels were assessed longitudinally via MR angiography as well as ex vivo
in histological sections. MR angiography yields a qualitative measure for the state of cerebral
arteries and veins. Close inspection of the datasets in a 3D-representation did not reveal
changes in the major blood vessels (Fig. 7).

The histological evaluation of vessels with RECA cannot distinguish between arterial and
venous contribution, however it allows for both a quantitative and a qualitative judgement.
Qualitative analysis of the vessels indicated an impact of age. With 18 and 24 months
vessels showed signs of degeneration. They appeared thinner and the incidence of string
vessels increased (Fig. 8 close up). At the same time the staining intensity increased
indicating an increased access to the antigen. Quantification of vessel density suggested an
increase in striatal blood vessels after 3m, but no age dependent changes in cortical vessel
density (Fig 8b).

4. Discussion

We conducted a longitudinal imaging study in rats, characterizing the ageing process in the
healthy brain via structural MRI and functional imaging. Here we want to discuss the data

and compare it to human ageing biomarkers.

4.1 Health status

When studying “normal” ageing the first concern must be directed to the health state of the
animals. Regular laboratory rats are far from being normal rats. Standard laboratory
conditions include a perpetual supply of food, little sensory stimulation and no motivation for
exercise, letting the control rats for disease models and pharmacological interventions rapidly
grow obese, insulin resistant and hypertensive [14]. This detrimental health state is
confounding ageing studies, superposing the actual ageing effect by age-related but not age-

determining diseases. An established method to prolong life and health span is a chronic
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calorie restricted diet [15]. However, calorie restriction is not primarily a means to prolong life
but it mainly prevents, delays or reduces the incidence of obesity associated diseases and
tumours. Calorie restriction by only 20% of the ad libitum consumption stabilizes the body
weight and increases the life and health span [16-18]. The beneficial effects of calorie
restriction were shown in the last decades for numerous systems and different physiological
levels: from DNA-repair mechanisms and neurogenesis rate to the cerebrovascular system
and sensorimotor performance [19-21]. Additionally to dietary restriction, sensory enrichment
was reported to be highly beneficial in a number of behavioural, anatomical and molecular
studies. Or rather, the artificial sensory deprivation in standard laboratory housing is harming
brain development, decreases the expression level of neurotrophins and alters the
behaviour, among other things (for reviews see: [22, 23]). Environmental enrichment was
shown to not disturb standardization or reproducibility [24, 25]. . In the study presented here,
rats were kept under calorie restriction by 20%, housed in groups and their cages were
equipped to allow rat specific behaviour. The laboratory housing was modified to serve the
innate physiological and behavioural needs of rats, such as climbing, hiding, gnawing, nest
building, rearing and social interaction to ensure a healthy and species-specific behavioural
repertoire. Under such conditions, our rats were ageing without growing obese with a low

incidence of spontaneous tumours and without somatosensory deficits.

4.2 Structural MRI

The different grey matter (GM) structures exhibit different structural consistency over time.
The diffusion-derived parameters in the thalamus and hippocampus show the most dramatic
changes before the age of 14m, while T2 is decreasing continuously throughout life. The
cortex and striatum don’t show a demonstrative change in the rate of de-/ or increase over
life, with a steady increase in Fractional Anisotropy and a steady decrease in the other
quantitative parameters.

The MR parameters presented in this study indicate that the hippocampal and thalamic
parenchyma are getting denser with age, as indicated by a reduction of free water (T2). In
parallel, Fractional Anisotropy (FA), a marker for the directionality of tissue structure, is
increasing throughout life in cortex, striatum, thalamus and hippocampus. Its counterpart,
Radial Diffusivity (RD), is reflecting the diffusivity perpendicular to the main diffusion direction
and is decreasing. The detected FA increase and RD decrease in the grey matter structures
are an indicator for on-going myelination. We reported previously that myelination is
detectable until month three and beyond in Wistar rats [5]. In human studies, myelination was
repetitively shown to continue well after adolescence, showing an inverted U-shaped
development [26]. DTI studies showed an increase in FA in the human caudate nuclei and

putamen and other deep brain GM into the third decade of life and stagnation thereafter [27,
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28]. In the whole brain, FA remains unchanged. However, it must be considered, that this
particular ROl includes the cerebral ventricles. The ventricles are known to enlarge with age,
both in humans and in rodents [4, 29, 30], affecting in particular the DTI parameters. The DTI
measures reflecting directionality will tend to decrease, while mean diffusivity will increase
with increasing CSF contribution unless counteracted by a strong reduction of diffusion in the

brain parenchyma.

