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“Logic will get you from A to Z; imagination will get you everywhere.”
― Albert Einstein

3

Summary ............................................................................................................................... 7
Résumé ................................................................................................................................10
1. Introduction ....................................................................................................................15
2. The PRESTO method applied to rodent fMRI ....................................................................23
2.2 Material and methods.............................................................................................. 23
2.2.1 Animal preparation ...................................................................................... 25
2.2.2 Imaging protocol .......................................................................................... 25
2.3 Results..................................................................................................................... 27
2.4 Discussion................................................................................................................ 31
2.5 Conclusion ............................................................................................................... 34

3. Multi-shots approaches for rodent fMRI ..........................................................................36
3.1 Material and methods.............................................................................................. 36
3.1.1 fMRI protocols ............................................................................................. 38
3.1.2 Electrical stimulations .................................................................................. 39
3.1.3 Data analysis ................................................................................................ 40
3.1.4 Simulations................................................................................................... 43
3.2 Results and discussion.............................................................................................. 44
3.3 Conclusion ............................................................................................................... 53

4. Validation of the method .................................................................................................57
4.1 Visual stimulus evoked functional MRI in rats ........................................................... 57
4.1.1 Material and methods ................................................................................. 57
4.1.2 Results and discussion ................................................................................. 60
4.1.3 Conclusion .................................................................................................... 63

4

4.2 Resting state functional MRI in rats .......................................................................... 64
4.2.1 Material and methods ................................................................................. 64
4.2.2 Results and discussion ................................................................................. 67
4.2.3 Conclusion..................................................................................................... 71

5. Investigating de- & remyelination in the cuprizone mouse model using multimodal MRI ...73
5.1 Introduction ............................................................................................................ 73
5.2 Material and methods.............................................................................................. 77
5.2.1 Experimental design..................................................................................... 78
5.2.2 Animal preparation ...................................................................................... 79
5.2.3 Imaging protocol .......................................................................................... 79
5.2.4 Data analysis ................................................................................................ 83
5.3 Results..................................................................................................................... 87
5.3.1 The effect of cuprizone-induced demyelination in the brain ...................... 88
5.3.2 The effect of clemastine fumararte on the remyelinating brain ................ 99
5.4 Discussion.............................................................................................................. 103
5.5 Conclusion ............................................................................................................. 109

6. Poloxamer: another approach to recover functional network information in the rodent’s
deep brain structures ............................................................................................................... 112
6.1 Introduction .......................................................................................................... 113
6.2 Material and methods............................................................................................ 115
6.2.1 Poloxamer preparation .............................................................................. 115
6.2.2 Animal preparation .................................................................................... 115
6.2.3 Imaging protocol ........................................................................................ 117
6.2.4 Data analysis .............................................................................................. 118

5

6.3 Results................................................................................................................... 120
6.4 Discussion .............................................................................................................. 128
6.5 Conclusion .............................................................................................................. 132

General conclusions and outlook ........................................................................................ 134
References ......................................................................................................................... 136
Acknowledgement ............................................................................................................. 160
List of publications ............................................................................................................. 166
Conference proceedings ..................................................................................................... 167

6

Summary

Functional magnetic resonance imaging (fMRI) has become an important technique for exploring
brain function in healthy and disease conditions, in both humans and animals. While human fMRI has
been long studied, the number of small animal imaging studies has started growing only recently. In
that context, fMRI experiments in rodents have typically adopted methods that worked well in humans
without exploring their fundamental differences and whether other approaches might be better suited.
The goal of the thesis was to first define an optimal methodology to acquire fMRI data and achieve
the best compromise between Blood Oxygenation Level Dependent (BOLD) sensitivity, temporal
stability and susceptibility to distortions for small animal imaging. The second objective was to validate
the developed method in various fMRI applications in rats as well as in mice and test its sensitivity to
depict changes upon pharmacological modulations. These applications mainly include stimulus
evoked fMRI and particularly resting-state fMRI.
As suggested by some literature reports, we first implemented the Principle of Echo-Shifting with a
train of observation (PRESTO) pulse sequence and tested its potential for fMRI in rodents. Despite
some advantages related to its 3D scheme and the shorter echo train length, the method resulted in
insufficient signal-to-noise ratio to detect BOLD signals unless it was combined with a cryogenically
cooled receiver coil instead of the commonly used room temperature one.
As another alternative, we explored the use of 2-, 3-, 4- or 8-segments echo-planar imaging (EPI) and
compared it to commonly used single shot version. We furthermore tried to understand the interplay
between the different parameters (repetition time, echo time, slice thickness, flip angle, partial-Fourier
acceleration, saturation slices, ghost correction methods, etc.) and their impact on signal stability. As
such, we explored the parameter space for small animal fMRI and defined a set of parameters that
we considered as optimal for rats and another one optimal for mice studies. Even if our results suggest
that two or three shots EPI is a viable alternative to the conventional single shot EPI for some
applications (those seeking higher geometric fidelity), we concluded that single shot EPI provides
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advantages that make the method still superior especially for resting-state fMRI (e.g. very fast
temporal resolution, higher SNR and SNRt, less susceptible to ghosting artifacts).
In a second part, we tested the capabilities of this set of optimized parameters to reliably detect BOLD
signals in response to the presence (se-fMRI) or the absence (rs-fMRI) of a stimulus. We first tested
the ability of the sequence to monitor the BOLD response to electrical stimulation and then visual
stimulation in rats. The results showed that the selected parameters are reliable enough to detect
robust and reproducible BOLD responses, particularly to visual stimulations. Then, we evaluated in a
small experiment making use of 7 rats, the ability of the method to measure BOLD low frequency
fluctuations with a high quality so that signal correlation between different regions can be best
characterized and functional connectivity can be robustly studied. The results of this experiment,
which is in accordance with the literature, highlighted a strong isocortical hub where most cortical
regions are functionally connected to each other. Besides this one, we also confirmed the existence
of another hub between the different parts of the striatum and the isocortex.
Given that the methodology seemed to be working well in rats, we then chose a set of parameters for
mice, built on the conclusions made in the first part of this thesis. Since we were also interested in
assessing the sensitivity of the method to detect functional connectivity changes upon
pharmacological modulations, we designed a treatment study in a mouse model of demyelination.
The aim was to see if we can characterize the functional organization of the brain in this model in the
first place and then in a second place detect changes upon the use of a compound which has shown
previously some remyelinating potential. In addition to fMRI, our imaging protocol consisted of high
resolution T2-weighted imaging, diffusion tensor imaging sequences as well as magnetic resonance
spectroscopy. The experiment lasted 12 weeks (6 weeks of demyelination and 6 weeks of
remyelination) during which 36 animals were imaged first at baseline and then every three weeks.
The different readouts used in our protocol helped us verify the good implementation of the model
and also allowed us to link our results to previous studies looking at T2-weighted images and diffusion
based parameters in this same model. After confirming these results, we extended our findings to the
cerebellum and found a specific fingerprint of the cerebellum undergoing de- and remyelination.
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Finally, we explored the functional network dynamics of the demyelinating brain. Overall, we found
an increase in the level of BOLD fluctuations’ synchronicity between left and right hemisphere, that
was already visible 3 weeks after the start of the study. Regions from the isocortex, thalamus and
hippocampus were the first ones to be affected, followed by different parts of the midbrain region.
This increase in correlation coefficients and this loss of network-like feature was further enhanced in
the subsequent imaging sessions, in a nonspecific manner, targeting the whole brain. Despite the
literature around clemastine, we did not observe any signs that could hint towards its remyelinating
potential in that particular experimental design. Nevertheless, our method appeared to be sufficiently
sensitive to reliably detect BOLD low frequency fluctuations and allow for reliable connectivity
analysis.

Finally, as none of the explored pulse sequences tested in the first part of this thesis could combine
high temporal stability with high geometric fidelity, we implemented and tested a method that
consisted of filling the animal’s ear cavities (main reason for the signal dropouts in ventral parts of the
brain imaged with EPI techniques) with an innovative thermoreversible material. Indeed, the
substance is liquid at room temperature and quickly jellifies at physiological temperatures, making the
whole procedure fast, convenient and suitable for longitudinal studies. By replacing the air in the ear
canals with a water based solution, we managed to image the brain with a very high geometrical
fidelity combined with a very high temporal signal stability. The so-acquired resting-state fMRI data
unveiled a strong bilateral independent component originating from the newly recovered amygdala
network and proved to be reproducible through a test-retest analysis performed a week later.

Overall, we first explored in this work the parameter space for rodent fMRI and despite finding
PRESTO unsuitable for most fMRI applications, we defined an optimized set of parameters for singleshot EPI which we eventually validated in various fMRI studies. For applications that truly need high
geometrical fidelity, we also proposed and validated the use of Poloxamer to fill out the air cavities in
the ear and recover signals from deep ventral areas of the brain, otherwise inaccessible.
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Résumé

L'imagerie par résonance magnétique fonctionnelle (IRMf) est devenue une technique importante
pour explorer la fonction cérébrale dans des conditions saines et pathologiques, tant chez l'homme
que chez l'animal. Bien que l'IRMf ait longtemps été étudiée chez l’homme, l'imagerie chez le petit
animal ne s’est développée que récemment. Par conséquent, les études chez les rongeurs ont
typiquement adopté les méthodes qui ont bien fonctionnées chez l'homme, sans vraiment explorer
les différences fondamentales et déterminer si d'autres approches pouvaient être mieux adaptées.
Le but de cette thèse était de tout d’abord définir une méthodologie optimale pour acquérir les
données IRMf chez le petit animal, tout en cherchant à trouver le meilleur compromis possible entre
la sensibilité à l’effet BOLD (Blood Oxygen Level Dependant), la stabilité temporelle et la sensibilité
aux distorsions liées à l'inhomogénéité du champ magnétique. Le deuxième objectif était de valider
la méthode développée dans diverses applications d'IRMf chez le rat comme chez la souris et de
tester si la méthode est appropriée pour mesurer des changements de connection cérébrale
fonctionnelle liés à l’utilisation de substances pharmacologiques.
D’après quelques suggestions provenant de la littérature, nous avons tout d'abord implémenté la
méthode PRESTO (Principle of Echo-Shifting with a Train of Observations) et testé son potentiel en
IRMf. Malgré certains avantages liés à son schéma d’acquisition 3D et à la longueur plus courte du
train d'écho, la méthode a abouti à un rapport signal sur bruit insuffisant pour détecter les signaux
BOLD, sauf si l’on utilise une antenne cryogénisée à la place de l’antenne de réception standard.
En guise d'alternative, nous avons exploré l'utilisation de l'imagerie EPI à 2, 3, 4 ou 8 segments et
nous l'avons comparé à la version courante en single-shot. Nous avons également essayé de
comprendre l’interaction entre les différents paramètres (temps de répétition, temps d’écho, épaisseur
des tranches, angle d'excitation, accélération partielle de Fourier, tranches de saturation, correction
des ghosts, etc.) et leur impact sur la stabilité du signal. En tant que tel, nous avons exploré l’espace
des paramètres pour l’IRMf des petits animaux et défini un ensemble de paramètres que nous avons
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considérés comme optimal pour les rats et un autre optimal pour les souris. Même si nos résultats
suggèrent que l’EPI à deux ou trois segments est une alternative viable à l’EPI classique pour
certaines applications (celles qui recherchent une fidélité géométrique plus élevée), nous avons
conclu que le single-shot EPI offre des avantages qui rendent la méthode encore supérieure, en
particulier pour le resting-state IRMf (par exemple, résolution temporelle très rapide, SNR et SNRt
supérieurs, moins susceptibles aux phénomène de ghosting).
Dans une seconde partie, nous avons testé les capacités de cet ensemble de paramètres optimisés
pour détecter de manière fiable les signaux BOLD en réponse à la présence (se-fMRI) ou à l’absence
(rs-fMRI) d’un stimulus. Nous avons d'abord testé la capacité de la séquence à monitorer la réponse
BOLD à la stimulation électrique, puis la stimulation visuelle chez le rat. Les résultats ont montré que
les paramètres choisis sont suffisamment fiables pour détecter une réponse BOLD robuste et
reproductible, en particulier pour la stimulation visuelle. Par la suite, nous avons évalué dans une
petite expérience utilisant 7 rats, l'aptitude de la méthode à mesurer les fluctuations de basse
fréquence BOLD avec une qualité élevée pour que la corrélation des signaux entre différentes régions
du cerveau puisse être mieux caractérisée et que la connectivité fonctionnelle entre ces régions
puisse être étudiée de manière robuste. Les résultats de cette expérience, qui par ailleurs confirment
ce que l’on retrouve dans la littérature, ont mis en évidence une forte connexion néocorticale où la
plupart des régions du cortex se retrouve fonctionnellement connectées les unes aux autres.

Étant donné que la méthodologie semblait bien fonctionner chez le rat, nous avons ensuite choisi un
ensemble de paramètres adaptés à la souris, reposant sur les conclusions de la partie précédente.
Puisque nous voulions également juger de la sensibilité de la méthode pour détecter les changements
de connectivité fonctionnelle due à des modulations pharmacologiques, nous avons conçu une étude
pharmacologique dans un modèle murin de démyélinisation. Le but étant de voir s’il était possible de
caractériser d’abord l’organisation fonctionnelle du cerveau dans ce modèle, puis de détecter ensuite
les changements survenus lors de l’utilisation d’un composé ayant déjà montré un potentiel de
remyélinisation. En plus de l'IRMf, notre protocole d'imagerie comprenait une imagerie de haute
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résolution pondérée en T2, une séquence d'imagerie du tenseur de diffusion ainsi qu'une séquence
de spectroscopie. L'expérience a duré 12 semaines (6 semaines de démyélinisation et 6 semaines
de remyélinisation), au cours desquelles 36 animaux ont été mesurés au début de l’étude, puis toutes
les trois semaines. Les différentes mesures utilisées dans notre protocole nous ont permis de vérifier
la bonne mise en œuvre de notre modèle animal et nous ont également permis de relier nos résultats
à des études antérieures portant sur les images pondérées en T2 et les paramètres basés sur la
diffusion. Après confirmation de ces résultats, nous avons étendu nos découvertes au cervelet et
trouvé une empreinte spécifique du cervelet en cours de dé et de remyélinisation. Nous avons ensuite
exploré la dynamique du réseau fonctionnel du cerveau démyélinisant. Dans l’ensemble, nous avons
constaté une augmentation du niveau de synchronicité des fluctuations de BOLD entre les
hémisphères gauche et droit, qui était déjà visible 3 semaines après le début de l’étude. Les régions
de l'isocortex, du thalamus et de l'hippocampe ont été les premières affectées, suivies par différentes
zones du mésencéphale. Cette augmentation des coefficients de corrélation et cette perte de
caractéristique de type réseau ont été encore accentuées lors des sessions d'imagerie suivantes,
d'une manière non spécifique, ciblant l'ensemble du cerveau. En dépit d’un fort potentiel de
remyélinisation, le fumarate de clémastine ne présentait aucun signe susceptible de faire penser à la
promotion de la remyélinisation dans ce modèle animal particulier. Néanmoins, notre méthode
semble être suffisamment sensible pour détecter de manière fiable les fluctuations de BOLD et
permettre une analyse de connectivité.
Enfin, comme aucune des séquences IRM explorées dans la première partie de cette thèse n’était
en mesure de combiner une stabilité temporelle élevée à une fidélité géométrique élevée, nous avons
développé et testé une méthode consistant à remplir les cavités des oreilles de l’animal (parties du
cerveau imagées avec les techniques EPI responsables des pertes de signal dans la région ventrale)
avec un matériau thermoréversible. En effet, la substance est liquide à la température ambiante et
se gélifie rapidement à température physiologique, ce qui rend l’ensemble de la procédure rapide,
pratique et adaptée aux études longitudinales. En remplaçant l'air dans les conduits auditifs par une
solution à base d'eau, nous avons réussi à imager le cerveau avec une fidélité géométrique très
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élevée, associée à une très grande stabilité du signal temporel. Les données resting-state ainsi
acquises ont révélé une composante bilatérale issue du réseau d'amygdale (typiquement masqué
par les distorsions géométriques liées à la méthode EPI). Lorsque les animaux ont été imagés une
semaine plus tard, nous avons pu retrouver le signal provenant de l'amygdale avec grande fidélité et
reproductibilité.