The continuous volume increase of the whole brain levels out at the age of 20m. In the grey
matter structures an age-related volume change found in the cortex alone. The detected
cortical volume loss after 22m is comparable both in extent and SD to findings described in
14 month old, ad libitum fed mice [4]. This delay can be attributed to the longer life span of
rats as well as to the benefit of fasting. Cortical volume loss is a well-characterized biomarker
for human brain ageing, where the frontal and temporal cortices seem to be most vulnerable
[31]. The cortical thinning during human ageing is not attributed to neuronal loss, but rather
to shrinkage of big neurons and a decrease of synaptic density ([32], for review see: [29]).
Hippocampal volume is showing an age-related decline in humans [33, 34] that comes along
with memory impairment. Age, however, is in cortex and hippocampus not linked to a loss in

pyramidal cells, both in humans [35, 36] and in rats [37].

4.3 Functional ageing profile

Forepaw fMRI revealed an effect in age in the activation area (cluster size) as well as in the
signal intensity (BOLD %). BOLD fMRI signal is a complex signal and is not only dependent
on the neuronal activity but also on the somatosensory sensitivity and cortical representation
field, the conduction latency, the mechanism of neurovascular coupling and the
hemodynamic response (the cerebrovascular architecture and cerebral blood flow/ volume).
This is challenging in an ageing study, as cortical plasticity, sclerotic vessels or alterations in
neurotransmitter release can occur with age and change the BOLD signal.

The positive BOLD signal got stronger until the age of 10m. Electrophysiological studies,
mapping the cortical representation fields, showed the representation field for the forepaw to
be shifted in ageing rats: areas formerly excited by cutaneous stimulation, were activated by
subcutaneous stimuli. This cortical reorganisation occurred until the age of eight months [38]
and was sustained, both in extent and strength of neuronal response with progressing age
(until 25 months) [39, 40].

The decrease of the cortical BOLD signal in rats older than ten months, whether due to
reduced blood supply or attenuated neuronal activation, is supported by preliminary PET
data indicating a reduction of "®FDG accumulation in the cortex and striatum (not shown

here). Our results are in line with an earlier human fMRI study reporting a decrease in spatial
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extent and incidence of positive BOLD with age [41]. It is unlikely that elder patients did not
have a neuronal response to a motor task, but rather that it did not evoke a detectable
response. This observation supports the hypothesis that the reduction in positive BOLD

signal and activation area is coupled to a reduced hemodynamic response.

The bilateral negative BOLD in the striatum seemed to be more affected by age, than the
positive BOLD signal in the S1 of the contralateral forepaw. Negative BOLD is a well-known,
but poorly understood phenomenon. So far, two explanations are discussed. Either negative
BOLD is a result of a “vascular steal” mechanism, where the increased CBV in the activated
areas would be compensated by a local decrease in CBV in other regions of the circuitry
[42]. Or negative BOLD is reflecting an actual reduction of neuronal activity, thus an inhibition
after the stimulus. Electrophysiological studies reported a decline in functional inhibition in
aged rats (24m) compared to young ones (3m) [43]. The phenomenon was first described in
human fMRI studies, reporting a conversion from negative to positive BOLD with age upon
motor tasks. However, this pattern was matched with an increased area of positive BOLD,
indicating a general over-activation with age [44, 45]. This, however, is in opposition to our
results in rats, revealing a decreased activation area (cluster size) in the contralateral S1 with

age.

4.4 Angioarchitectural changes

Angioarchitecture in the cortex and striatum showed age-related deteriorations. While the
vessel density was unchanged with age, the vessels had a reduced diameter and the
occasion of string vessels was increased. These first, qualitative changes could not be
visualized with MR angiographies, as they concern mostly small vessels, undetected by MRI.
It is notable, however, that vessel density increased between the ages of three and twelve
months, supporting our previous findings that brain maturation proceeds after three months
in rats.

The quantitative data of our study is supported by previous reports, stating that calorie
restriction preserves cortical microvessel density in ageing rats, while reducing the vascular

reactivity upon CO, challenge [46].

The described qualitative changes will have contributed to the reduced BOLD signal with
age, as any angioarchitectural changes, whether a reduction of vessels or vascular damage,
can lead to impaired vascular reactivity and reduced vascular recruitment. A reduction in
vascular reactivity in turn affects the spatial extent and signal intensity of the BOLD signal,

both of the positive and negative.
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5. Conclusion

For the first time, we could show structural and functional age-changes in the rat brain in-
vivo, based on a two year longitudinal study.

General expectation of a defined point of conversion from adulthood to beginning of ageing
process was not fulfilled; instead we found a rather gradual change with different pacing in
the analysed structures and parameters. However, general and regional volume decrease
appears to happen consistently between 18 and 20 months.