Dans l'ensemble, nous avons tout d'abord exploré dans cet ouvrage l'espace des paramètres pour
l'IRMf dédié aux rongeurs. Malgré le fait que PRESTO ne convenait pas à la plupart des applications
de l’IRMf, nous avons implémenté un ensemble optimisé de paramètres pour le single-shot EPI que
nous avons finalement validé dans diverses études d'IRMf.
Pour les applications nécessitant une haute-fidélité géométrique, nous avons également proposé et
validé l'utilisation du Poloxamer pour combler les cavités d'air situées dans l’oreille interne et
récupérer les signaux BOLD des zones ventrales profondes du cerveau, autrement inaccessibles.
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1. Introduction

Functional MRI (fMRI) was developed in the early 90s by initially Belliveau et al. (Belliveau et al,
1990). As a quick overview, the fMRI techniques allow to measure a proxy of brain activity by detecting
local changes associated with cerebral blood flow. When first described, the method consisted of
monitoring the first pass effect of a contrast agent after bolus injection to demonstrate changes in
cortical perfusion upon activation (Belliveau et al, 1990). Given the limitations of an exogenous
contrast agent, Ogawa et al. (Ogawa et al., 1990) discovered later on the blood-oxygen-level
dependent (BOLD) contrast mechanism. The foundation of the BOLD effect relies on the differences
in magnetic properties between oxygenated hemoglobin (which is diamagnetic) and deoxygenated
hemoglobin (which is paramagnetic) (Pauling and Coryell, 1936) thus enabling the cerebral blood to
be used as an endogenous contrast agent (Fig 1.1). As such, this discovery eased the technical
requirements needed to perform fMRI and led to the fast proliferation of the method in humans
(Bandettini, 2012), in primates (Srihasam et al., 2011; Stefanacci et al., 1998; Premereur et al., 2018)
and recently in small animals (Van der Linden et al., 2007; Jonckers et al., 2011; Jonckers et al.,
2015; Pan et al., 2018).

Figure 1.1: Physiology of the origin of BOLD contrast. Upon increase in neuronal activity, the oxygen
metabolism locally increases, in parallel but not proportionally the blood supply rises, consequently there
is a mismatch between the oxygenated hemoglobin (Oxy-Hb) provided and the Oxy-Hb effectively used,
thus leading to a change in the ratio Oxy to deoxy-Hb in favor of the oxygenated form of hemoglobin,
resulting in a change in magnetic susceptibility, the main source of signal in fMRI experiment. Source:
ETH Dissertation number 25097, Giovanna D. Ielacqua, 2018
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Over these years, the technique has found its two main applications to be: stimulus evoked fMRI and
resting state fMRI (Chen et al., 2015; Pan et al., 2018) (Fig 1.2). The first one consists in monitoring
the brain’s BOLD response to external stimuli that can be for instance visual (Belliveau et al., 1990;
Thomas et al., 2005; Lau et al., 2011), motor (Pantano et al., 2005), nociceptive (Wager et al., 2013;
Morton et al., 2016), odorous (Georgiopouloset al., 2018; Lu et al., 2018), auditory (Peelle et al., 2014;
Talavage et al., 2014), etc. and by switching the stimulus on and off, it can be determined which
particular brain region activates in response to it. Resting state fMRI, as its name suggests, is a tool
to investigate the spontaneous brain activity in the absence of a task (Han Lv et al., 2018). This
technique detects coherent patterns of low-frequency spontaneous fluctuations in the BOLD signal
and has so far been widely used to study the functional networks in normal brains (Fair et al, 2008;
Fransson et al., 2007; Lin et al., 2008), in brains of neuropsychiatric patients (Bluhm et al., 2007;
Cherkassky et al., 2006) and neurological patients (Greicius et al., 2004; Hafkemeijer et al., 2015;
Hedden et al., 2009; Khazaee et al., 2007). As the magnitude of the changes is in BOLD fluctuations
are rather small, different data analysis approaches (e.g. pattern classification, multivariate analysis)
have been and are currently under development with the goal of finding biomarkers of disease (Nash
et al. 2013), which can predict outcome of therapeutic interventions (Hoeft et al. 2011).

With the increasing need to develop efficacious disease-modifying agents to treat neurological
disorders, attempts to use rodent fMRI as a translational tool have grown exponentially in the recent
years (Carmichael et al., 2018). Nevertheless, fMRI in rodents is challenging for a number of reasons,
first and foremost for the relative size of the brain compared to that of humans. Because of this
obvious difference in size, such imaging experiments are typically performed using dedicated small
animal MRI systems with much stronger magnetic fields (Jonckers et al., 2015). This move to much
higher frequencies, usually 400 MHz (9.4 Tesla) or higher, offers the advantage of an increased
signal-to-noise ratio (SNR), an improved spatial resolution coupled with an enhanced sensitivity to
subtle fluctuations of BOLD effect making fMRI in small animals feasible (Ogawa et al., 1993; Gati et
al., 1997).
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Figure 1.2: Conceptual difference between stimulus-evoked fMRI (left panel) and resting-state fMRI (right
panel). (a) Anatomical atlas overlaid on T2-weighted images showing the location of the primary (S1) and
secondary (S2) somatosensory cortex and the thalamus. (b) parametric maps showing the activated areas
in response to electrical stimulation in the mouse hindpaw at 2 mA. Average BOLD traces extracted from
the (c) S1HL, the (d) S2 regions and (e) the thalamus displayed at mean standard ± deviation.
BOLD low frequency fluctuations (f) extracted from 4 different areas colored in blue, yellow, red and green
(g) showing the temporal signal correlation between left and right regions. (g) Different independent
components identified via a group level ICA analysis taken from one of our studies. (h) Group averaged
functional connectivity matrix, displaying the z-score related to Pearson correlation coefficient computed
from the BOLD time courses extracted from the different components highlighted in (g).
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However, ultra-high field imaging also comes with extra challenges such as enhanced image
distortion levels due to larger scale variations in magnetic susceptibility (Jezzard and Balaban, 1995).
Such off-resonance artifacts are usually most prominent where the magnetic susceptibility mismatch
between tissues is large (e.g. close to the auditory canals). In fact, the magnitude of the related signal
dropouts and geometric distortions can be sufficiently high to corrupt the anatomical information or
even the functional measurements in the vicinity of air-tissue interfaces (Mandeville, 1998). Geometric
distortions caused by off-resonance effects are much more evident in the phase encoding direction,
as frequency shifts accumulated along the readout direction are negligible compared to the high
bandwidth per pixel. In the phase-encoding direction the bandwidth is much lower, and even small
errors in phase encoding result in significant stretching or shrinking of the image.

Interestingly these artifacts are particularly severe in Echo-Planar Imaging (EPI) sequences with a
gradient-echo envelope, which are the most popular pulse sequences in stimulus-evoked and resting
state fMRI. Among all the different gradient-echo EPI scheme, the majority of fMRI studies have so
far used its single-shot version. The method’s basic principle consists of acquiring the entire range of
phase encoding steps in one shot during a single T2* decay resulting from a single radio frequency
pulse (Poustchi-Amin et al., 2001). In addition, this single excitation pulse and the associated long
echo train are also known to cause a blurring effect, most pronounced in the phase encoding direction,
due to the fact that all k-space lines experience a slightly different T2* weighting. Despite these
drawbacks, one of the main advantages of single-shot gradient echo EPI is that an image can be
acquired in 20-100 ms thus allowing an excellent temporal resolution, which is critical in this type of
experimental setup.
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In addition to the above-mentioned image artifacts, one needs to take into account the physiological
characteristics of humans and rodents (Table 1.1) particularly at higher frequencies where the
physiological noise contribution to the signal is amplified (Kalthoff et al., 2011). While rodents typically
breathe faster and have higher heart rates as opposed to humans, inappropriate temporal sampling
can result in aliased physiological noise (Pais-Roldán et al. 2018). If this noise is aliased into the
bandwidth of interest, it will interfere with readouts of true neuronal signals and become detrimental
to the outcome of brain activations or functional connectivity studies (Kalthoff et al., 2011).

Heart rate

Respiration rate

Adults

60-100 bpm

12-20 rpm

Macaques

95 - 235 bpm

27-56 rpm

Rats

300-450 bpm

70-120 rpm

Mice

310-840 bpm

80-230 rpm

Table 1.1: average heart and breathing rates of human adults,
macaques, rats and mice, illustrating the large difference in basal
physiological parameters between rodents (under 2 % Isoflurane
anaesthesia) and human adults (Redfors B. et al., 2014; Ewald et al.,
2011).

Regardless of the growing number of such small animal fMRI studies, most of them have adopted
and translated imaging protocols from humans (i.e., single-shot EPI with a TR of 2s) (Grandjean et
al., 2019) that worked well at lower fields, without addressing these fundamental differences and reevaluating other potential approaches that might be better suited.
In this context, one could explore the potential of using faster readouts, higher bandwidths, increased
gradients strengths or shorter echo spacing to fill the k-space faster, leaving less time for phase errors
to accumulate. But these fine adjustments of the pulse program are usually constrained by hardware
limitations. So additionally to the fine tuning of the sequence parameters, one may also consider using
pulse sequences that are inherently less susceptible to distortion. To benefit fMRI studies in rodents,
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such a pulse sequence should respond to several requirements, one being the whole brain coverage
with high spatial resolution and another one being the high temporal resolution as well as the high
sensitivity and specificity.

In the early days of functional MRI, EPI was not feasible on most scanners due to insufficient gradient
performance (van Gelderen et al., 2012). Therefore, alternative methods allowing for rapid T2*weighted imaging with less technical requirements have been evaluated. Among those, the PRESTO
(Principle of Echo-Shifting with a Train of Observations) sequence was implemented by van Gelderen
et al. in 1995 (van Gelderen et al. 1995). PRESTO is a 3D alternative to EPI using echo-shifting and
echo-trains thereby minimizing the levels of susceptibility-based distortions and artefacts related to
higher magnetic field, while providing better brain coverage and faster temporal resolution.
Multiple shots EPI also known as segmented EPI, is another fast imaging technique based on an EPI
readout that partitions the k-space into multiple segments, each of them acquired after a single
excitation pulse (Fig 1.3). All segments are then combined to form a full k-space and reconstructed
to generate an image (Heiler et al., 2010). One of the main advantages of the method is that it shortens
the echo train length, thus reducing off-resonance artifacts and phase errors since each radio
frequency pulse resets them (Lu et al. 2003). This results in a tangible improvement in geometric
distortions compared to conventional single shot EPI. On the other hand, the method implies a
decrease in the overall temporal resolution since multiple repetition time are needed to fill the entire
k-space and suffers from an increased sensitivity to inter-shot instabilities (Menon et al., 1997) that
may arise from physiological sources of motion or hardware imperfections. Nevertheless, a
considerable number of studies have found various fMRI applications that benefit from the approach
(Hoogenraad et al., 2000; Guilfoyle et al., 2006; Swisher et al., 2012).
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a

b

Figure 1.3: Set of three schematics that illustrates the principle of segmentation in fast imaging. (a)
Segmented gradient echo sequence diagram showing two subsequent excitations. The color code
on GF (frequency encoding gradient) explains how a segment fills the k-space in this case. (b)
graphical illustration of how the different segments (or shots) are combined in k-space prior to image
reconstruction. Source: https://users.fmrib.ox.ac.uk/~stuart/thesis/chapter_5/section5_2.html

Small animal fMRI plays an increasing role as a research and translational tool. This inevitably raises
the question whether the straightforward translation of clinical fMRI protocols is optimal for studies in
rodents or whether alternative data acquisition strategies should be pursued to warrant the highest
quality standards for functional activation and connectivity maps.
For that reason, we first evaluated the use of PRESTO for BOLD based fMRI studies in rats at high
magnetic fields and compared it to the standard gradient-echo EPI protocol commonly used in our
group (Ielacqua et al., 2015). We found that PRESTO was inferior with regards to contrast-to-noise
ratio (CNR), which makes the detection of weak functional (somatosensory) responses difficult. Yet,
the method provided superior data with regards to image distortion and volume coverage and may be
attractive for analyzing BOLD responses in brain regions subject to significant susceptibility gradients,
e.g. basal brain areas. Based on these results, we then explored further the parameter space of single
shot and segmented EPI in order to determine an optimized and well-balanced trade-off between an
excellent BOLD sensitivity, a high temporal resolution, and a good geometric fidelity.
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2. The PRESTO method applied to rodent fMRI

This chapter is dedicated to the evaluation of the PRESTO (Principle of Echo-Shifting with a Train of
Observations) technique as a potential candidate for small animal fMRI. After its proper
implementation on our MR systems, we first evaluated its impact on susceptibility distortions as well
as its performance in terms of signal stability and then tested its BOLD sensitivity in response to
electrical stimulation, in two different setups: one using a conventional room temperature phasedarray receiver coil and one using the latest rat-specific cryogenically cooled phased-array receiver
coil. Due to its insufficient signal properties, we concluded that the method is not well suited for fMRI
experiments using a routine setup. Nevertheless, when combined to a highly sensitive cryogenic coil,
we showed that PRESTO can be a viable alternative for fMRI in rodents at high magnetic fields.

2.2 Material and methods
All studies were carried out on a Bruker BioSpec 94 / 30 small animal MR system (Bruker BioSpin
MRI, Germany) equipped with a gradient system yielding a maximum gradient strength of 660 mT /
m and a slew rate of 4500 T / m / s, and operating at 400 MHz (9.4 T) under ParaVision 6.0. All
experiments were in compliance with the Swiss law of animal protection as well as approved by the
Cantonal Veterinary Office.
The PRESTO sequence was adapted from the original EPI method by adding the additional gradients
responsible for the echo-shifting to the slice selection gradient (Fig 2.1a). Crusher gradients were also
added in phase and read direction to diphase residual transverse magnetization generated by the
radio frequency pulses (van Gelderen et al., 2012). Moreover, the original EPI method adjustments
were adapted for PRESTO and the relevant sequence parameters made editable within the editor
card of ParaVision software.
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Figure 2.1: (a) The PRESTO pulse sequence diagram (van Gelderen et al., 2012). The
additional gradients need to shift the echo are shown on the last line (Gadditional). (b) Images
from an agar phantom acquired using the 3D PRESTO sequence as a function of the
amplitude of the echo shifting gradient. In the absence of the echo shifting gradient severe
artefacts are observed. With increasing gradient strength, echoes imaging artefacts are
reduced.

After initial phantom validation tests in an Agar phantom, PRESTO parameters were optimized for rat
brain imaging with the goal of achieving a maximum SNR together with an appropriately short echotime, a short echo train length and an efficient timing.
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2.2.1 Animal preparation
Studies were conducted on six female Lewis rats (Janvier, Le Genest-St. Isle, France) with an
average body weight of 187 ± 9.4 g. Anaesthesia was induced with 4 % Isoflurane (Abbott, Cham,
Switzerland) mixed with oxygen enriched air in a 4:1 air / oxygen mixture. Rats were then
endotracheally intubated, positioned on the MR support with the incisor teeth secured over a bite bar
and mechanically ventilated (Maraltec, Biel-Benken, Switzerland) with 50 breaths per minute. Rats
were paralyzed via an intravenous injection of muscle relaxant (Pancuronium Bromide, SigmaAldrich, Germany) administered through their tail veins as a bolus at a dose of 1 mg / kg followed by
an hourly infusion of 0.5 mg / kg. The animals were then inserted into the scanner while Isoflurane
was reduced to 1.5 % for the rest of the experiment. Body temperature was kept constant at 37 °C
throughout the entire experiment.

2.2.2 Imaging protocol
Magnetic Resonance Imaging was carried out on a 9.4T MR system equipped with a linearly polarized
room temperature (RT) volume resonator (inner diameter, 70 mm) for transmission and a fourelements, rat specific receive only cryogenically cooled phased-array coil for signal reception (Bruker
BioSpin AG, Fällanden, Switzerland).
After an initial TriPilot scan, 16 one-millimeter-thick coronal and then axial slices (RARE sequence
with repetition and echo times TR / TE = 1500 / 6.5 ms, matrix dimension MD = 256 x 256, field-ofview FOV = 35 x 35 mm, pulse angle = 90 degrees, RARE factor = 4, number of averages NA = 2)
were recorded as anatomical references. Shim gradients were adjusted using a field map (TE1 / TE2
= 1.6 / 5.9 ms, FOV = 40 x 40 x 40 mm, NA = 3, resolution = 0.625 x 0.625 x 0.625 mm) and the
MAPSHIM protocol with an ellipsoid reference volume covering the entire cerebrum.
In order to assess the BOLD sensitivity of each sequence, animals were electrically stimulated via a
pair of needle electrodes inserted subcutaneously in their right forepaw. The stimulation paradigm
consisted of a block design starting with a resting period of 180s followed by three cycles of a 20
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seconds stimulus period (2 mA, 7 Hz) and a 120 seconds post-stimulus period for a total duration of
10 minutes.
Each animal underwent two runs of stimulus-evoked functional MRI: one in which the BOLD response
was measured using an optimized 3D PRESTO protocol (TR / TEeff = 10 / 15 ms, MD = 60 x 30 x 20,
FOV = 30 x 15 x 10 mm, segments = 4, bandwidth = 200 kHz, resolution = 0.5 x 0.5 x 0.5 mm, pulse
angle = 4 degrees, NA = 1, number of repetitions NR = 750, temporal resolution = 0.8 s, 10 mm thick
coronal saturation slice, EchoShift gradient power = 20 %) with the addition of a phase navigator echo
to improve signal stability (Golay et al., 2000). The coronal saturation slice was used to avoid aliasing
of signals of non-brain head structures into the FOV. For the second run, routine conventional single
shot gradient-echo EPI protocol (TR / TE = 1000 / 12 ms, MD = 80 x 35, FOV = 18.5 x 11.4 mm, inplane resolution = 0.231 x 0.236 mm, 12 slices of 0.7 mm thickness, pulse angle = 60 degrees, NR =
600, temporal resolution = 1 sec, 10 mm thick coronal saturation slice) was used. Both imaging
volumes were positioned as such as they cover the anatomical regions of primary and secondary
somatosensory cortex (S1, S2), primary motor cortex (M1) anterior cingulate cortex (ACC), insula
(Ins), thalamus (Th) and caudate putamen (CPu).
For comparison, the exact same protocol was carried out one week later on the same Bruker BioSpec
94 / 30 system but this time equipped with a rat specific room temperature phased-array receiver only
surface coil instead of the cryogenic one.
fMRI data were preprocessed using a custom made shell script with functions from Matlab
(Mathworks, Natick, MA, USA), the Analysis of Functional NeuroImage software (AFNI, NIH
Bethesda, USA) and FSL (FMRIB, Oxford, UK). The first 10 volumes from each run were discarded,
then images were spatially realigned for motion correction, lightly smoothed with a full-width half
maximum (FWHM) of 0.7 mm and co-registered to either our EPI or our PRESTO study specific
template. The so mentioned templates were generated by concatenating all animals’ mean EPI or
PRESTO volumes, realigning them via FSL mcflirt and averaging them into a single 3D volume.
Statistical parametric maps were generated using a standard general linear model (GLM) approach.
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Signal stability related characteristics such as SNR0, SNRt, signal drift, peak-to-peak variation, etc.,
(for definition see Friedman et al. (Friedman et al., 2006) were extracted from the raw 170 second
baseline of each run, prior to any preprocessing steps. Regions of interest (ROI) were manually drawn
in the left and right S1 regions of each animal. Noise characteristics were extracted from four 9 by 9
voxels ROIs located at the edges of each slice.