Function and angioarchitecture show strengthening during the first year of life with a
following decrease to the level of early adulthood (2/3 months). Although the functional result
is similar, age-related deterioration is probably based on different mechanisms, rather than a
mere reversal of maturation processes. While cortical reorganisation and myelination help
increasing the BOLD signal during early adulthood, neurovascular coupling and vascular
deterioration are supposed to cause the reduction of the BOLD signal with age. In the
paradigm used here, the weaker negative BOLD signal in the striatum is more affected by
age-related changes than the rather robust positive BOLD signal in the cortical

representation fields of the forepaws.
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Figure legends

Figure 1: Study design. Three groups of Wistar rats were included, differing in survival time
and age at study entry. This interleaved design allowed for histological evaluation and
accounted for possible effects of repetitive anaesthesia and testing. Solid bars indicate the
period in the study, with the ages for MRI and behavioural testing, hatched bars indicate only
housing within the animal facility. The n numbers give the final group sizes, respecting losses

due to tumours and anaesthesia.

Figure 2: Bodyweight as a function of age. Bodyweight of individual animals is given by
grey-scale symbols, the general trend is depicted in red and characterized by a
log(mean)R?= 0.8615. Calorie Restriction (CR) was introduced at an age of 8 weeks (P56),
as indicated by the dashed line. Consequently, bodyweight increase is slowing down,

reaching a rather stable state around 400g.

Figure 3: Volume changes of grey matter structures. Grey lines indicate the mean
volume at a certain age, the shaded area gives the respective standard deviation. Volume is
decreasing significantly in cortex, striatum and hippocampus over time (ctx: F(8,46)=5.78
p<0.001; cpu: F(8,43)=2.9 p<0.01; hip: F(8,37)=3.22 p<0.01).

Figure 4: Deformation based morphometry. Selected sections from the template brain
superimposed with positive (red) and negative (blue) cluster. Cluster represent pixels that
showed a significance of at least p<0.05 in a regression of the logarithmic transform of the

determinant of the Jacobians from 14 to 24 months.

Figure 5: MR parameters of striatum and cortex. Fractional anisotropy (FA), radial
diffusivity (RD), T2 and tensor trace (TT) profiles from striatum (blue) and cortex (red). Mixed
models analysis revealed an effect of age in FA in striatum and cortex, in RD in cortex, in T2
in striatum (F(8,17)=20.1 p<0.001) and cortex (F(8,15)=8.7 p<0.001) and in TT in the cortex.
Results of post-hoc pairwise comparison is indicated by red or blue asterisks, indicating a

significant difference to the age of 24m, with a p-value >0.05 (*) or <0.001 (***).
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Figure 6: Evolution of signal intensity and cluster size of BOLD fMRI signal with age: data
from the primary sensory cortex (S1) in red and striatal changes in blue. Error bars represent
the standard deviation. A: Mean BOLD change over time in S1 and striatum show a mirror
profile, with the strongest signal at 10m. B: Mean cluster size is decreasing continuously in
S1 and peaks at 10m in striatum. C: Representative BOLD fMRI maps at two, ten and 24

months were superimposed onto original EPI images.

Figure 7: Angiography reconstruction prepared in Paravision 5.0 using a 3D representation
tool (MIP). All scans were taken from the same subject and are oriented in a rostro-caudal
direction. In the left column unsaturated angiographies are depicted, representing all bigger
vessels, in the right column the saturated angiographies, visualising the venous contribution

alone.

Figure 8: Vessel density. Panel is showing representative RECA staining (40X
magnification, scale bar represents 50um) in the cortex (left) and striatum (right). Qualitative
assessment of the vessels shows signs of degeneration, like string vessels (white arrow in
the far right image) and thinning of the vessels. Quantitative analysis of vessel density in the

cortex (red) and striatum) did not reveal any major changes in the number of vessels.
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Tables and Table legends

somatosensory test scoring
Neurological score:
appearance secretion no - yes 1-0
colour and state of fur White/sleek - scrubby 1-0
activity exploring and rearing at cage # walls approached in homecage 4-3-2-1-0
walls # walls approached in labcage 4-3-2-1-0
sensory reflexes  whiskers: left and right yes - no 1-0
forelimbs: left and right yes - no 1-
Max. 14 points
Cylinder test: forelimb use asymmetry Percentage use while exploring the walls
Percentage use under strain (rearing, returning) [47]
RotaRod: Motor performance Overall Rod performance in a fixed speed protocol with 5-
40 rpm in 5rpm increments, according to [48]

Table 1: Overview of neurological scoring and behavioural tests. Neurological score
included three major categories with several subscores, summing up to a maximal score of
14 points in a healthy and well-groomed rat. The somatosensory tests were evaluated
separately, based on video recordings (forelimb use asymmetry) and automated recording of
“time on the rod” (RotaRod).