2.3 Results
The PRESTO sequence was successfully implemented on our Bruker BioSpec system and tested
with agar phantom to make sure that the system performs adequately prior to any in-vivo testing.
In order to demonstrate the performance of the PRESTO sequence, i.e. to show the effect of echo
shifting, images were acquired with varying amplitude of the echo-shifting gradient from 0 to 40 % of
its maximum power. As expected, the images as acquired in the absence of an echo-shifting gradient
displayed a high degree of ghosting and interference artefacts. With increasing amplitude of the echoshifting gradient artefacts became less prominent, demonstrating proper performance with echo
shifting for subsequent TR (Fig 2.1b). In all following experiments, the echo-shift gradient power was
set to 20 % of the maximum gradient power.

Independent of the coils configuration, PRESTO showed less severe distortions due to B0 field
inhomogeneities than our routine EPI protocol. This is particularly visible in the superior part of the
brain close to the areas of interface between brain tissue, bone and fat (Fig 2.2). However, when
comparing the ventral parts of the brain, the geometrical similarities between both PRESTO and EPI
images indicate that the multi-shot approach was not sufficient to reduce the distortion levels and
recover signal loss from these deeper brain regions (Fig 2.2). This can particularly be seen in areas
close to the ear cavities.
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Figure 2.2: Coronal cross-sections through the brain of a rat recorded using either the EPI (a,b) or
the PRESTO sequence (c,d) with either with a RT (a,c) or a cryogenic phased-array coil (b,d). Overall,
the PRESTO protocol was able to cover a volume of 30 by 15 by 10 mm in a total volume acquisition
time of 0.8 seconds. In contrast, the single shot approach could accommodate 12 slices of 0.7 mm
thick with an inter-slice gap of 0.1 mm for a total volume of 18.5 by 11.4 by 9.5 mm with a volume time
equal to 1 second.

In general, the images acquired with our PRESTO protocol displayed a lower contrast and less
pronounced anatomical features (Fig 2.2) compared to GRE-EPI. Besides, static SNR in PRESTO
images appeared in average 85 % lower and temporal SNR was reduced by 92 % compared to GREEPI (Fig 2.3).
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Figure 2.3: Static and temporal Signal-to-Noise Ratio (SNR), and lambda-1 values
measured from two region of interested located in the S1 cortex of each animal with
the four different protocols. The measured valued were extracted from the raw data
prior to any pre-processing steps. Data are shown in mean ± standard deviation
across all animals (n=6).

With the RT coil configuration, stimulus induced changes in the BOLD signal in the S1, S2 and
thalamic regions could be robustly observed with the EPI protocol across all six animals. However,
GLM analysis of the PRESTO acquired time series did not reveal any voxel clusters displaying
significantly increased signal amplitude.
The use of a cryogenically cooled phased array coil resulted in an average increase of the static and
temporal SNR by a factor of 4.4 and 3.9 for the EPI and PRESTO sequence, respectively (Fig 2.3),
in

accordance

with

Bruker’s

specifications

(https://www.bruker.com/products/mr/preclinical-

mri/mouse-mri-cryoprobe/overview.html). This 4-5 fold gain in SNR levels resulted in sufficiently low
lambda values (Krüger et al., 2001) to detect activity-induced BOLD signal changes with both imaging
protocols. Indeed, a BOLD response to the electrical stimulation paradigm could be observed reliably
in all animals with GRE-EPI as well as with PRESTO (Fig 2.4-5).
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Figure 2.4: BOLD time course in responses to electrical stimulation in the right forepaw at 2mA.
Data were extracted from the voxels displaying significant changes in BOLD amplitude resulting
from the group analysis and located in the contralateral S1 region. The gray bars represent the
’stimulus on’ intervals. Data are shown in mean ± standard error of the mean across all animals
(n=6).

The mean BOLD traces extracted from voxels in the S1 region displaying significant signal changes
appeared very similar for the two sequences: with a maximum BOLD amplitude around 3 % and a
similar time to peak (Fig 2.4). Distinctly, the BOLD signal in PRESTO stayed at its maximum value
until the end of the stimulation period whereas the BOLD signal in EPI started decaying before the
end of the ON period. In addition, the BOLD signal in EPI shows a much faster return to baseline than
in PRESTO. Overall, the PRESTO traces appear visually much noisier (higher peak-to-peak variation
during baseline) than GRE-EPI ones.
The group activation maps for both sequences (Fig 2.5) show a cluster of voxels displaying significant
activation co-localized with the S1, S2 and thalamic regions. The size of the activated area in the S1
regions found with PRESTO extends over a larger number of consecutive slices (9 slices) compared
to EPI (5 slices).
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Figure 2.5: Group activity maps in response to electrical stimulation at 2mA in the rats’ right forepaw
(a) results from GRE-EPI protocol overlaid on the GRE-EPI study template (b) results from the
PRESTO protocol overlaid on the PRESTO study template. The map scale is in t-score where t=2.5
is equivalent to a FWE corrected p-value of 0.05.

2.4 Discussion
Although still applied in some clinical imaging centers today (Li et al., 2018; Iida et al., 2018; Endo et
al., 2018), the use of PRESTO for studying brain function is certainly less widespread than that of
EPI. Regardless of these statistics, the already existing literature that compares these two methods
implemented on human MRI systems with magnetic fields up to 7T, consistently suggests that
PRESTO could have great potential particularly at ultra-high magnetic fields (Barry et al., 2011;
Swisher et al., 2012), hence our motivation to implement, optimize and test PRESTO on a small
animal 9.4T scanner.
It is well known that 2D single shot EPI is prone to susceptibility artefacts due to the low bandwidth in
the phase encoding direction, has limited temporal resolution capabilities, and suffers from T2*
blurring (Poustchi-Amin et al., 2001).
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Based on theory, PRESTO’s 3D scheme together with its additional crusher gradient should minimize
the contribution of in-flow effects and further suppress the signal from larger vessels compared to
GRE-EPI. Altogether, this may reduce the number of activated voxels and hence detectability of
responses, but could increase spatial fidelity. Furthermore, PRESTO has the ability to sample the full
k-space within a narrow range of T2*-weighting, thereby diminishing T2* blurring effects seen with
EPI. Moreover, this study confirms that PRESTO as a 3D method allows covering large volumes
without any slice gaps and with higher temporal resolution.
When studying functional brain activity, increased temporal resolution could be of particular benefit
as it might on one hand help to effectively sample some physiological confounding effects such as
heart rates and breathing rates and on the other hand to increase statistical power for detecting
responses by sampling more data for a given time frame.
Nevertheless, these benefits are counterbalanced by the overall lower static and temporal SNR of
PRESTO compared to GRE-EPI found in this study and in earlier reports (Barry et al., 2011; Neggers
et al., 2008; Gibson et al., 2006). This difference in SNR between PRESTO and GRE-EPI can be
mainly explained by the decreased steady state magnetization related to the smaller flip angle used
in PRESTO (Barry et al., 2011) and its increased sensitivity to hardware instabilities.
PRESTO’s multi-shot scheme diminishes distortion due to field inhomogeneities in the superior part
of the brain, where strong inter-voxel dephasing occurs. Nevertheless, the shorter echo-train length
does not remedy for the signal voids resulting from through-plane dephasing in the inferior parts of
the brain, in particular close to the ear canals. For both sequences, these signal dropouts increase
with TE (Gorno-Tempini et al, 2002) and one way of minimizing them is to reduce the slice thickness
at the expense of an SNR penalty. While this compromise could be feasible given PRESTO’s volume
coverage, it makes it a slightly more challenging case using single-shot EPI for functional MRI studies
requiring large continuous brain coverage without slice gaps.
Single shot GRE-EPI appears rather immune to subject movement (Hesselman et al., 2004) while
PRESTO on the other hand displays significant susceptibility to motion. This drawback is derived from
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the vulnerability of the segmented approach with regard to potential shot-to-shot phase errors, and
from the strong dephasing gradients needed to shift the echo to the subsequent TR (Neggers et al.,
2008). Hence abrupt subject motion can lead to severe artifacts throughout the entire imaging volume
(e.g.: blurring, ghosting) (van Gelderen et al., 2004). Although subject movement can be of an issue
with human subjects, it should be less of a concern for studies in anesthetized rodents. In In fact,
proper animal preparation combined with the use of muscle relaxant should be sufficient to mitigate
such risks. The remaining motion, if at all, should be in theory easier to correct for with PRESTO using
post-processing, because of its 3D volume acquisition scheme (Golay et al., 2000; van Gelderen et
al., 2012).

fMRI studies in humans exploiting BOLD contrast typically use echo times around 30-35 ms at 3T
(Chen et al., 2015), whereas for comparable studies in rodents at high field (9.4T) echo time of 10-15
ms are commonly used in view of the shorter T2* values observed under these conditions (van der
Linden et al., 2007). Shorter echo times in rodents put inevitably restrictions on the maximal resolution
that can be achieved with PRESTO, as enough time needs to be left for the acquisition of the shifted
echo from the previous excitation (van Gelderen et al., 2012). One could consider using longer echo
times so that spatial resolution could be increased but only at the expense of enhanced signal
dropouts in areas displaying high susceptibility gradients (e.g. in inferior parts of the brain) (GornoTempini et al., 2002).

An additional advantage of PRESTO is its much lower acoustic noise compared to GRE-EPI. While
this can be important for the animal’s welfare as it may prevent damages to its hearing system, it also
reduces stress levels in case of low sedation together with the needs for acclimation in case of awake
animal imaging. Furthermore, it improves the operator’s environment in case of limited acoustic
isolation.
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The low SNR of PRESTO data recorded with the RT coil, prevented the detection of BOLD response
to electrical stimulations in any of the physiologically relevant brain regions. The many constraints of
this sequence do not allow improving SNR substantially by optimizing sequence parameters, which
definitely constitutes a limitation. Reliable and stable BOLD responses – comparable to GRE-EPI,
though still at an inferior SNR - could only be observe by using a highly sensitive four-elements
phased array coil, cryogenically cooled and optimized for rats. The slightly higher amplitude of the
BOLD response in PRESTO can be explained by the longer TE, thereby enhancing the sensitive to
BOLD contrast (at the expense of reducing SNR). The other differences observed in the extracted
time courses and activation maps are most likely linked to the reduced contributions of in-flow effects
and the contribution of larger and draining veins of the 3D (PRESTO) as compared to the 2D
(GRE_EPI) protocol.

2.5 Conclusion
We have shown in this study that BOLD-based fMRI in small animals at high magnetic fields is feasible
with PRESTO, provided that SNR is optimized by using appropriate receiver coils with a sufficient
sensitivity.
Despite a penalty in SNR, this 3D alternative to EPI offers the possibility to cover the whole rodent
brain with a high temporal resolution. PRESTO data revealed sufficient sensitivity to detect activityinduced BOLD signal changes (when recorded using cryogenically cooled surface coil detectors) and
displayed reduced distortions caused by susceptibility gradients due to its shorter acquisition time.
While its use with room temperature coils might be limited due to low SNR, the increasing availability
of rat specific cryogenic coils makes it an attractive alternative, particularly for applications where
trading extra sensitivity for an increased geometrical fidelity should be considered.
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3. Multi-shots approaches for rodent fMRI

Based on the conclusions made in the previous section regarding PRESTO’s suitability for fMRI in
rodents, we further explored in this next chapter the potential to use other multi-shot approaches that
are inherently less susceptible to distortions than single-shot EPI. In that regard, we assessed the
capabilities of segmented EPI for small animal fMRI and compared them to the conventional singleshot EPI. In addition, we explored further the interplay between the different sequence related
parameters in order to define, at the end, an optimized sequence for rat brain fMRI. Our results
suggest that segmented EPI, with two or three shot, can be a viable alternative to the classical singleshot EPI as it greatly reduced geometrical distortion while maintaining sufficiently high signal stability
over the entire brain.

3.1 Material and methods
All in-vivo experiments in this section were performed in accordance with the local institutional
guidelines and in compliance with the Swiss law of animal protection.

The first part of our experimental protocol was performed on agar phantom in order to understand
and better characterize the impact of each single parameter on the overall signal stability without
having to consider any potential physiological confounding effects. To do so, we created a batch of
agar phantoms in 50 mL Falcon tube (Thermo Fisher Scientific AG, Basel, Switzerland), whose
diameter mimicked an average rat brain size (from dorsal to ventral), following the Stanford agar
recipe introduced by Friedman et al. (Friedman et al., 2006).
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After this initial phantom testing, studies were conducted on 10 Sprague Dawley rats (male, 400-450
g), housed in groups of two in individually ventilated cages (IVC) located in a temperature-controlled
room under a 12 h–12 h light-dark cycle with food and water ad libitum over multiple scan sessions.
Anaesthesia was induced with 4 % Isoflurane (Abbott, Cham, Switzerland) mixed with oxygen
enriched air (in a 4:1 air / oxygen mixture). After 5 minutes, animals were taken out of the anaesthesia
box, positioned on their back and endotracheally intubated. Rats were then positioned on the MR
support with the incisor teeth secured over a bite bar and connected to a mechanical ventilator
(Maraltec, Biel-Benken, Switzerland) set at 50 breaths per minute with a respiration cycle of 25 %
inhalation and 75 % exhalation. The Isoflurane level was then diminished and kept at 2 % to maintain
anaesthesia throughout the entire scan protocol. Once stabilized on the support, animals’ tail veins
were cannulated and a bolus of muscle relaxant (pancuronium, Pancuronium Bromide, SigmaAldrich, Buchs, Switzerland) at a dose of 1 mg / kg was injected to facilitate the artificial ventilation
and prevent motion artefacts. Temperature was controlled with an MRI–compatible rectal probe
(MLT415, AD Instruments) and maintained at 36 – 37 °C with a warm-water heating circuit
incorporated into the cradle.

All experiments were carried out on a BioSpec 9.4 Tesla MR system (Bruker BioSpinMRI, Germany)
equipped with a volume resonator for signal transmission and a rat specific room temperature
quadrature surface coil for signal reception. Following the system’s adjustments and the routine
Tripilot protocol, high anatomical resolution RARE images (RARE sequence, repetition time TR /
effective echo time TEeff = 5500 ms / 26 ms, RARE-factor 8, number of averages = 1, field of view
f

FOV = 30 x 30 mm, matrix dimension = 256 × 256, spatial resolution = 0.12 x 0.12 mm, slice thickness
= 0.75 mm) were obtained in the sagittal and horizontal direction to allow for the accurate positioning
of the functional imaging volume in the subsequent scans. Shim gradients were adjusted using a field
map (TE1 / TE2 = 1.6 / 5.9 ms, FOV = 35 x 35 x 35 mm, number of averages = 3, resolution = 0.55 x
0.55 x 0.55 mm) and the MAPSHIM protocol with an ellipsoid reference volume covering either the
whole imaging volume in the case of the agar phantom or the entire cerebrum in rats.
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All preparation scans described above were performed at the beginning of every single imaging
session and were then followed by a battery of different gradient-echo EPI protocols to explore the
fMRI parameter space.

3.1.1 fMRI protocols
All the subsequent parameters were kept constant between acquisitions: TEeff = 22 ms (optimal BOLD
contrast), FOV = 35 x 35 mm, matrix size = 96 x 96, bandwidth= 300 kHz, number of slices = 2 and
flip angles (FA) were set to the Ernst angle for T1 = 1900 ms (Pohmann et al., 2011). As a means to
assess the effect of the echo-train length on geometrical distortions and signal stability, we compared
four different setups using either a single-shot EPI or a multi-shot EPI with 2, 3, 4 or 8 segments
combined with an additional navigator echo to reduce potential shot-to-shot errors (Hu X et al., 1994).
Then, we tested three different sampling rates (Tvol): 2000, 1000 and 500 ms in order to evaluate the
influence of temporal resolution. TRs were adapted according to the formula, to keep the sampling
rate constant for each of the three cases.

𝑇𝑅 =

𝑇𝑣𝑜𝑙𝑢𝑚𝑒
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑠

Finally, the last parameter to be explored was the slice thickness, which varied between 1.0, 0.8, 0.6
and 0.4 mm. A summary of all parameters used in this exploration exercise can be found in table 3.1.
While all phantom experiments were performed in one run, we decided to divide the in-vivo fMRI
protocol in four separate sessions, based on the four chosen slice thicknesses, to shorten the time
animals remained under Isoflurane and also keep animals under similar experimental conditions for
a better comparison between the different parameter sets.
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Finally, static noise profiles were acquired in every single animal by re-acquiring each unique set of
parameters with a flip angle of FA = 0° degrees, avoid as such the influence of any ghosting effects
on the noise characteristics (Giannelli et al., 2010).

3.1.2 Electrical stimulations
In a fifth and last imaging session, animals were electrically stimulated in their forepaw for the purpose
of exploring the effect of the echo time on the contrast-to-noise ratio (Welvaert et al, 2013) and signal
dropouts. To do that, a pair of needle electrodes (Genuine Grass Instruments, West Warwick, USA)
was inserted subcutaneously (s.c.) into the right forepaw with a distance of about two millimeters
between the two needles, prior to inserting the rat inside the MRI. The electrodes were connected to
a current stimulus isolator (A365D, World Precision Instruments Inc., Sarasota, USA) set at 2 mA with
a pulse duration of 0.5 ms and a frequency of 5 Hz. The stimulus delivery was controlled with a
custom-written LabVIEW software (National Instruments, Austin, USA) and synchronized to the onset
of the fMRI pulse sequence. The stimulus paradigm consisted of a block design starting with 180
seconds baseline followed by three cycles of 20 seconds stimulus and 120 seconds rest period.
Once all the preparation scans (protocol described above) were collected, the BOLD response to the
electrical stimulation paradigm was monitored with a multi gradient-echo EPI sequence (TR = 1500
ms, five subsequent echoes with an echo spacing of 10 ms, FOV = 35 x 35 mm, matrix size = 96 x
96, flip angle = 54 degrees, 12 axial slices of 0.5 mm thickness), covering a range of echo times from
10 ms to 60 ms in five separate runs.
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TVOL = 2000 ms
TVOL = 1000 ms
TVOL = 500 ms
Table 3.1: list of the different sequence parameters that were used in our exploration. The upper table
describes the parameters used for a constant TVOL of 2000 ms, the middle one for a TVOL of 1000
ms and the lower one for a TVOL of 500 ms. TR: repetition time, Nslices: number of slices,
Nsegments: number of segments, AQ: duration of the acquisition window, FA: flip angle, NAE: number
of averages, NR: number of repetitions, NSlices: number of slices.

3.1.3 Data analysis
All the data analysis was performed in Matlab (Mathworks, Natick, MA, USA) and the Analysis of
Functional NeuroImage (AFNI, NIH Bethesda, MD, USA) software. For each subject, the first step
consisted of converting all the acquired images to the NIFTI format for a more convenient handling.
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All T2*-weighted 4D datasets were then loaded into Matlab and averaged over time to create 3D
mean functional images. For each subject, we selected one of these mean T2* volumes to draw two
regions of interest (ROI) on it: one on each side of the cortex which included part of the somatosensory
cortex. For the purpose of truly comparing raw BOLD signal stability, data pre-processing was kept
to its minimal requirement. In that sense we only performed a linear de-trending of each voxel’s time
course with a second order polynomial without doing any additional motion correction, spatial
smoothing or temporal filtering. Finally, we extracted the following signal stability values for every
single GRE-EPI run from the two cortical ROIs: the static SNR (SNR0), the temporal SNR (SNRt), the
percent fluctuations (pFluc), the percent drift (pDrift), the Peak to Peak variation (P2Pvar) and the
noise standard deviation. Noise characteristics were estimated from the flip angle zero images (all
other imaging parameters being identical). A detailed definition of all these parameters can be found
in the manuscript of Friedman et al. (Friedman et al, 2006).
The stimulus-evoked fMRI data were pre-processed by using a custom made shell script with
functions from both Matlab and AFNI. After converting the multiple echoes functional T2* images to
the NIFTI format, we separated the multi-echo data in 5 individual echo datasets. Given that the
images acquired with the shortest TE out of the 5 are theoretically the one with the highest contrast,
all initial pre-processing steps were first estimated on these specific shortest-echo datasets and then
applied to the other four related volumes. As such, motion correction was estimated via AFNI by using
its 3dvolreg function and similarly, brain extraction was performed using the 3dSkullStrip function,
always on the first echo time series. The resulting dataset was averaged over time and the mean
brain extracted image was then co-registered to an EPI based study-specific template generated from
the averaged EPI over all ten animals, using the shortest TE images only. Then, all estimated motion,
skull stripping and normalization parameters were applied to the other four subsequent datasets.
Finally, data were spatially smoothed with an in-plane FWHM of 0.05 mm and high-pass filtered at a
cut-off frequency of 0.01 Hz to remove any linear trends in the temporal signals.
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First level statistical parametric maps were generated using a general linear model (GLM) approach
for the BOLD fMRI scans acquired during electrical stimulations. The so obtained contrast images
that should reflect stimulus-induced activation in each animal were entered into a second level
random-effects analysis using a one-sample t-test.
Traces were extracted from the averaged signal over all voxels that passed the significance threshold
(p < 0.05, FWE corrected) and scaled to percentage signal change relative to baseline.
Contrast-to-Noise Ratio was estimated from these traces based on the following formula:

𝐶𝑁𝑅 =

∆𝑆
𝜎𝑡−𝑛𝑜𝑖𝑠𝑒

where ΔS is the average signal‐change (task‐related variability = contrast), and σt−noise is the non‐task‐

amplitude

related variability over time (Fig 3.1)

time
Figure 3.1: Illustration of a BOLD fMRI response to a block
design stimulation (gray signal). The dark solid line
represents the mean trace. Definition of the functional signal
change (1) and of the temporal noise (2) necessary for the
computation of the contrast-to-noise ratio (CNR).
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3.1.4 Simulations
For comparison purposes, we calculated the theoretical SNR efficiency (von Kienlin, Habilitation
thesis 1996) for different repetition times (TR) and number of segments (Nseg) using the following
formula and assuming T1 = 1900 ms and T2* = 25 ms (Pohmann et al., 2011) in the cortex:

where M0 denotes the equilibrium magnetization, TAQ the length of the acquisition window and a, the
spectral density of the noise.
Furthermore, we simulated the BOLD sensitivity curves for a set of T2* values ranging from 20 ms to
30 ms, assuming that the T2* variation introduced by the BOLD response to the sensory stimulus
could range from 0.1 ms to 2 ms. For that we used the following equations:

𝑆0 (𝑇𝐸) = 𝑀0. 𝑒

−

1
.𝑇𝐸
𝑇2∗0

1

𝑆(𝑇𝐸) = 𝑀0. 𝑒 −𝑇2∗ .𝑇𝐸 𝑤𝑖𝑡ℎ 𝑇2∗ = 𝑇2∗0 + ∆𝑇2∗ (𝐵𝑂𝐿𝐷)
S0 relates to the standard signal intensity equation in basal condition and S then corresponds to the
signal intensity equation taking into account the additional BOLD response to the external stimulus.

Moreover, we estimated the frequency band where the physiological noise would fold into based on
the Nyquist-Shannon theorem (Shannon, 1949) for different sampling rates by using the following
equation:
𝐹𝐴 = |𝑅𝑆 ∗ 𝑛 − 𝐹|
where FA is the aliased frequency, F the signal being sampled, Rs the sampling rate, and n the closest
integer multiple of RS in F.
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3.2 Results and discussion
With these series of experiments, we investigated the influence of different MRI parameters on key
aspects of the T2* signal stability in the context of BOLD fMRI in rodents with the goal of optimizing
the parameter space to achieve the best compromise between sensitivity, geometric fidelity and
temporal resolution and stability.
As expected from our numerical simulation (Fig 3.2a, plain lines), the in-vivo results (Fig 3.2a, dashed
lines) highlight that the SNR in T2*-weighted gradient echo EPI pulse sequences decrease with
shorter acquisition times and therefore the more segments we have, the shorter the acquisition
window and thus the lower the SNR is.

Figure 3.2: SNR efficiency (a) and absolute SNR (b) plotted as a function of the
repetition time (TR) resulting from our numerical simulations (plain lines) and our invivo results (dashed lines). The number of segments are indicated in (a) under each
data point.
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Based on the extracted cortical values summarized in figure 3.2b, the static SNR values found in the
images acquired at a volume time TVOL = 2000 ms were within the same range as the SNR measured
in the data collected at TVOL = 1000 ms. However, we observed in average a 30 % decrease in the
SNR per image when comparing the conventional single shot EPI with the 2 segments version (Table
3.2). Our results also suggest that reducing TR with ensuing faster data acquisition does not affect
the SNR efficiency for a given number of segments. These findings are not only in accordance with
the theory as our experimental results match closely our simulation (Fig 3.2a) but also in agreement
with previous reports comparing single-shot EPI with multi-shots approaches (Tambalo et al., 2019;
van der Zwaag, 2012).

Table 3.2: Summary of stability metrics, measured in 1, 2 and 3 shots GRE-EPI for three different
sampling rates (TVOL): 2000, 1000, 500 ms. ACQ relates to the acquisition window. SNR0 and SNRt
represent respectively the static and temporal SNR. pDrift and pFluct are the percent drift and
fluctuation of the signal over time. For a more extensive definition see Friedmann et al., 2006.

In general, rats anesthetized under 2 % isoflurane have a heart rate fluctuating between 300-450
b.p.m. (Redfors et al., 2014) and a respiration rate of 50 b.p.m (intubated and mechanically
ventilated). According to our basic simulations which predicts where both the cardiac and the
respiratory noise would alias if not sampled properly (Fig 3.3), it would be ideal if functional data could
be acquired at a volume time inferior to 280 ms. This way, one would easily avoid the aliasing of these
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non-neuronal signals in the typical frequency band used for resting state-fMRI (0.01 - 0.3 Hz) (Smitha
et al., 2017; Pan et al., 2018; Huotari et al., 2019). While this could be achieved on human systems
via the emerging parallel imaging techniques e.g. Simultaneous Multi-Slice (SMS) (Barth et al, 2016),
such a low TR constrain can prove to be more difficult to implement on the dedicated preclinical
spectrometers as the typical RF coils designed for rat brains have a limited number of receiver
channels (compared to their human counterpart) and would not allow to take full advantage of such
parallelization methods. On the other hand, the contribution of cardiac-related signal fluctuations has
often been neglected in rodent fMRI, considering its low contribution to the total variance in rs-fMRI
data (around 1 %) (Kalthoff et al., 2013). Therefore, one could concentrate on removing primarily the
respiratory-related signal fluctuations and to do so, data should be acquired with a maximum sampling
rate of 1.25 Hz (equivalent to a TVOL = 800 ms) so that the respiratory frequency would alias around
0.42 Hz.

Figure 3.3: Simulations based on the Shannon Nyquist sampling theorem
estimating where the cardiac frequency band (red) and the respiratory frequency
(green) would aliased for different repetition time (250, 500, 1000, 2000 ms). The
physiological rates that we assumed for this simulation are shown on the lower part
of the figure, below the dotted line. The light blue box represents the typical
frequency bandwidth used in fMRI.
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One of the main reasons why we decided to explore further the use of segmented EPI is because
multi-shots approaches are inherently less susceptible to distortions. Indeed, their shorter echo train
length, shortens the acquisition window thus leaving less time for phase errors to accumulate and
minimizing as such off-resonance distortions to an extent dependent on the number of segments (Fig
3.4). According to the theory, off-resonance effects are reduced to their minimum, when the number
of segments is equal to the number of k-space lines (i.e., FLASH: the extreme case of segmented
EPI, acquiring one k-space line per segment). But this scheme drastically decreases the temporal
resolution and as shown in figure 3.2 for constant TVOL, it decreases the SNR efficiency (with
increasing number of segments). Using two or three segments, on the other hand, maintains the SNR
efficiency in an acceptable range (Fig 3.2a), keeps the temporal resolution sufficient for fMRI and
improves image quality in terms of in-plane susceptibility distortion (Fig 3.4).

Figure 3.4: Impact of 1-shot (a), 2-shots (b), 3-shots (c), 4-shots (d), 8-shots (e) GRE-EPI on
magnetic susceptibility distortion highlighted in the separate slices within the same animal. While
the segmented approach diminished susceptibility distortions at the interface between the skull and
cortex (upper panel), it did not help in recovering signals from deep ventral structures located closely
to the air cavities (lower panel).
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Despite the apparent improvement in terms of geometrical distortions achieved with the multi-shot
approach, signal drop out due to off-resonance effects remain particularly pronounced in caudal
regions adjacent to the acoustic and olfactory external meatus and oesophagus. The fact that the
shorter acquisition windows do not seem to be sufficient to retrieve the BOLD signal from these areas,
shows that the observed signal dropouts are due to intra-voxel susceptibility effects that appear in the
through-plane direction (Deichmann et al., 2003). Given that these distortions originate from local
signal dephasing within voxels in the z direction, reducing the slice thickness resulted in an improved
image quality in the ventral and caudal areas (Fig 3.5a). Nevertheless, this amelioration comes at the
cost of an overall reduced SNR (Fig 3.5b) and SNRt (Fig 3.5c) and puts as well a constraint on the
minimal TR needed to accommodate enough slices to achieve full brain coverage.

Figure 3.5: Effect of slice thickness and segmentation on (a) signal dropouts illustrated on
multiple slices of the same animal (b) static SNR and (c) temporal SNR. The green line
delineating the brain in (a) was manually drawn on the anatomical reference and coregistered to the EPI images. The color code in the SNR (b) and SNRt (c) plots relates to
different slice thicknesses ranging from 0.25 mm (green) to 1.0 mm (black).
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Because the extent of these EPI-related signal dropouts usually scales with TE (Gorno-Tempini et
al., 2002), previous fMRI studies in rodents have routinely used much shorter TE (10-15 ms) (Gorges
et al., 2017) to minimize the susceptibility effects at the cost of a lower BOLD weighting. As the goal
of this work was to explore the parameter space, we also wanted to assess the impact of TE on first
signal dropouts and second on BOLD sensitivity. For that purpose we implemented a multi-echo EPI
pulse sequence collecting five volumes with five different T2*-weighting all within one TR, and used
it to monitor the BOLD response to an electrical stimulus in the animal’s forepaw with the aim of
exploring the contrast-to-noise ratio (CNR) over a large range of TEs (from 10 to 60 ms). Such multiecho technique seemed very appropriate for this particular study as it minimizes the burden on the
animal as instead of having to go through 25 runs of stimulations, they needed to go through only 5.
In addition, the approach reduces the impact of confounding physiological effects such as habituation
to the stimulus that could impact the general trend of the results.

Figure 3.6: GRE-EPI images acquired with our multi-echo EPI approach that show the same slice
as a function of echo time (TE), with TEs ranging from 10.0 to 57.5 ms. It seems that SNR
decreases and distortions increase with growing TE.
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As expected from the work of Gorno-Tempini et al. (Gorno-Tempini et al, 2002), one can undeniably
see on figure 3.6 that the higher the echo time, the more pronounced the susceptibility distortion are.
This is also confirmed by the results from our simulation where pass a certain TE, the CNR starts
decreasing with longer TE. The rate of this decay depends on the initial assumptions chosen for these
simulations. Thus to achieve high sensitivity to BOLD across the whole brain, a compromise between
high general BOLD sensitivity due to pronounced T2*-weighting and reduced susceptibility-related
signal dropouts in frontal and deep ventral regions (Weiskopf et al., 2007) has to be achieved.

Figure 3.7 simulation of the BOLD response’s magnitude as a function of echo time (TE) estimated
from equation 4, for different sets of parameter with M0 = 50, T2* ranging from 20 ms (a), 25 ms
0

(b) and 30 ms (c) and ΔT2* taking values from 0.1 ms (blue) to 2.0 ms (green).