age Neurological score Cylinder: contact left / right paw | Rotarod (mean ORP)
8 months 14 +/-0 50/50 +/- 5% 292042 +/-51%

10 months 14 +/-0 49/51+/-2.3% 2652.08 +/-57%

12 months 14 +/-0 50/50 +/-4.3% 3725.36 +/-53%

14 months 13.85 +/- 0.24 48/52 +/-3.8% 2881.79 +/- 63%

16 months 13.75 +/- 0.26 49/51+/-1.9% 2542.31 +/- 69%

18 months 13.8 +/-0.23 50/50 +/-9.4% 1946.25 +/- 89%

20 months 13.75 +/- 0.26 50/50 +/- 4% 4433.13 +/-50%

22 months 13.75 +/- 0.28 49/51+/-3.2% 4669.38 +/- 50%

24 months 13.9 +/-0.23 47/53+/-2.1% 3942.5 +/-20%

Table 2: Neurological scoring and behavioural results for different ages. Given are the
mean scores and the standard deviation per age. The neurological score contains
information on outer appearance, activity and sensory reflexes and peaks with a value of 14.
The Cylinder test, scores the independent use of the left and right forepaw, in order to
uncover asymmetries in forepaw use. The Rotarod performance is rated with the Overall Rod
Performance (ORP), calculated as the total area under the curve in a plot of “time on the rod”
against rotation speed (according to [48]). In this setup included rotations between 5 and 40

rotations per minute (rpm) with 5rpm increments, each for max. 300s.

97



3wks 1

2

Figure 1

3 6 8 10 12 14 16 18 20 22 24 months

bodyweight [g]

————————————————————————————
ik
—————————————————————————— L

Figure 2

>

500 A
[ ] A ¢
° ——.—I__ - =
400 A ’ . ¢
- - .
e [
300 A
* L] <4 * ] <4 [ ]
200 individual subjects n=9
trend line: log (mean) R?= 0,8615
100 A
100 200 300 400 500 600 700

age [postnatal days]

800


Figure 1

Figure 2


~ Cortex
430
420t
40k
—e
i TR .
390 -
380 -
a7t
360 L L L L L s
8 2 4 16 18 20 22
age [months]

) Hippocampus

80

78

R
@

23 8
T

L L L

16
age [months]

Whole Brain

16
age [months]

Figure 3

Volume [m?3]

Striatum

Figure 4

16
age [months]

Thalamus

20

22

16
age [months]

20

22

24

24



Figure 3

Figure 4




BOLD change in %

(%] aog

Fractional Anisotropy

Figure 5

Cortex and Striatum

%

16
age [months]

T2

a5t

T2 [ms]
1

a1

o0
*
*
*

16
age [months]

N

10 16

24

10

RD(au]

Radial Diffusivity

16
age [months]

Tensor Trace

Figure 6

2000 -
1600
1200

800

mean clustersize [# pixel]

400

10 16 24

age in months


Figure 5

Figure 6


Figure 7

p=lelnies

SYIUOW 7

syuow g1

palelniesun

Figure 8

o o o o o
(Y] wn < (22} N

100

[;wwyjessan] Aysusplossan

24m

18m

age in months

12m

03m

close up: cortex 24m



Figure 7

Figure 8


b5

T2 [ms]

335

FAfa.u]
o
8

05

T2 [ms]

285

Fractional Anisotropy

Supplentary Figure 1

Hippocampus

8110

%
68
. . L . L . . . 66

8 10 12 14 16 20 22 24

age [months]
™
. 265
L 26
25
~. e R
S =X -~

24

"

Radial Diffusivity

L s L L L L L J

<10

10 12 16 20 22 24
age [months]
Tensor Trace

x

P
e

L L L s L L L s

16
age [months]

Supplementary Figure 2

Fractional Anisotropy

Thalamus

x
. . L N L L L
8 10 12 14 16 20 22 24
age [months]
™

205
. A N L L s 2
8 10 12 14 16 1 20 22 24
age [months]

Radial Diffusivity

L L L L n L L J

<10

16
age [months]

Tensor Trace

" L L L " L L J

10 12 14 16
age [months]


Supplentary Figure 1

Supplementary Figure 2


Supplementary Figure 3

Whole brain

s Fractional Anisotropy o x10% Radial Diffusivity
ozt
754
- L%
aggememe ¥ Tk -
3
S
=)
c
651
024 1
6L
ozt
02 L L L L L L L s 55 L L " L " L L s
8 10 12 14 16 20 22 24 8 10 12 16 20 22 24
age [months] age [months]
T 10? Tensor Trace
355 277
B 261
AN
p .
25F . ~,
P
e e 24f
- 3
T~ 7 S231
T~ E
22}
8
21t
3154
g 2t
05 " L " L s L L s 19 " L L s L L L ,
8 10 12 14 20 22 24 8 10 12 14 8 20 22 24