According to our simulations (Fig. 3.7), the optimal TE that offers a maximal CNR lies around the
chosen T2* value in our equations. Thus under the assumed conditions the optimal TE for rat fMRI at
9.4 T lies between 20-25 ms. Experimentally, we observed that the maximal amplitude of the BOLD
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response as well as the peak-to-peak variation in the baseline signal (initial 180 seconds) scale with
TE (Fig 3.8). And when CNR values were computed from the individual traces, the so-obtained
experimental plot (Fig 3.10) aside from some minor differences, matched closely our simulations (Fig
3.7). These dissimilarities are mainly related to a scaling factor introduced by the multi-echo method
and whose origin is not yet clear. Nevertheless, if the different multi-echo runs are considered
separately (data point with same color in Fig 3.10), one can clearly find back the trend resulting from
our numerical equations. It is important to note that some experimental variations also arise from the
fact that animals did not always respond to the electrical stimulus the same way. This can be observed
on the signal intensity traces in figure 3.9 where the amplitude of some of the BOLD responses was
not as high as expected. Therefore, we recommend using a more reproducible stimulus e.g. a visual
one (Bailey et al., 2013) for future experiments pursuing a similar goal.

Figure 3.8: Traces in response to block-designed electrical stimulation at 2 mA and extracted from
significantly active voxels within the somatosensory area. Raw images were acquired for a range
of TE varying from TE = 10 ms (dark blue) to TE = 60 ms (green). Data are represented as percent
BOLD change from baseline versus time. The gray bar highlight the blocks when the stimulation
(STIM) was ON.
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Overall, the experimental results are in accordance with the numerical model, which together point
towards an optimal TE around 20-22 ms for a maximal CNR at 9.4 T under these conditions. Despite
this finding, such a long TE leads to severe signal dropouts in ventral areas of the brain as seen in
figure 3.6. For this reason one need to find a compromise between maximum sensitivity (highest
CNR) and minimal signal dropouts. Based on the theoretical and experimental curves, we suggest
that an echo time around 17-18 ms should be optimal for fMRI in rats as it keeps the sensitivity close
to the maximum while limiting the level of signal dropouts in deep brain regions close to the ear
cavities.

Figure 3.9: Traces in response to block-designed electrical stimulation at 2 mA and extracted from
significantly active voxels within the somatosensory area. Raw images were acquired for a range
of TE varying from TE = 10 ms (dark blue) to TE = 60 ms (green). Data are represented as raw
signal intensity (S.I) versus time. The gray bar highlight the blocks when the stimulation (STIM) was
ON.
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Figure 3.10: Experimental contrast-to-noise ratio measured with
our multi-echo approach as a function of Echo Time. The color
code highlights data points that were acquired within the same
multi-echo run. As such, we have 5 blue mean CNR values, 5
green, 5 yellow and 5 red covering the whole range of explored
Echo Time.

3.3 Conclusion
Echo-Planar Imaging is the gold standard pulse sequence in stimulus evoked fMRI and resting state
connectivity studies as it conjugates excellent sensitivity to T2* variations over time to high temporal
resolution (Biswal et al. 1995; Bandettini, 2012). Nonetheless, our results along with others (Tambalo
et al., 2019) show the potential advantages of using segmented EPI, with two or three shots,
depending on minimum TR and total volume coverage, as an alternative to the conventional single
shot EPI pulse sequence, especially for task-based fMRI studies in small animals seeking higher
geometric fidelity. The multi-shot technique provides improved static and temporal SNR in brain areas
heavily affected by intrinsic B0 inhomogeneity, while maintaining sufficiently high SNR and SNRt over
the entire brain. Geometric distortions are besides greatly reduced in the same areas, with substantial
advantages in anatomical localization and in the reduction of potential mismatches introduced by
spatial normalization. Nevertheless, segmented approaches also suffer from an enhanced sensitivity
to inter-shot instabilities related to subject motion and hardware imperfections, and from an increased
number of ghosting artifacts, proportional to the number of segments. Despite the various options
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available on Bruker systems to reduce the impact of these ghost images (navigator echoes, dynamic
ghost correction, blip correction, double sampling), none truly manages to completely remove them.
While this is less of a concern for stimulus-evoked fMRI, it becomes detrimental in the study of BOLD
oscillations and synchronicity among different brain regions where high temporal resolution and signal
stability is primordial. For these reasons, single shot gradient-echo EPI remains superior to multi-shot
approaches (given the currently available magnetic resonance hardware performances) for paradigmfree fMRI based connectivity studies in small animals.
Based on all the findings in this chapter dedicated to the exploration of the parameter space for fMRI
in rats, we recommend the following principles when setting up a new fMRI imaging protocol:


To avoid signal aliasing due to respiratory (cardiac) motion, TR needs to be shorter than 800
ms (280 ms)



Shorter TRs are in principle possible with no penalty in SNR, but they lead to volume coverage
constraints and lead to system instabilities when used in a multi-shot scheme



The CNR is maximized when a TE of about 22 ms is used. However, as such a high TE
impacts drastically the signal dropout levels in ventral parts of the brain, we recommend using
a shorter TE of 17-18 ms



Susceptibility changes lead to geometric distortions (in-plane) and signal loss (through-plane):


In-plane distortion can be reduced with shorter acquisition windows (for instance
segmentation) at the price of a reduced SNR efficiency and a smaller volume coverage



Through plane signal losses can be diminished with thinner slices and shorter TE at
the cost of a lower SNR
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Figure 3.11: Representative axial slices from a single rat brain acquired with our optimized GREEPI sequence that exemplifying the raw image quality that we achieved.

Given the above recommendations together with the focus of this thesis on functional connectivity
based fMRI rather than task-based fMRI, we made some trade-offs and selected the following set of
parameters that we consider the most relevant and optimal for rat fMRI (Fig 3.11):


TR / TE= 1000 / 800 ms



Number of segments = 1



Flip angle = 54 degrees



FOV = 35 x 25 mm



Matrix size = 96 x 68



In-plane Resolution = 0.36 x 0.36 mm



Number of slices = 18



Slice thickness = 0.6 mm



Slice gap = 0.1 mm



Saturation slice = off



Partial-Fourier acceleration = 1.0
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4. Validation of the method

In the previous chapters, we described the framework of small animal fMRI in which we had to operate
and then evaluated first the relevance of PRESTO in that context and second the interplay between
all parameters involved in the gradient-echo echo-planar imaging (GRE EPI) sequence. Based on the
previously made conclusions around the fMRI parameter space for rodents, an optimized set of
parameters was chosen. In the following section, we tested the relevance and performance of this
optimized fMRI method for rats in the following set of experiments which includes: stimulus-evoked
fMRI and resting-state fMRI.

Ethics Statement
All animal procedures were conducted in strict adherence to the Swiss federal regulations on animal
protection, according to the rules of the Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) and with the explicit approval of the local Cantonal Veterinary
Office.

4.1 Visual stimulus evoked functional MRI in rats

4.1.1 Material and methods
This first study was conducted on 8 male Sprague Dawley rats (Charles River, Freiburg im Breisgau,
Germany) with an average body weight of 296 ± 34 g. Anaesthesia was induced with 4 % Isoflurane
(Abbott, Cham, Switzerland) mixed with oxygen enriched air (in a 4:1 air / oxygen mixture)
administered in an inhalation chamber. Once asleep, rats were transferred to the magnet room,
positioned and immobilized in a stereotaxic holder with tooth and ear bars, under 2 % Isoflurane
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anaesthesia. A home-built LED goggles (Fig 4.1a) made out of a rigid plastic tubing was then placed
in front of the animal’s eyes and connected to a high frequency light switch. Finally, the whole support
was inserted into the magnet’s bore. Body temperature was measured rectally and maintained at
37°C using a feedback-regulated electric heating blanket. The breathing rate as well as the
concentrations of inhaled and exhaled oxygen and CO2 were continuously monitored on a PowerLab
data acquisition system (AD Instruments, Spechbach, Germany).
The experiments were performed on a 9.4 T / 20 cm BioSpec spectrometer (Bruker Biospin GmbH,
Ettlingen, Germany) equipped with a volume resonator for signal excitation and a quadrature receiveonly surface coil positioned over the animal’s head. First a set of scout images in three orthogonal
planes were collected in each animal for slice positioning. Then, the most rostral extension of the
corpus callosum was located on those images and used as a landmark for positioning the imaging
planes in the subsequent scans. High resolution T2-weighted anatomical images (RARE sequence,
TR / TEeff = 5500 ms / 26 ms, RARE-factor = 8, number of averages = 2, field of view (FOV) = 30 x
30 mm, matrix dimension = 256 × 256, spatial resolution = 0.12 x 0.12 mm, slice thickness = 0.75
mm) were then obtained from 23 axial slices.

Functional MRI data were acquired using our optimized T2*-weighted single shot gradient echo planar
imaging (GRE-EPI) sequence with TR / TE = 2000 ms / 18 ms, a flip angle of FA = 68 degrees, with
no partial-Fourier acceleration, no saturation slices and no fat suppression module. Twenty-three
slices of 0.75 mm thickness with no slice gap, FOV of 35 × 35 mm2 and matrix size of 96 × 96 were
acquired with the same slice positioning as the anatomical RARE images. 210 EPI volumes were
acquired per subject resulting in a total duration of 7 minutes per run.

During the fMRI run, animals were visually stimulated through our house-made LED goggles.
Stimulus delivery was controlled with custom-written LabVIEW software (National Instruments,
Austin, USA) and synchronized to the onset of the fMRI imaging sequence. A fixed set of visual
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stimulation parameters (pulse height = 5 V, pulse duration = 50 ms, pulse frequency = 10 Hz) was
used in all experiments. The stimulation paradigm consisted of a block design starting with a 180
seconds baseline followed by four cycles of a 20 seconds stimulus period and a 40 seconds poststimulus period (Fig 4.1b). During the entire duration of the fMRI run, the heating blanket was switched
off to avoid any interferences between the MRI readout and the electrical wiring of the animal’s heating
blanket.

All fMRI data were pre-processed using a custom made shell script with functions from both Matlab
and the Analysis of Functional NeuroImage (AFNI, NIH Bethesda, MD, USA) software. Datasets were
first converted to the NIFTI format and were motion corrected with AFNI’s function 3dvolreg. After
these steps, brain masks were created using 3dSkullStrip (AFNI). Skull-stripped images were then
normalized to an EPI based study specific template. This template was generated from the average
of all functional mean volume, realigned into the same space. Finally, data were spatially smoothed
with an in-plane FWHM of 0.05 mm and high-pass filtered to remove any linear trends in the temporal
signals.
First level statistical parametric maps were generated using a general linear model (GLM) approach
for the BOLD fMRI scans acquired during visual stimulation. The so-obtained contrast images that
should reflect stimulus-induced activation in each animal were entered into a second level randomeffects analysis using a one-sample t-test.
Traces were extracted from the averaged signal over all voxels that passed the significance threshold
(p < 0.05, FWE corrected) and scaled to percentage BOLD change relative to baseline
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120s

Figure 4.1: (a) Home built LED goggles that fits the rat’s head and scatter light through the
animal’s eye (b) the block design visual stimulation paradigm implemented in this study.

4.1.2 Results and discussion
A total of 8 animals were scanned with our optimized single-shot GRE-EPI fMRI protocol for rats while
their visual system was stimulated by custom-made LED goggles which scattered a white light into
animals’ both eyes simultaneously.
Given the high signal SNR (SNR0 = 77 ± 8.6; SNRt = 60 ± 11.3) and overall signal stability provided
by our set of sequence parameters, we were able to reliably detect a BOLD response to the visual
stimulus in various parts of the visual pathway in all animals at a 100% response rate. The parametric
maps shown in figure 4.2 represent the results of the second level group analysis. All significantly
active voxels (p < 0.05, FEW corrected) which responded to the LED stimulus are represented by the
colored voxels and are overlaid on our EPI based study specific template. As shown on these group
activation maps (Fig 4.2), the response to our visual stimulus was very specific and restricted solely
to region known to be related to visual processing. The main areas which reached the significance
level were the primary visual area V1 in the rostral part of the brain, the superior colliculus and the
lateral geniculate nucleus (LGN) (Fig 4.2).
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Figure 4.2: Parametric maps of the BOLD response to visual stimulation at the group
level. t-statistics (heat map) are overlaid on our study specific template and thresholded
at t > 2 (equivalent to a p-value > 0.05, FWE corrected). A robust signal in response to the
flashing light paradigm can be seen in different parts of the visual pathway. V1: primary
visual area; s.coll: superior colliculus; LGN: lateral geniculate nucleus.

Undeniably, electrical stimulations via electrodes introduces in the animal’s fore or hind paws have
been so far considered the gold standard when it comes to stimulus evoked fMRI in rodents.
Nevertheless, the approach has been poised with several shortcomings such as brain-wide arousal
effects (particularly in mice) (Schroeter et al., 2014) which interfere with the specificity of the BOLD
response. In the work of Schroeter et al. (Schroeter et al., 2014) one can clearly notice that the
reported BOLD responses to electrical stimulations are not limited to the expected somatosensory
areas, but are rather spread across hemispheres. Generally, it has been observed in the literature
that the extent of the reported responding areas typically depends on the statistical threshold selected
for the display of these parametric maps. A recent study has proposed that the unspecific spread of
the BOLD signal over various brain regions is actually linked to physiological changes in peripheral
circulation and arterial blood pressure upon electrical stimulations (Reimann et al., 2018). In the
current study, we found consistently in all animals no hints of a BOLD response to visual stimulus
outside of the areas highlighted in Fig 4.2. This specificity might be explained by the painless nature
of the visual stimulus (Niranja et al., 2016) as compared to electrical shocks.
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In addition, by extracting the pre-processed signal from all active voxels within the V1, the superior
colliculus and the LGN areas, we obtained animal specific traces which relate to their individual
response to the visual stimulus. The average amplitude of the BOLD signal found in these traces
ranged around 4.1 ± 0.7 % (Fig 4.3) and is in accordance to previous literature reports (Niranja et al.,
2016). As opposed to standard stimulus evoked fMRI experiments making use of electrical
stimulations (Boussida et al., 2017: Schroeter et al., 2014; Petrinovic et al., 2016), the peak signal
amplitude found in our study across each single stimulation block was comparable and within the
same range (Fig 4.3). Indeed, previous studies combining electrical stimulation with a similar block
design have also reported a decrease in the maximum BOLD amplitude in subsequent blocks
highlighting as such a habituation effect of the somatosensory related brain areas (Klingner et al.,
2014).

Figure 4.3: mean BOLD signal average over all 8 rats, in response to our visual stimulation
paradigm implemented as a block design. The individual traces were extracted from all
voxels that passed the significance threshold (p < 0.05) and represented as mean percent
change from baseline ± standard deviation.
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4.1.3 Conclusion
Altogether, these results demonstrate first that the optimized parameters selected in the previous
chapter seem appropriate to be used for future studies making use of stimulus evoked fMRI in rats.
Second, our results suggest that the BOLD response to visual stimulation seems to be overall more
robust and more specific as compared to the one resulting from electrical stimulation, without
triggering any confounding changes in blood pressure or being prone to habituation effects.
Furthermore, the whole experimental setup is overall very easy to be implemented, thus reducing the
extra variability introduced by the positioning of the electric needles in the animal’s paws.
Based on the above mentioned findings, we strongly recommend to use this experimental setup in
future studies, where imaging protocols needs to be optimized for BOLD contrast-to-noise ratio (CNR)
as the method provides very robust reproducibility across animals and sessions. While this holds true
for rats, it seems that others studies in mice have concluded similar outcomes (Niranjan et al., 2016),
opening up the possibility to further expand our means for comparison between mice and rats.
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4.2 Resting state functional MRI in rats

4.2.1 Material and methods
Seven female Lewis rats (Janvier, Le Genest-St. Isle, France) with an average body weight of 250 ±
11 g were used in this second study. Animal preparation was performed following standard protocols
established in our group (Schroeter et al., 2014). In brief, anaesthesia was induced with 4 % Isoflurane
(Abbott, Cham, Switzerland) mixed with oxygen enriched air (in a 4:1 air / oxygen mixture) for 5
minutes. Rats were then endotracheally intubated, positioned on the MR support with the incisor teeth
secured over a bite bar and connected to a mechanical ventilator (Maraltec, Biel-Benken,
Switzerland). The ventilator was set at 50 breaths per minute with a respiration cycle of 25 %
inhalation and 75 % exhalation while isoflurane anaesthesia was reduced to 2 %. Once stabilized on
the cradle, their tail vein was cannulated and each animal received an intravenous (i.v.) injection of
pancuronium (Pancuronium Bromide, Sigma-Aldrich) in combination with medetomidine (Domitor,
medetomidine hydrochloride; Pfizer Pharmaceuticals, Sandwich, UK) dissolved in saline at an equal
bolus volume of 3 ml / kg. 5 minutes afterwards, isoflurane levels were reduced to 0.5 % while a
continuous infusion of medetomidine - pancuronium mixture was started at 3 ml / kg / h. The
corresponding doses were 0.05 mg / kg and 0.5 mg / kg for the bolus and 0.1 mg / kg / h and 0.5 mg
/ kg / h for the infusion of medetomidine and pancuronium, respectively. Body temperature was
monitored with a rectal temperature probe (MLT415, AD Instruments) and kept at 36.0 ± 0.5° C using
a warm-water circuit integrated into the animal support (Bruker BioSpin).