Supplementary Figure 3





Discussion

Discussion

The aim of the presented work was to investigate maturation and ageing processes in the rodent
brain. For the first time, we present a life-span study in rats, monitoring MR parameters in the same
subjects over the course of 24 months. MRI has become an indispensible tool in neurodiagnostics as
it allows for repetitive imaging, without compromising tissue integrity or developmental processes.
The highly translational nature of MRI facilitates the use of the same methods in the clinic and in
animal models. This applies both for image acquisition and post-processing strategy. Here, structural
MRI revealed cerebral maturation processes, until the third postnatal month both in mice and rats.
The results will help future neuropathological studies, choosing an appropriate age for a given
intervention in order to avoid confounding developmental processes. The life span study in rats
showed for the first time longitudinal changes during healthy cerebral ageing, attributed to age alone
rather than age-related diseases. In the following paragraphs, the different results shall be discussed

with a special emphasis on translational analogies.

Registration: Parameters and Success Rate

Registration of different data to a common space is a crucial step in an imaging study, guaranteeing
reliable and reproducible results, independent of rater experience. Differences in tissue contrast and
brain size challenge registration paradigms in a longitudinal study. In order to minimize registration
artefacts, compromising the data integrity, we acquired study-specific or study-relevant template
brains with the same MR scanner hardware. Similar data in terms of SNR, resolution, brain size and
age reduces the warping necessary to match the source data (subjects) to the target (template).
Reducing the extent of necessary deformation or warping results in fewer registration mistakes and
makes the registration process more reliable and robust. For the presented studies we established a
protocol for MR image registration based on a hierarchical scheme using normalized cross-
correlation as a similarity measure. The hierarchy included different, discrete registrations with
increasing degrees of freedom. Each registration included a Gaussian pyramid (a method of reducing
the risk of local minima traps, see from page 17) where each registration is run repetitively with
increasing resolution/ reduced Gaussian filtering. The registration was first conducted in a rigid
scheme (DOF=6), employing a Gaussian pyramid of four steps, followed by an affine registration

(DOF=12) with a Gaussian pyramid of four steps and finally a non-linear B-spline registration (DOF of
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about 1000) with a Gaussian pyramid of two steps. The details of the registration procedure were
adapted to the individual studies and template brains. All registration paradigms can be reviewed

online:

Mouse maturation: http://elastix.bigr.nl/wiki/index.php/Par0025
Rat maturation: http://elastix.bigr.nl/wiki/index.php/Par0020

Rat ageing: http://elastix.bigr.nl/wiki/index.php/Par0026

Quality assurance of the registration process cannot be done automatically but relies on the
interaction of the researcher. Therefore, we created a graphical user interface, providing a fast and
reliable tool to judge the registration success by side-by-side comparison. The GUI allows evaluation
of the registration accuracy between the template, the corresponding ROIs and the quantitative MRI

maps of a subject.

By creating study-specific templates, an elaborated and adaptable registration procedure and a
platform to evaluate the registration accuracy, we established a sound basis for the extensive data

analysis necessary in a longitudinal imaging study.

Brain Maturation

Comparison from rat and mouse maturation

Our developmental studies in rat and mouse revealed species differences, concerning time scaling
and maturation strategy. In rats the cortex reaches its maximal thickness within the first month and
is stable with further brain growth until the final volume is reached with two months. We showed the
cortical cell density to remain stable in this transition phase; a finding supported by stereological
reports quantifying the number of neurons [48]. Murine maturation is faster concerning the
volumetric parameters: the cortical and cerebral volume are stable already after three weeks. The
cortical thickness however, is thinning over the following months; an effect visualised by the colour
coded brain surfaces in publication lll: Morphological maturation of the mouse brain: An in vivo MRI

and histology investigation (from page 45).
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Figure 4: Mouse vs. Rat: cortical thickness and cell density

A: Cortical thickness assessed longitudinally in rats (closed squares) and in a cross-section MRI study in mice
(open squares), error bars represent the standard deviation. In rats cortical thickness is peaking in the first
month and stabilizes further on. The asterisk indicates a statistically significant difference in a pairwise
comparison between ages (p<0.05). In mice cortical thickness is slowly, but steadily decreasing after three
weeks. B: Cortical cell density, as assessed by quantification of Nissl-staining is unchanged in rats and mice. For
mice however no statistical anaylsis was performed, due to a low number of examined specimen (n=2 per age).
For more detailed information on the methods, see from page 21, publication Il and IlI.