At the end of the MR measurement, animals were taken out of the scanner and placed on a heating
mat. A mild anaesthesia was maintained at 1 - 1.2 % while pancuronium was metabolized. As soon
as animal started showing robust signs of palpebral reflex and spontaneous breathing acts, they were
placed back into their home cage.
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Imaging data were collected on a Bruker Biospec 9 4/ 30 small animal MR system (Bruker BioSpin
MRI, Ettlingen, Germany) operating at 400 MHz (9.4 T). A radiofrequency cross-coil setup (Bruker
BioSpin MRI, Ettlingen, Germany) has been used with a linearly polarized birdcage resonator for
signal transmission in combination with a rat specific phased-array surface coil for signal reception.
Following the system’s adjustments and the routine Tripilot protocol, high anatomical resolution RARE
images (RARE sequence, repetition time TR / effective echo time TEeff = 5500 ms / 26 ms, RAREfactor 8, number of averages = 1, field of view FOV = 30 x 30 mm, matrix dimension = 256 × 256,
spatial resolution = 0.12 x 0.12 mm, slice thickness = 0.75 mm) were obtained in the sagittal and
horizontal direction to allow for the accurate positioning of the functional imaging volume in the
subsequent scans. Shim gradients were adjusted using a field map (TE1 / TE2 = 1.6 / 5.9 ms, FOV
= 35 x 35 x 35 mm, number of averages = 3, resolution = 0.55 x 0.55 x 0.55 mm) and the MAPSHIM
protocol with an ellipsoid reference volume covering the entire cerebrum.
Lastly, BOLD fMRI data were acquired using our optimized single shot gradient-echo EPI protocol
(TR / TE = 1000 / 18 ms, matrix dimension MD = 96 x 68, field of view FOV = 35 x 25 mm, in-plane
resolution = 0.36 x 0.36 mm, 18 slices of 0.6 mm thickness, pulse angle = 54 degrees, number of
repetitions NR = 1200). The resting state fMRI session lasted as such 20 minutes to collection enough
data points for a robust analysis.

fMRI data were pre-processed similarly to the previous chapter, via a custom made shell script with
function from Matlab (Mathworks, Natick, MA, USA), the Analysis of Functional NeuroImage software
(AFNI, NIH Bethesda, MD, USA) and FSL (FMRIB, Oxford, UK). The first step consisted of discarding
the first 10 volumes, after what images were realigned for motion correction and brains were extracted
from the surrounding tissue and skull by running the FSL bet function. Datasets were averaged across
time to create a skull striped mean volume per animal. All 7 mean volumes where then concatenated
together along the fourth dimension. The resulting concatenated dataset was then spatially realigned
and averaged along the fourth dimension to obtain a study specific EPI template. Each individual
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dataset was then non-linearly co-registered to this study specific template. Following brain
normalization, images were smoothed with an in-plane full-width at half maximum of 0.5 mm and high
pass filtered (cut-off frequency = 0.01 Hz) to remove any linear trend present in the data. Next, single
subject Independent Component Analysis (ICA) was performed for each animal using FSL
Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC)
with a number of independent components (ICs) predefined and set to 50. Based on their temporal
power spectrums, their time courses and their thresholder parametric maps, each of one of these 50
components was classified manually into either neuronal or non-neuronal signal (noise). The criteria
used for the classification were similar to the ones described by Zerbi et al. (Zerbi et al, NeuroImage
2015) and Griffanti et al. (Griffanti et al, NeuroImage 2017): components were tagged as noise if they
included (i) spikes in the time series or (ii) signal from regions outside of the brain or (iii) very low (<
0.05 Hz) or very high (> 0,3 Hz) power spectra or (iv) spatial maps including clusters overlapping with
large blood vessels or cerebrospinal fluid. The last step of our data cleaning procedure was to regress
out the components classified as noise from the high pass filtered data to obtain cleaned individual
dataset.

In order to successfully identify and characterize the different large scale functional networks, we
defined 28 different regions that encompassed most of the key brain structures including sensorimotor
cortex, limbic cortex, association cortex, prefrontal cortex, basal ganglia, amygdala, hippocampus,
thalamus, hypothalamus and midbrain regions. ROIs were manually drawn on the above generated
EPI template with FSL by referring to the Paxinos & Watson Rat Brain Atlas (Paxinos and Watson,
2005) and the anatomical RARE images. Binary masks were created for each of the 28 brain regions
collectively forming a regional atlas. To estimate the direct functional connectivity (FC) between the
28 defined brain regions and to construct functional connectivity networks, mean BOLD signal time
courses were extracted from each ROI by taking the mean over all voxels within that region, using
the fslmaths function. To estimate the direct functional connectivity between all the defined brain
regions a correlation analysis was performed using the standard Pearson product-moment formula
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(Biswal et al. 1995) yielding a subject level functional connectivity matrix representing the direct
synchronicity level of BOLD low frequency fluctuations within each ROI pair of brain regions. Finally,
Fischer’s z transformation was utilized to convert correlation coefficients into z-scores to improve the
normality (Fox et al., 2005).

4.2.2 Results and discussion
Spontaneous BOLD fluctuations were measured in 7 rats which were mechanically ventilated and
anesthetized under a mixture of medetomidine and isoflurane according to the findings in our group
regarding particularly the effect of anaesthesia on low frequency fluctuations (Grandjean et al., 2014).
Our goal, here, was to examine whether our optimized GRE-EPI protocol would offer high and robust
signal stability properties to reliably detect functional connectivity networks in the rats’ brain.
After an efficient data cleaning approach (Zerbi et al., 2015) which removed a majority of confounding
effects such as the physiological noise, animal’s motion residues and non-neuronal related signal
artefacts, we constructed a fully-connected large-scale networks matrix based on Pearson partial
correlation coefficients between the time courses of 28 ROIs encompassing almost the entire rat
brain. As such, we found that the analogous brain areas of the rat show bilaterally synchronous
hemodynamic fluctuations.
Figure 4.4 and 4.5 respectively represent, the mean z-scores and the related standard deviations
representing the strength of functional connectivity between brain region pairs extracted from our
anatomical atlas. Similar to other previous results in rats (Pawela et al., 2008; Pan et al., 2018), our
mean functional connectivity matrix highlights a few network hubs with strong connections to diverse
brain regions and also some with weaker connections. Among these hubs, the main one comprised
the majority of the isocortical regions in our atlas which included the cingulate area (Cg), prelimbic
(PrL), primary (M1) and secondary (M2) motor areas, the primary (S1) and secondary (S2)
somatosensory areas, the retrosplenial cortex (RS), the auditory cortex (AU), the orbitofrontal cortex
(OF), the insular cortex (Ins), the visual cortex (V), the parietal association cortex (PtA) and the
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temporal association cortex (TeA). Besides this main cortical hub, we also found a strong synchrony
between the areas in the striatum: the caudate putamen (CPu), the nucleus accumbens (Acb) and
the olfactory tubercle (Tu), and the above mentioned isocortical areas. Similarly, we found a strong
correlation between the isocortex and the global and ventral pallidus.
Interestingly, we did not observe a strong functional connectivity between the isocortex and thalamus
and neither between the midbrain and the isocortex despite their major role in the brain (Liang et al.,
2013). This might be related to the use of medetomidine in our anaesthetic mixture, as previous
reports, also in rats have linked the medetomidine anesthesia to the absence of thalamo-cortical
connectivity (Fukuda et al., 2013).
Finally, despite the relatively small animal number in these experiments, we demonstrated that the
chosen parameter set for our GRE-EPI protocol allow for a robust assessment of bilaterally
synchronous hemodynamic fluctuations in the rat brain through low standard deviation of the various
z-score shown in figure 4.5. The higher variability was found in areas prone to image distortion and
where the results from the co-registration are questionable (e.g. auditory cortex, temporal association
area).
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Figure 4.4: Functional connectivity matrix representing the mean z-scores averaged over
all 7 animals and associated with the correlation coefficient found between the BOLD time
courses extracted from each of the 38 ROIs found in our atlas.
Cg = cingulate area; PrL = prelimbic; CPu = Caudate putamen; M2 = primary motor area;
M1 = secondary motor area; S1 = somatosensory area; S2 = somatosensory area 2; Acb =
nucleus accumbens; SN = substantia nigra; VTA = Ventral tengmental area; RS =
retrosplenial cortex; AU = auditory cortex; Tu = olfactory tubercle; OF = orbitofrontal cortex;
Ins= Insular cortex; BST = bed stria terminalis; hcAD = antero-dorsal hippocampus; hcPD =
postero- dorsal hippocampu; hcV = ventral hippocampus; Sub = subiculum; VMT =
ventromedial thalamus; MDT = mediodorsal thalamus; DLT = dorsolateral thalamus; HypT
= hypothalamus; Amyg = amygdala; PAG = periaqueductal gray; SC = superior colliculus;
IC = inferior colliculus; Ent = entorhinal area; Pir = Piriform area; GP = global pallidus; PtA
= parietal association area; V = Visual cortex; TeA = temporal association area; VP = ventral
pallidus; Hb = Habenula; Pons = pons; ON = olfactory nucleus.
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Figure 4.5: Matrix representing the standard deviation associated to the z-scores in figure 4.4,
averaged over all 7 animals. Voxels with higher standard deviation are typically located close to
area experiencing higher level of distortions, making anatomical co-registration difficult.
Cg = cingulate area; PrL = prelimbic; CPu = Caudate putamen; M2 = primary motor area; M1 =
secondary motor area; S1

somatosensory area; S2 = somatosensory area 2; Acb = nucleus

accumbens; SN = substantia nigra; VTA = Ventral tengmental area; RS = retrosplenial cortex; AU
= auditory cortex; Tu = olfactory tubercle; OF = orbitofrontal cortex; Ins= Insular cortex; BST = bed
stria terminalis; hcAD = antero-dorsal hippocampus; hcPD = postero- dorsal hippocampu; hcV =
ventral hippocampus; Sub = subiculum; VMT = ventromedial thalamus; MDT = mediodorsal
thalamus; DLT = dorsolateral thalamus; HypT = hypothalamus; Amyg = amygdala; PAG =
periaqueductal gray; SC = superior colliculus; IC = inferior colliculus; Ent = entorhinal area; Pir =
Piriform area; GP = global pallidus; PtA = parietal association area; V = Visual cortex; TeA =
temporal association area; VP = ventral pallidus; Hb = Habenula; Pons = pons; ON = olfactory
nucleus.
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4.2.3 Conclusion
In the previous chapter, we explored the parameter space for fMRI in rats and defined a set of
parameters that we believe is optimal for such applications, which resulted in a method providing
generally a high signal stability combined with a minimized level of distortion. Next, in order to test
the suitability of the proposed method for resting-state fMRI, we used it in a small group of seven
Lewis rats and managed to reproduce the connectivity patterns found by others in the past, with a
relatively low standard deviation across animals thus proving its robust sensitivity. Nevertheless, to
further validate the proposed method and its applicability, one need to test it in the context of disease
models and judge if it can reliably detect changes in functional connectivity in various disease models
and be sensitive enough to detect changes due to pharmacological modulations. The next chapters
will concentrate on this particular aspect.
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5. Investigating de- & remyelination in the cuprizone mouse
model using multimodal MRI

Given the initial results obtained with our optimized set of parameters for rat fMRI, we wanted to
further evaluate the potential of this method to characterize the functional connectivity phenotype of
an animal model of neurological disorder as well as its suitability to monitor changes due to
pharmacological modulations. For that purpose, we designed a treatment study in the cuprizone
mouse model to investigate the changes in the animals’ connectome related to the effects of
demyelination and remyelination.

5.1 Introduction
Myelin is an essential component of the vertebrate healthy nervous system. It is composed of protein
and lipid layers that tightly wrap neurons, enabling an accelerated conduction of nerve impulses
together with a reduced energy requirement (Nave & Werner, 2014). In the human central nervous
system, several debilitating diseases are secondary to myelin damage, the most frequent being
multiple sclerosis (MS), where recurrent episodes of cortical and white-matter demyelination result in
neuro-axonal degeneration. As a result, demyelination has been associated with disease progression
and subsequent cognitive impairment. Indeed, physiopathological consequences of axonal
demyelination did not only result in conduction block, which causes neurological symptoms, but also
in a deprivation in metabolic supply and trophic support for neurons, that will finally contribute to
neurodegeneration (Nave et al., 2010; Fünfschilling et al., 2012, Lee et al. Nature 2012).
Remyelination, which is usually a spontaneous endogenous process, is achieved when myelinproducing oligodendrocytes are generated from oligodendrocyte precursor cells (OPCs). Even though
these precursor cells are abundant in MS brains, their regeneration capacity appears to be limited.
Consequently, promoting myelin repair has been a crucial therapeutic challenge in MS. Not only
should it allow restoration of normal conduction and functional recovery, it may also prevent axonal
and neuronal degeneration.
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Currently approved MS therapies aim at reducing the number of attacks or relapses by targeting the
inflammatory component of the disease (Cree et al., 2019). An example of such a drug is Betaferon
(Rio et al., 2005). Betaferon (interferon beta 1b) is a disease modifying drug that reduces the number
and severity of relapses. It acts by balancing the expression of pro- and anti-inflammatory agents in
the brain and reduces the number of inflammatory cells that cross the blood brain barrier (Kieseier et
al., 2011). Moreover, it is also thought to increase the production of nerve growth factor and
consequently improve neuronal survival (Kieseier et al., 2011). Despite the multiple options that MS
patients have so far, none of these approved drugs has proven to have the capacity to modulate any
components of the myelin repair mechanisms.
Based on last decade’s remarkable advances in our understanding of the underlying biology behind
myelin repair, a large number of new therapeutic compounds, currently under investigation for their
repair capability, have emerged (Dubessy et al., 2014; Harlow et al., 2015; Bove et al., 2017, Kremer
et al., 2018). Among these, clemastine fumarate is the most robustly validated compound with
remyelinating capacity to date. Clemastine is an old generation antihistamine (H1 receptor antagonist)
and M1/ M3 muscarinic receptor reverse antagonist that was found through a high-throughput
functional in-vitro screening system for compounds that promote OPC proliferation or oligodendrocyte
differentiation (Li Z et al., 2015). Its efficacy has been validated in-vitro and in-vivo, in different animal
models (Mei et al., 2014; Mei et al., 2016), particularly in the cuprizone model of demyelination where
clemastine fumarate was found to promote remyelination (Li Z et al., 2015).
Several animal models have been used to help better understand the mechanism underlying multiple
sclerosis over the years. The most widely used ones are the popular experimental autoimmune
encephalitis (EAE) (Rivers et al., 1933), Theiler’s virus‐induced encephalitis (Miller et al., 1997) and
the cuprizone model (Blakemore, 1974; Torkildsen et al., 2008).
The cuprizone model (Blakemore et al., 1974; Torkildsen et al., 2008; Vega-Riquer et al., 2019) is a
model of toxic demyelination where young adult mice are fed with the copper chelator cuprizone (bis‐
cyclohexanone oxaldihydrazone) which has been well characterized (Kipp et al., 2009; Liu et al.,
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2010). This gliotoxic agent alters the functions of oligodendrocyte mitochondria resulting in cell death
(Morell et al., 1998; Mason et al., 2001) and leads to a subsequent reversible demyelination
throughout the brain (Fig 5.1). A key feature of this model is that following withdrawal of cuprizone
from the food chow, remyelination takes place spontaneously (Lindner et al., 2008, Skripuletz et al.,
2011), thus making the cuprizone model an excellent model for studying factors which can prevent
demyelination and stimulate remyelination.
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Figure 5.1: Illustration of the effect of the copper chelator cuprizone on the mouse brain. In basal
condition (left panel), the oligodendrocytes wrap around the axon to form the insulating myelin sheath.
Upon administration (middle panel), cuprizone leads to oligodendrocytes death thus shifting the
balance towards a stronger demyelination. In that phase myelin debris are present in the vicinity of
the demyelinating axons. After cuprizone withdrawal (right panel), spontaneous remyelination occurs.
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The proper characterization of the processes underlying demyelination and remyelination requires
methods that can monitor the myelin dynamics in living systems. In that context, MRI has proved to
be an efficient tool to follow the disease progression and monitor the effect of interventions, as several
different MRI techniques have been used to visualize the effect of copper chelator on the white matter
of mice (Fig 5.2).