Apart from the volumetric measures however, the MR parameters indicated a maturation process in
the brain parenchyma and particularly in the cortex of both species. The two studies show a rather
long maturation phase between the adolescent and the adult brain. Especially the process of
myelination within the grey matter (GM) structures can be traced with MRI until the age of three
months, both in rats and mice. Earlier reports by Song et al. reported the Radial Diffusivity (RD) to be
the most sensitive parameter to myelination changes in white matter [49; 50]. Our comparison to
histology showed that neither RD nor Fractional Anisotropy (FA) are sensitive enough for the
myelination state in GM. The effects on FA and RD are presumably superimposed by the strong
morphological changes in the brain parenchyma. Especially in the cortex, the elaboration of the
tangential laminae is counteracting the effect of the myelinated radial fibres. Strengthening of
intralaminar connections, by synaptogenesis, dendritic arborisation, disturb the preferential, radial
diffusion along the fibres. During the maturation of GM T2 and Mean Diffusivity (MD) indicate a
denser tissue, a development corresponding better to myelination than the direction-sensitive
parameters FA and RD. Both MD and T2 are a measure for the portion of free water, reflecting a
reduction of extracellular space during development, attributed to myelination as well as changes in
cellular architecture. In the end MD and T2 decrease profit from the simultaneous maturation of

local networks, while the directional parameters are masked.
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Figure 5: Mouse vs rat: MR and myelin content in the cortex

In rats (closed squares) all MR parameters show a decrease within the first six months. The effect is not
significant in the main diffusion direction (FA), but in the perpendicular diffusivity (RD) and even more
pronounced in the mean diffusivity (MD). T2 shows highly reproducible values with a small standard deviation
(represented by the error bars) and seems to be sensitive for structural changes in the first two months. The
MR parameters are believed to reflect the myelination only in the first months, as tangential interlayer
connections conceal the on-going myelination of the radial fibres. In mice (open squares) the differences are
subtle, but the trend relates to the change in myelination observed by Black and Gold Il (BG Il) staining.

Comparison to human maturation

Cortical thinning is a well-known phenomenon and has been shown to be a marker both of
development and ageing in humans. However, the similar morphometric change does not necessarily
reflect comparable neurobiological processes. In the contrary it is likely that fundamentally different
reasons are leading to similar symptoms. Cortical atrophy of different cortical areas has long been
established as an imaging marker for ageing. Some cortical regions were reported to be preferentially
vulnerable to age-associated degeneration, with the prefrontal association cortex being most
affected and most temporal areas being spared. This patchwork pattern was repetitively shown both
in in vivo MRI studies as well as in post mortem histology [33; 51]. This age-related cortical thinning is
attributed to atrophy rather than selective apoptosis, to demyelination and the degeneration of
synapses and shrinkage of neuronal cell bodies [52-55]. Continuous cortical thinning after
adolescence is fairly well described in humans and reported in cross-sectional as well as longitudinal
MRI studies [56; 57]. This late maturation is characterized in humans and rats by selective synapse
elimination, pruning of axons and dendritic spines and even selective cell death [58-60]. These
processes support systematically local network connectivity and regional specificity and are thus

regarded a maturational marker.
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Cerebral Ageing

Structural changes

During maturation the development appears to be rather synchronized between cerebral structures.
The evolution of the different MR parameters and the regional volume changes show a common
pace during maturation (within a subject and species). The age-related changes in different
structures and parameters in the brain, however, follow an individual timeline. The key GM
structures for instance display a very heterogeneous evolution of the T2 values: in the thalamus T2 is
decreasing continuously with age. In cortex and striatum the decrease is subtle but accelerating after
16 or 22 months respectively, while in the hippocampus values are stable throughout the observed
age period. In those structures exhibiting a decrease in T2, although slow, it is accompanied by a
faster decrease of the Tensor Trace (TT or TT/3= Mean Diffusivity). This combination indicates a
reduction of free water in the ECM, a shift of extracellular to intracellular water and thus an
increasingly denser tissue. A previous report on the Apparent Diffusion Coefficient (ADC) and T2
supports the result of a reduced diffusivity and a rather stable T2 in the cortex and no changes in the
hippocampus of twelve months old rats compared to three months old rats [61]. The observed MR
characteristics are opposing the anticipated age-related deteriorations such as increasing
perivascular space, gliosis and demyelination. The reason might be a delayed onset in calorie
restricted (CR) animals and supports the conclusion of healthy ageing. In human studies a change in
ADC and other DTI-derived parameters is reported for WM but not for GM [62-64], single studies,

however, show an increase of anisotropy with age in striatal structures [65].