Figure 5.2: Summary of the main results found in the cuprizone model and replicated by many
groups so far. The upper left panel shows the effect of 6 weeks of cuprizone diet on the corpus
callosum. Strong demyelination has occurred, as measured by Myelin Basic Protein (MBP) staining.
The upper right panels highlight high-resolution T2-weighted images in which the anatomical
structure of the corpus callosum after 6 weeks of cuprizone feeding, has disappeared. The two bar
plots in the lower panels shows the effect of cuprizone on the magnetization transfer ratio (MTR) and
on fractional anisotropy measured in the corpus callosum. The gray bar represent the control group
whereas the dark blue bars represent the cuprizone treated group.
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These methods include T2-weighted imaging which showed enhanced signal in demyelinated regions
(Merkler et al., 2005; Thiessen et al., 2013), magnetization transfer imaging (Zaaraoui et al., 2008;
Turati et al., 2015) demonstrating a decrease in magnetization transfer ratios after demyelination and
its recovery after remyelination, spectroscopy (Orije et al., 2015) pointing to reversible changes in key
metabolite levels such as N-acetylaspartate, choline, glutamate and taurine or diffusion-weighted
imaging (Song et al., 2005; Sun et al., 2006; Wu et al., 2008; Boretius et al., 2012; Zhang et al., 2012)
revealed an increase in radial diffusivity (RD) and a decrease in fractional anisotropy (FA) in areas
where demyelination occurs. More recently, new MR techniques such as diffusion kurtosis imaging
(Jelescu et al., 2016) measuring the white matter integrity and resting-state fMRI (Hubner et al., 2017)
looking at the effect of demyelination on functional networks, have been used to further phenotype
the cuprizone model with the hope that their use can reveal patterns that might be used as imaging
biomarkers. In parallel, others studies have also used MRI to monitor how compounds such as
fingolimod (Ziser et al., 2017) or hormones (Acs et al., 2008; Harsan et al., 2008) can stimulate
remyelination or prevent demyelination in this animal model.
In the present work, we combined resting state fMRI with diffusion weighted imaging and
spectroscopic imaging to investigate the potential remyelinating effect of clemastine fumarate while
using Betaferon and phosphate-buffered saline (PBS) as controls in mice treated for six weeks with
the gliotoxic agent: cuprizone.

5.2 Material and methods
Studies were conducted on 36 male C57BL / 6N mice (25 g - 3 months old) and were carried out on
a BioSpec 94 / 30 (Bruker BioSpin MRI GmbH, Ettlingen, Germany) small animal MR system
equipped with a cryogenic quadrature coil used for transmission and signal reception (Bruker BioSpin
AG, Fällanden, Switzerland). All animals were fed for 6 weeks with milled chow (Provimi Kliba AG,
Switzerland) containing 0.2 % cuprizone (Sigma-Aldrich, Germany) to induce a robust demyelination
throughout the brain (Torkildsen et al., 2008). Thereafter, the animals were placed on a cuprizone
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free diet for another 6 weeks to allow for spontaneous re-myelination. All animals underwent a
baseline MRI session at the start of the cuprizone diet and were then imaged every 3 weeks for 12
weeks (6 weeks of cuprizone plus 6 weeks of recovery) (Fig 5.3).

5.2.1 Experimental design
Right after the cuprizone diet was discontinued (6 weeks after study initiation), animals were divided
into three different groups and were treated for 6 weeks with either Clemastine, Betaferon or PBS
(used as a control). Clemastine (Sigma-Aldrich, Buchs, CH) was injected i.p. at a dose of 10 mg / kg
per day. Likewise, PBS was injected daily i.p. with an injection volume that matched to the clemastine
one. Betaferon (Bayer Schweiz AG, Zurich, CH) was injected a fixed dose at 5 ug per mouse s.c. over
the flank twice per week. Given the large sample size and for convenience reasons, the clemastine
dose was based on the averaged group body weight and was adapted weekly. Animals were housed
in groups of 5 per cage while trying to avoid mixing groups within the same cage as much as possible
in order to minimize handling mistakes.

Figure 5.3: Summary of the experimental Study design. 36 animals were placed on a cuprizone
diet for 6 weeks to induce a robust demyelination throughout the brain. After 6 weeks, animals were
divided into three different groups: one control arm with PBS (green), one negative control arm with
the anti-inflammatory agent: Betaferon (red) and one treatment arm with a potentially remyelinating
drug: clemastine (orange). Animals were first imaged at baseline and then followed every 3 weeks
until the completion of the study.
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5.2.2 Animal preparation
Isoflurane 4 % was used for inducing anesthesia in a 1:4 mixture of oxygen / air for 4 minutes. Mice
were then endotracheally intubated and positioned on the MR support, under 2.0 % Isoflurane, with
the incisor teeth secured over a bite bar. Animals were connected to a pump (Maraltec, Biel-Benken,
Switzerland) and mechanically ventilated with 80 breaths per minute with a cycle of 25 % inhalation
and 75 % exhalation and 1.8 mL inspiration volume. Once stabilized on the cradle, a bolus of
medetomidine hydrochloride (0.1 mg / kg) was administered subcutaneous (s.c.) in the abdomen,
while another s.c. injection of a muscle relaxant (pancuronium bromide) was delivered at a dose of
0.05 mg / kg in the flank. After 5 minutes, isoflurane anesthesia was reduced to 0.5 % and combined
with a s.c. continuous infusion of medetomidine at 70 ul / hr as the combination of isoflurane and
medetomidine has been shown to be optimal for resting state measurements in mice (Grandjean et
al., 2014). The medetomidine infusion was then stopped at the end of the resting state scan and
isoflurane levels were set at 1.5 % for the remaining part of the experiment. This was driven by the
need to perform spectroscopic imaging under isoflurane because of the vasoconstrictive effect of
medetomidine. Body temperature was monitored using a rectal probe and maintained at 36 ± 0.5
degrees during the course of the experiment. On termination of MRI experiments, animals were
placed on a heating map for recovery while still ventilated at 1 % isoflurane until the effect of
pancuronium bromide has worn off.

5.2.3 Imaging protocol
Imaging was carried out on a Bruker BioSpec 94 / 30 small animal MR system (Bruker BioSpin MRI,
Germany) equipped with a gradient system yielding a maximum gradient strength of 660 mT / m and
a slew rate of 4500 T / m /s, and operating at 400 MHz (9.4 T) under ParaVision 6.0. In addition, a
cryogenically cooled quadrature coil was used for signal transmission and signal reception (Bruker
BioSpin AG, Fällanden, Switzerland).
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After a Tripilot scan for animal positioning and a battery of adjustments (including reference power
adjustment, necessary for the type of transmitter coil used), 13 coronal, 20 sagittal slices (RARE
sequence, TR / TE = 3500 / 13 ms, data matrix = 300 x 200, FOV = 20 x 14 mm, slice thickness = 0.5
mm, pulse angle = 90 degrees, RARE factor = 8, averages = 1) and 30 axial slices (RARE sequence,
TR / TE = 3500 / 13 ms, data matrix = 250 x 200, FOV = 15 x 15 mm, slice thickness = 0.4 mm, pulse
angle = 90 degrees, RARE factor = 8, averages = 1) were recorded as anatomical references. Shim
gradients were adjusted using a field map (TE1 / TE2 = 1.6 / 5.9 ms, FOV = 25 x 25 x 25 mm,
NAverages = 2, resolution = 0.39 x 0.39 x 0.39 mm, flip angle = 30) and the MAPSHIM protocol with
an ellipsoid reference volume covering the entire cerebrum.

Based on the findings in the first part of this dissertation regarding the parameter space for fMRI in
rats, we inferred what the parameter space for mice would be and selected a set of parameters that
we considered to be optimal for functional mouse imaging. fMRI data were then collected using this
particular mouse optimized single shot gradient-echo EPI protocol without any saturation slice or
partial-Fourier acceleration (TR / TE = 1000 / 16.5 ms, MD = 80 x 60, FOV = 20 x 15 mm, in-plane
resolution = 0.25 x 0.25 mm, 18 slices of 0.35 mm thickness, pulse angle = 54 deg, NRep = 1200).
An example of the achieved data quality can be seen in figure 5.4. As such, the resting state fMRI run
lasted for 20 minutes in order to collect a large number of data points.
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Figure 5.4: example of a mouse brain volume acquired with our optimized single-shot gradient
echo EPI sequence for mice highlighting the overall fMRI data quality (in terms of signal amplitude
and geometrical distortions) that was achieved in this experiment.

Diffusion weighted imaging (DWI) was then conducted using multi-shot diffusion tensor imaging EPI
sequence, 4 segments, TR / TE = 1500 / 24.6 ms, FA = 90°, MS = 90 × 50, FOV = 18 × 10 mm,
spatial resolution = 0.2 x 0.2 mm, 28 continuous slices, slice thickness = 0.4 mm, no slice gap, number
of averages = 2, 5 volumes acquired with b = 0 s / mm 2, followed by 64 direction-encoded volumes
with b-value = 1000 s / mm2 (for data quality, see figure 5.5). The whole DWI scan took 14 minutes
to be completed.
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Figure 5.5: example of a Diffusion Weighted Imaging volume acquired in a single mouse from our
study. The images represents the overall raw data quality that we achieved in this experiment.

Finally, single voxel 1H magnetic resonance spectroscopy (MRS) was performed for 12 minutes in a
volume of interest placed in the cerebellum (Fig 5.6) (voxel dimensions: 4 × 2 × 0.8 mm - volume 6.4
µl) using a STEAM sequence (Frahm et al., 1989) with the following parameters: TR = 3000 ms, TE
= 4.6 ms, 250 averages. VAPOR was used for water suppression and Fieldmaps were acquired for
1st and 2nd order shimming. The decision to study the cerebellum was based on the idea that a voxel
placed in there would have a higher proportion of white matter within it, as compared to a voxel of the
same size located around the corpus callosum (typically 35 % white matter- 65 % gray matter (Orije
et al. 2015)).
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Figure 5.6: Spectroscopic volume of interest (green box) overlaid on a sagittal, axial and coronal
image, illustrating where the volume of interest was positioned within the animal’s cerebellum.
The total scan time per animal was about 90 minutes. Altogether this study represented a total of 270
hours of scanning and 1150 injections.

5.2.4 Data analysis
All data were preprocessed using a custom made shell script with function from mainly Matlab
(Mathworks, Natick, MA, USA), the Analysis of Functional NeuroImage software (AFNI, NIH
Bethesda, USA), FSL (FMRIB, Oxford, UK) and MRtrix (v.0.3.16, https://mrtrix.readthedocs.io/).

T2-weighted data analysis
As previous studies have observed a robust effect on T2 (Guglielmetti et al., 2016) and T2-weighted
(Thiessen et al., 2013; Wang et al., 2019) values in the corpus callosum upon demyelination, we
decided to extract T2-weighted values from our RARE images to confirm the proper implementation
of the model. First, all RARE volumes acquired at baseline with an axial orientation were concatenated
across time in one single 4D dataset. The different brains were spatially realigned to the first volume
and the resulting dataset was then averaged along the 4th dimension to create a study specific
anatomical template. All axial RARE images were then normalized to this anatomical template using
linear affine and nonlinear greedy SyN diffeomorphic transformation metric mapping conducted with
ANTS (Advanced Normalization Tools 2.1.0, picsl.upenn.edu/software/ants). T2-weighted values
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were extracted from 25 different regions of interest (ROI), drawn manually on each side, left and right,
of our template by using the Allen mouse brain atlas (Lein, E.S. et al., 2007) as a reference. These
ROIs included areas such as the corpus callosum (CC), the fimbria (fi), the internal capsule (ic), the
optic nerve (on), the cerebellum (cereb), the thalamus (th), the striatum (str), the lateral ventricle (vent)
and the temporalis muscle (musc). Finally, all in-vivo T2-weighted values were normalized to the
mean value found in the temporalis muscle and expressed as percent change from baseline.

fMRI data Analysis
After discarding the first 10 volumes to allow for the stabilization of the BOLD signal, each subject’s
fMRI data were correct for the bias field (Juntu et al., 2005) because of the intensity variation resulting
from the use a surface coil, spatially realigned to the middle volume to correct for motion using
3dvolreg (AFNI) and then averaged over time using 3dMean (AFNI) to obtain a mean volume with
more pronounced and clear anatomical features. This volume was subsequently used for the
segmentation and removal of all non-brain areas, and for the direct co-registration to the Australian
Mouse Brain Mapping Consortium (AMBMC, http://www.imaging.org.au/AMBMC) template, using
ANTS.

Based on the work of Zerbi et al. (Zerbi et al. 2015), fMRI time series are best cleaned from unwanted
signals using FIX (FMRIB's ICA-based Xnoiseifier, v1.062 beta). For that purpose we generated a
study specific classifier by using a mixture of animals from a precedent pilot study performed in
preparation for this one (n = 8) and acquired with the same fMRI and anesthesia protocol, and animals
from this study scanned at baseline (n = 12). Spatial Independent Component Analysis (ICA) was
conducted on the GRE-EPI data from each of these subjects and the resulting components were then
manually classified as either, noise, signal or unknown, based on the criteria described in Zerbi et al.
(Zerbi et al, 2015) and Griffanti et al. (Griffanti et al, NeuroImage 2017), in order to train our FIX
classifier.
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Once the classifier validated, a spatial ICA analysis was carried out on all individual rs-fMRI scans in
the present study and all independent components automatically classified as non-neuronal signals
(noise) were regressed out by the FIX method referenced above. Despite the automation, all FIX
estimates were visually inspected one by one for all subjects at every single time points to assure the
robustness of our denoising strategy. If needed, the classification of particular components was
modified manually in case of discrepancy.

Cleaned fMRI data were then analyzed with different methods proposed for the exploration of large
scale network features: (i) a standard network analysis based on the Pearson correlation coefficients
(later on, Fischer’s z transformed (Fox et al., 2005) to normalize the distribution) between the time
courses extracted from either a functional atlas based on the group ICA results at baseline or the 122
ROIs of the AMBMC atlas, (ii) FSLNets (v0.6, www.fmrib.ox.ac.uk/fsl)) analysis of between-network
effects based on the full correlation matrices calculated after removal of the mean signal, (iii) seedto-voxel connectivity or seed based analysis with small seed regions (3 × 3 × 1 voxels) manually
drawn in the cingulate cortex (Cg), the prefrontal cortex (Pfc), the primary motor area (pMc) and the
thalamus (Th) from which a mean time course was extracted and used as a reference to compute
cross-correlation coefficients with the corresponding time courses from every voxel in the brain
(Biswal et al., 1995), (iv) and lastly a group spatial ICA analysis which extracts independent signals
from a source signal and blindly separated the data into spatially independent components (IC)
(Calhoun et al., 2001)..

To assess the image quality over time, 8 randomly selected animals were used to measure signal
related metrics across sessions. Static and temporal SNR were measured from two manually drawn
ROIs in the left and right somatosensory cortex, based on the formula described in Friedmann et al.
(Friedman et al., 2006).
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Diffusion weighted imaging data analysis
The 5 first volume from all subjects at baseline (these are the ones with the highest anatomical
contrast - b-value = 0 s / mm2 (b0)) were used to generate a study template using a similar
methodology as for the anatomical T2-weighted template and a brain mask. The bias field was
estimated for each animal on the b0 images and the correction was then applied to the entire dataset.
After correcting the diffusion weighted images for eddy current (Irfanolgu et al., 2018), fractional
anisotropy maps (FA), mean diffusivity (MD) and radial diffusivity (RD) maps were calculated from the
eigenvalues of the estimated diffusion tensor. With the goal of exploring the effect of cuprizone on the
number of fibers in the brain, we used MRtrix’ constrained spherical deconvolution with spherical
harmonic order 4, to obtain fiber orientation distributions (Tournier et al., 2007) and generate
tractography maps as well as track density (TD) maps for each subject. The density of fibers was
further used as a quantitative parameter for evaluating the microstructural brain modifications. Finally,
all b0 volumes were co-registered to our study template using ANTS and the resulting transformation
estimates were applied to all parametric maps to register the individual maps in a standard space.
ROI masks were manually draw on selected while matter fibers and gray matter regions based on the
anatomical landmarks and the previously drawn atlas in the T2-weighted analysis section. FA, MD,
RD and TD values were extracted by taking the mean value from each single ROI in our atlas.

Spectroscopic data analysis.
A total of 26 metabolites were included in the basis set of LCmodel (Provencher, 1993) and quantified.
These metabolites included: alanine, aspartate, creatine (Cr), phosphocreatine (PCr), γ-aminobutyric
acid

(GABA),

glucose

(Glc),

glutamate

(Glu),

glutamine

(Gln),

glutathione

(GSH),

glycerophosphorylcholine (GPC), phosphorylcholine (PCh), Inositol (Ins), lactate, N-acetylaspartate
(NAA), N-acetylaspartylglutmate (NAAG) and taurine (Tau). Besides this set of brain metabolites,
LCModel included 5 macromolecules and 3 different classes of lipids (Pfeuffer et al., 1999). Absolute
concentrations (in μmol / g) were determined relative to an unsuppressed water signal acquired from
the same volume of interest.
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5.3 Results
After completion of this 12 weeks experiment, we reported a high survival rate of 84 % (30 out of 36
animals) given that 3 animals died because of seizures like symptoms once taken out of the scanner
after the 4th time point at week 9, 1 animal died in its cage between week 9 and week 12 (unknown
reason), 1 died at baseline while waking up from anaesthesia and the last one passed out between
week 6 and week 9 (unknown reason).