Somatosensory changes

Our test battery could not detect any sensorimotor deficits with age. Earlier behavioural studies
reported an age-related decline starting at the age of 22 months in CR rats, using a detailed walking
track analysis [66]. Ad libitum fed (AL) rats were shown to improve within the first six months in an
inclined plane test and display a nearly linear deterioration thereafter [67]. The chosen version of this
test is based mainly on grip strength and reaction time and less on somatosensory skills. The stable
performance might be due to the choice of tests used in our study, all designed for lesion assessment
and focussing mainly on forepaw skills. Electrophysiological studies reported that the representation
field in S1 of the forepaws varies only slightly with age and only after 24 months. The changes in the

representation field of the hindpaws, however, were stronger and gait analysis supported the earlier
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deterioration of skilled walking in the hindpaws [68]. This asymmetric ageing process can be
attributed to the constant use and high dependency of rats on skilled reaching during eating,

foraging and climbing, while the hindpaws are trained in tasks asking for strength rather than skill.

Functional and metabolic changes

BOLD fMRI is not only dependent on the neuronal activity but also the mechanism of neurovascular
coupling and the cerebrovascular architecture and cerebral blood flow. Although the different
contributions cannot be separated non-invasively, fMRI was shown to correlate with sensorimotor
function both in humans and rodents [69; 70], making it worthwhile to investigate it as a potential
readout or biomarker. Our results showed an increase of the BOLD fMRI signal in rats between a
young age (2m) and adulthood (10m) followed by a decrease back to the level of early adulthood.
Meanwhile the spatial extent of the BOLD fMRI signal is decreasing continuously over life. Age-
related changes in the shape and amplitude of the fMRI signal following simple motor tasks were also
described in human studies [71; 72], where both the amplitude and the spatial extent were found to
be reduced. Furthermore a decreased SNR (median SNR, 4= 5.9, median SNR,oune= 7.6) and increasing
physiological noise was reported in the elder subjects [71]. Resulting in less voxel above set

activation threshold, reducing the spatial extent even further.

In order to elucidate possible mechanisms behind the an age-related BOLD signal change, we
acquired MR angiographies, quantified the vessel density ex vivo and complemented the information
on neuronal activity with metabolic PET. Histological evaluation of the cortex and striatum
demonstrated stable vessel density, detailed inspection, however, showed the vessels to become
thinner with progressing age. An age-related deterioration of cerebral blood vessels would attribute
to the decreasing spatial extent and signal intensity. Nevertheless, MRI angiographies could not
resolve this change, reflecting only the major blood arteries and veins of the brain. A subset of
animals was employed repetitively in metabolic PET experiments, a measure for neural glucose
consumption in resting state under anaesthesia. The *FDG PET data revealed an age-dependent
decrease in glucose consumption, both in the striatum as well an in the primary somatosensory
cortex (Figure 6). Visual assessment of the quantitative datasets confirms, that this holds true for the

whole brain, not only the selected ROls.
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Figure 6: Metabolic PET in ageing rats

Dynamic metabolic PET data was acquired on a dedicated small animal UPET scanner (Siemens, Focus 220).
Shown here are two subjects (dashed and solid line) and a representative axial view of the brain of one of the
rats (dashed line). Animals were injected with 2mCi 18Fluoro-deoxy-D-glucose intravenously; simultaneously
data collection was started and continued for 60 min. Blood glucose levels were determined with a glucometer.
PET data is at first qualitative and needs kinetic modelling in order to extract the quantitative measure of
glucose consumption. Here we employed the 2-tissue-compartment model with four rate constants, using an
input function derived from the whiskers area, as described previously [43]. The local glucose consumption is
given by: glucose consumption rate constant * blood glucose level (Kglc*CP, glc).

The result of a reduced BOLD cluster and signal intensity during forepaw fMRI as well as the reduced
glucose consumption during resting state PET could be attributed to deficient local blood supply. The
extent of vessel deterioration or better vessel maintenance, revealed by MRI and histology, is
insufficient to cause such dramatic changes. On the other hand it seems highly unlikely that neuronal
activation (fMRI) and activity (PET) is affected that strongly during healthy ageing, particularly in
absence of any somatosensory deterioration or strong structural changes. Ageing presumably shows
a much greater impact on the mechanism of neurovascular coupling than expected, reducing the
BOLD signal upon activation in the fMRI experiments. The reduction in the PET data might be

assigned to age-related reactions to fasting (before PET acquisition) or isoflurane anaesthesia.
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Conclusion

The presented maturation studies on rat and mouse brain suggest that both species should not be
considered adult before the age of three months. Future studies on neuropathological diseases or
lesion models should consider this age threshold in order to avoid on-going developmental changes

confounding the study outcome.

The age-related morphological changes of the brain, reflected in MRI do not manifest themselves
before the age of 20 months and the neurological and sensorimotor scoring could not reveal any
behavioural deficits in the aged rats. The functional and metabolic results suggest the start of age-
related deterioration, presumably due to vascular damage. The changes are, however, still in a
healthy range and data suffers from high standard deviation (fMRI) and low n-numbers (PET). Based
on the imaging and behavioural data we conclude that the ageing effect is not yet pathological at the
age of 24 months and agree with the nomenclature proposed by Altun [66], classifying rats between
21 and 24 months to be at the conversion from adult to ageing (middle aged). Considering the
complete life span in rats, it appears that grey matter is becoming increasingly dense with age,

slowing down with adulthood (from 3 months on) and accelerating again in the middle age (20m).

A future study should monitor rats at least until the age of 30 months and include an ad libitum (AL)
control group. As AL animals are rapidly growing obese, such a study design would ask for a new MRI
setup with a scanner suited for bigger subjects (scanner access and probe tuning and matching). The
rigid planning of a longitudinal study is challenging and needs to counteract unexpected and
unavoidable confounds, such as changes in experimental setup, staff or even facilities. With
increasing lifetime the incidence of animals sacrificed due to spontaneous tumour formation, disease

or sudden death rises and it becomes more difficult to avoid changes in infrastructure.

For translational use, we suggest to use memory tests in combination with task-related PET, skilled
motor tasks and fMRI. Despite the complexity of the signal, BOLD fMRI is the most commonly used
fMRI technique and a strong tool in the evaluation of the functional state of the somatosensory
system. Combined with sensorimotor tests, fMRI gives a sound feedback on the functional impact of
an intervention or therapeutic treatment. Complex interpretation of the BOLD signal is challenging in
an ageing study, as sclerotic vessels or alterations in neurotransmitter release can occur with age and

change the BOLD signal. We propose to use hindpaw fMRI in an ageing study, employing a very high
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temporal resolution in order to detect changes in the hemodynamic response, for example a

prolonged latency with age.

Deformation based morphometry is beginning to prevail in clinical research, especially in exploratory
studies. We have set up an elaborated post-processing pipeline for data registration and analysis,
helping to transfer results between translational and clinical research. Optimizing a post-processing
strategy that reliably segments white matter, grey matter and cerebrospinal fluid in rodent MRI data,
would allow analysis of white matter tracts in the rodent brain and volume changes of the ventricles.

Both are established markers for ageing in the human brain.

For the first time we presented longitudinal and non-invasive imaging data in healthy rats, following
the same subjects for up to two years. The studies presented in this thesis established a baseline for
the most frequently used MR parameters and offered histological support for the interpretation. The
focus on maturation and ageing allows an appropriate age choice in future neuropathological studies

on rat and mouse models.
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Glossary

AL

ANOVA

BG Il
BF
BOLD
CBF
CBV
CMR
CMRO,
CNS
CPu
CR
CSF
DOF
DHb
DTI
DWI
EPI
FA
BFDG
fMRI
FSL
FOV
FID
GM

glucose-6-P

ad libitum, diet with unlimited access to food
analysis of variance

magnetic field

Black and Gold Il staining

barrel field cortex

blood oxygen level dependent
cerebral blood flow

cerebral blood volume

cerebral metabolic rate

cerebral metabolic rate of oxygen
central nervous system

caudate putamen

calorie restricted

cerebrospinal fluid

degrees of freedom
deoxygenated haemoglobin
diffusion tensor imaging

diffusion weighted imaging

echo planar imaging

fractional anisotropy
¥Fluoro-deoxy-D-glucose
functional magnetic resonance imaging
FMRIB software Library

field of view

free induction decay

grey matter

glucose-6-Phophate
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MD
MGE
MRI
MSME
M1

N2

0,
OHb
PD
PFA
PET
pixel
RARE
RECA
RF
RD
ROI
s1

S2
s.C.
SEM

SNR

T1
T2/ T2*
TA
TE

TR

intraperitoneal (injection)
Mean Diffusivity (= Tensor Trace/ 3)
multi gradient echo

magnetic resonance imaging
multislice multiecho

primary motor cortex

nitrogen

nitric oxide

oxygen

oxygenated haemoglobin
proton density

paraform aldehyde

positron emission tomography

picture element

rapid acquisition with refocused echoes

rat endothelial cell antigen

radio frequency

Radial Diffusivity

region of interest

primary somatosensory cortex
secondary somatosensory cortex
subcutaneous (injection)
standard error of the mean

signal-to-noise ratio

Tesla, Sl unit for the strength of a magnetic field (B)

longitudinal relaxation time (s.page 8)

transversal relaxation time (s. page 8)
acquisition time
echo time

repetition time
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TT tensor trace

Vol volume of interest
voxel volume element
WM white matter
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