Upon cuprizone treatment, all animals lost in average 8.2 % of their body weight at week 3 and then
slowly started re-gaining weight so that their average body weight was down by 6.7 % at the end of
the cuprizone diet (at 6 weeks) (Fig 5.7) compared to baseline. This increase in body weight continued
during the second phase where animals were placed back on a normal diet. While the rate of body
weight gain in the two control groups (PBS and Betaferon) was comparable, mice treated with
clemastine fumarate showed a slower profile in which their averaged body weight during the
remyelination phase was about 1.3 g less than the other two groups (Fig 5.7).

All datasets were inspected visually for data quality control purposes. Overall we achieved a very high
data quality with 94 % of data being considered evaluable. The missing 6 % were due to animals that
dropped out during the course of the study. In terms of SNR, the static and temporal SNR were
measured for each MRI session in a subset of 8 subjects on their single shot gradient-echo EPI data.
Overall we found a static SNR of 95.8 ± 3.6 and a temporal SNR equal to 67.4 ± 2.9 across the all
animals and time points (Table 5.1). The very low standard deviation demonstrates the high level of
reproducibility and consistency in the present data of this study, particularly for the fMRI part.

87

de-myelination

re-myelination

Figure 5.7: Box plot representing the averaged body weight per group across times. The control
group is in green, the Betaferon group in brick and the clemastine group in yellow. As the clemastine
and PBS doses were adjusted weekly during the second phase of the study (from week 6 to week
12), these two groups were weighted weekly whereas the betaferon groups was only weighted at
the beginning of imaging session (since dose was kept constant throughout the entire treatment
period). This explains the fewer data points in the betaferon group.

5.3.1 The effect of cuprizone-induced demyelination in the brain
The reason why we extracted T2-weighted values from the RARE images was to verify that the animal
model was correctly implemented and that the copper chelator was having the expected
demyelinating effect on the brain. At the 3 and 6-weeks time point, T2-weighted values in the corpus
callosum and the cerebellum were significantly different from the baseline level (week 0) across all
animals and in a reproducible manner. As such we observed a 9.3 % increase in the T2-weighted
signal intensity (normalized to the temporalis muscle) in the corpus callosum at week 3 and an overall
26 % increase at the end of the cuprizone diet (week 6). Myelin’s high content of lipids and proteins
typically results in a low signal intensity. Here, because of cuprizone’s effect on the brain, areas of
strong demyelination tend to have a higher T2-weighted value as compared to baseline. Visually, the
demyelinating effect of cuprizone was particularly visible on the corpus callosum where its structure
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becomes less visible during demyelination as its T2-weighted value got closer to the one of the
surrounding cortical masses (Fig 5.9).

This results gave us a first qualitative estimation of the myelin damage. Based on the values extracted
from some of the main white matter tracts and gray matter regions, the corpus callosum, together with
the cerebellum are the ones that expressed the highest increase in T2-weighted value. A similar trend
was present in T2-weighted values extracted from the striatum, the thalamus, the parietal cortex, the
amygdala, the thalamus, the piriform cortex and the fimbria. All in all, the effect of cuprizone on the
mouse brain appeared to be consistent between groups as no significant differences were found.

To further validate the extent of the demyelination related effects of cuprizone in the mouse brain, we
used diffusion weighted imaging with 64 different gradient directions to estimate the diffusion-related
tensor and extract fractional anisotropy, axial and radial diffusivity values that provide additional
information on the orientation and size of the nerve fibers in the mouse brain (Guglielmetti et al.,
2016). Similar to what we observed in the T2-weighted RARE images, the DWI-related metrics
demonstrated that the gliotoxic agent cuprizone had a significant effect on the corpus callosum and
the cerebellum while other brain areas such as the internal capsule, the caudate putamen, the primary
motor cortex, the primary somatosensory cortex and the prefrontal cortex, were also found significant
even though they seemed less affected.

We found a significant decrease in FA values in the different parts of the corpus callosum at week 3
already. The effect on FA was even more pronounced at week 6, reaching a maximal decrease of 5.4
% compared to baseline (Fig 5.11). The evolution of FA in the cerebellum was comparable, even
though the amplitude was lower (mean FA in CC = 0.34 ± 0.06 and mean FA in cerebellum = 0.40 ±
0.1 at week 6) (Fig 5.11).
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Table 5.1: Summary table of static (SNR) and temporal (SNRt) signal-to-noise ratios across sessions
in 8 randomly selected animals. The high values in this table demonstrates the excellent overall signal
stability in our fMRI data and the low variability across time shows the consistency in data quality.

Table 5.2: Group mean fractional anisotropy in the caudate putamen (Cpu), the fimbria (fi), the primary
(S1) and secondary (S2) somatosensory cortex and in the primary motor cortex (pMC) for the
betaferon (beta), the clemastine (clem) and the PBS group (control).
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Figure 5.8: Box plots representing the evolution of normalized T2-weighted signal intensity values
during demyelination (blue) and remyelination (red) in different brain regions: the piriform cortex, the
fimbria, the thalamus, the striatum, the corpus callosum and the cerebellum. All signal intensity values
have been normalized to the T2-weighted value found in the temporalis muscle. The green, brick and
orange colors represent the different groups.
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Figure 5.9: Example of a single slice collected with a high resolution T2-weighted RARE sequence
in 3 different animals at the different time points in this study. The effect demyelination (blue) and
remyelination (red) can be seen on the corpus callosum (white arrow), where its anatomical
structure has completely vanished at week 6 but it identifiable again at week 12.

Because the myelin sheath wraps neurons around their axons (Fields, 2014), demyelination should
have a larger impact on radial diffusivity (perpendicular to the axon) than on axial diffusivity (along
the axon). In the course of the 6 weeks of cuprizone treatment, we observed a strong effect on RD in
the cerebellum that was particularly pronounced at the third imaging time point (week 6). Other brain
areas such as the fimbria, the primary and secondary somatosensory cortices, the primary motor
cortex but not the secondary and the caudate putamen showed to some extent a similar evolution
(Table 5.2-3). Interestingly, the corpus callosum had a different time course with a strong decrease
(6.7 % from baseline) in RD at week 3, followed by a strong increase (9.8 %) above the baseline value
at the last measurement prior to discontinuation of cuprizone treatment. Axial diffusivity values, on
the other hand were not significantly affected by the demyelination process apart from the corpus
callosum and the dHC whose values dropped by 8.0 % and 27 % respectively at week 3 before
returning to their baseline value at week 6. On the gray matter side, only the S1 and S2 regions
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seemed to be expressing a mild effect on AD (2.1 % and 1.7 % respectively). Lastly, no changes in
either AD or RD were observed in the optic nerve.
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Figure 5.10: Group averaged functional connectivity matrix at baseline representing the z-score
related to correlation coefficient calculated between regions in the left and right hemispheres. The
ROIs were taken from the AMBMC atlas. A definition of the different abbreviations can be found on
the AMBMC website: https://imaging.org.au/AMBMC/AMBMC.
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Figure 5.11: Box plots representing the evolution of the fractional anisotropy (upper panel), axial
diffusivity (middle panel) and radial diffusivity (lower panel) in the corpus callosum (left) and the
cerebellum (right) during demyelination (blue) and remyelination (red). The green, brick and orange
colors represent the different groups.
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As we acquired DWI data with a large number of different gradient orientations, we could make use
of the available 3D modeling techniques to reconstruct and visualize the nerve tracts in the brain using
the previously calculated diffusion tensor to perform tractography. It was also possible to extract a
track density measure from each individual tractograms, which related to the number of estimated
nerve tracts passing through a single voxel. While we did not see any obvious effect of demyelination
on the tractograms themselves (Fig 5.18), we found a 11.3 % transient increase in track density values
in the corpus callosum at week 3, which is specific to this region and not visible anywhere else in the
mouse brain (Fig 5.12).
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Figure 5.12: Example of a parametric map showing track density values measured out of the
tractograms generated from the diffusion tensor estimation, in 3 different animals for the different
imaging sessions. The corpus callosum shows a transient increase in the track density value at
week 3, which disappears at week 6. This observation is further demonstrated in the box plot
representing the numerical values extracted from the corpus callosum during demyelination (blue)
and remyelination (red). The green, brick and orange colors represent the different groups.
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The consistently high spectral quality of our 1H MR spectra, expressed through the flat baseline, the
high SNR, the good resolution and the low Cramer-Rao Lower Bound (CRLB) percentage (Fig 5.13),
allowed us to reliably quantify a total of 26 neurochemicals including 3 classes of lipids and 5
macromolecules from a volume in interest centered in the cerebellum. As an example, figure 5.13
shows a spectra from a single animal at baseline that is representative of the overall cerebellar
spectral quality that we achieved in this study. During the cuprizone diet (week 3 and week 6), we
observed a consistent and significant decrease in levels of glucose (Glc), glutathione (GSH),
glycerophosphorylcholine (GPC), inositol (Ins), N-acetylaspartate (NAA), N-acetylaspartylglutmate
(NAAG), phosphorylcholine (PCh) concentrations visible at already 3 weeks of cuprizone feeding (Fig
5.15), with inositol levels showing the largest effect. On the contrary, we noticed a very robust and
significant increase in GABA levels (Fig 5.17) as well as in all the different types of lipids that were
quantifiable (Fig 5.16). Glutamate (Glu) levels in the cerebellum did not significantly deviate from
baseline value (Fig 5.17).

Figure 5.13: Example of a spectra acquired in this study highlighting the high
spectral quality, the quantifiable metabolites and the metabolites of interest (in
red): Ins, PCh, Glu, GABA, NAA, NAAG, and the lipid components. The lower
table shows the Cramer-Rao Lower Bound values extracted from LCModel for
some of the key metabolites of interest.
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Myelin is a lipid-rich substance formed by oligodendrocytes that wraps around and insulates nerve
cell axons, primarily located in the white matter, to increase the speed at which action potentials travel
from one nerve cell body to another (Susuki et al., 2010). In the central nervous system, the corpus
callosum represents the largest myelinated white matter structure in the mouse brain that connects
the left and right cerebral hemisphere, enabling communication between them. The corpus callosum
is also the area mostly affected by the toxic copper chelator: cuprizone. Therefore, the loss of myelin
occuring in the corpus callosum upon cuprizone-related demyelination should primarily slow down the
propagation of action potential from the left to the right and perturb the whole network characteristics
and synchronicity.
Prior to any advanced analysis, each fMRI dataset was cleaned from any unwanted signal by the FIX
method described in the previous section. The automated classification of the various independent
components into non-neuronal (noise) or neuronal signals found on average 35.5 ± 1.9 components
per session related to neuronal processing. After data cleaning, we divided our templates in left and
right hemisphere and investigated the effect of cuprizone on inter-hemispheric functional connectivity.
This was primarily driven by the fact that the gliotoxic agent largely affects the corpus callosum which
is the anatomical white matter linker between the left and the right hemispheres. The correlation matrix
in figure 5.10 representing the z-score related to the Pearson’s correlation coefficient between the
right hemisphere (x-axis) and the left hemisphere (y-axis) at baseline, averaged over all 36 animals.
As such, we observed at baseline (i) a strong functional connectivity between regions within the
isocortex, (ii) among regions within the hippocampus and also (ii) strong correlation values between
areas of the striatum and regions of the isocortex, the hippocampus and the cortical sub-plate. During
cuprizone treatment, we found a consistent increase in z-score upon demyelination, suggesting a
stronger synchronicity between the different brain region (Fig 5.14). This strengthening in connectivity
was already measurable at week 3 in the interconnection between the thalamus, the striatum, the
hippocampus and some regions of the isocortex (e.g. the visual areas, the temporal association
areas, the anterior cingulate area, the prelimbic area, auditory area, ectorhinal area, somatomotor
areas, etc.). After 6 weeks of cuprizone feeding, this increase in correlation coefficients extended to
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areas located in the midbrain, such as the superior colliculus and motor related region, the midbrain
reticular nucleus or also the substantia nigra, and connect functionally with the cortical subplate and
the striatum. From the correlation matrices, it appears that no new functional connections were formed
per se, but rather that the synchronicity between regions that were already functionally connected
was enhanced (Fig 5.14).

Table 5.3: Group mean radial diffusivity in the caudate putamen (Cpu), the fimbria (fi), the primary (S1) and
secondary (S2) somatosensory cortex and in the primary motor cortex (pMC) for the betaferon (beta), the
clemastine (clem) and the PBS group (control).

Independent from the analysis method, we observed that cuprizone impacted the functional
connectivity throughout the entire brain. As the demyelination process slowed down the propagation
of action potential into the projecting fibers, the overall functional synchronicity increased at the
expense of a loss of network-like features.
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5.3.2 The effect of clemastine fumararte on the remyelinating brain
Despite a reproducible and consistent response to cuprizone in all animals during the first phase of
this study, no effect of clemastine fumarate could be depicted by any of the readouts used in the
experimental protocol. As shown in figures 5.9-11-12-14-15-16-17-18, no statistical difference could
be detected between the three groups: clemastine group, betaferon group and control group. Thus
the observed effects on the T2-weighted, DTI and rs-fMRI pointed rather towards a strong
spontaneous remyelination occurring in the model after cuprizone withdrawal than to any clemastinerelated effects on remyelination.

re-myelination

de-myelination
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9 weeks

12 weeks

control

L

R

Clemastine

p-corr < 0.010
p-corr < 0.050
Non-significant

Betaferon

p-corr < 0.005

Figure 5.14: Group averaged functional connectivity matrices showing in the lower left half the level
of synchronicity between region of the isocortex (yellow), the hippocampal region (green), the
cortical subplate (gray), the striatal region (blue), the thalamic area (purple) and the midbrain (red),
split in left (L) and right (R) hemispheres. The upper right half of each matrix represents all voxels
found as significant based on the repeated measure linear-mixed model results. Each matrix in the
upper row was compared to the corresponding baseline connectivity value whereas matrices in the
second and third rows were compared to the control group connectivity matrix from the same
imaging time point. The significance level is expressed via the different shades of red.
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Figure 5.15: Box plots representing the evolution of the absolute concentration of glutathione
(GSH), Glucose, Inositol and N-acetylaspartate (NAA) in the cerebellum during demyelination
(blue) and remyelination (red). The green, brick and orange colors represent the different groups.

During the spontaneous remyelination phase, the average T2-weighted value of all regions that
responded to cuprizone (striatum, parietal cortex, amygdala, thalamus, piriform cortex and fimbria)
returned to the baseline levels with the exception of the entire corpus callosum and the cerebellum
(Fig 5.8).
Regarding the diffusion related measurements, FA values in the cerebellum increased towards the
direction of its baseline value but reached a plateau, 3 weeks after cuprizone was removed from the
food (week 9). The corpus callosum that was the other region where we saw a strong decrease in FA
values upon cuprizone treatment, also started recovering but at a slower rate, with an effect only
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visible at the final time point (week 12), 6 weeks after the remyelination process should have begun.
In terms of radial diffusivity, almost all areas that experienced a change in RD upon demyelination
saw their RD values decrease back to baseline levels. These regions included the fimbria, the caudate
putamen, S1 and S2, the primary motor cortex. RD values in the cerebellum and the corpus callosum
experienced a similar trend but did not return complete back to their baseline levels (Table 2-3). Axial
diffusivity values in the corpus callosum and the dorsal hippocampus did not change during the
remyelination phase. This was also holding true for the track density values as well.

Figure 5.16: Box plots representing the evolution of the absolute concentration of three different
lipid classes in the cerebellum during demyelination (blue) and remyelination (red). The green, brick
and orange colors represent the different groups.
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The 1H MR spectroscopy measurements during the ongoing remyelination of the cerebellum showed
that most of the changes quantified during demyelination on the key metabolite: Glc, GSH, GPC,
NAA, NAAG, PCh and particularly GABA and all lipids were reversible. The only metabolite that did
not return to its baseline concentration 6 weeks after cuprizone discontinuation was inositol.
Furthermore, the remyelination taking place in the cerebellum did not have any influence on the
glutamate levels measured in this study.

Figure 5.17: Box plots representing the evolution of the absolute concentration of glutamate (upper
graph) and γ-aminobutyric acid (GABA) in the cerebellum during demyelination (blue) and
remyelination (red). The green, brick and yellow colors represent the different groups.
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From the fMRI data, we saw that the strengthening of correlation coefficient across functional
hemispheric networks continued in the same direction (Fig 5.14). Indeed, the z-score related to matrix
hubs associated with connections between the thalamus and areas of the isocortex and the
hippocampus, or also part of the midbrain together with the striatum, kept on having higher z-scores
even 3 weeks after cuprizone withdrawal. We started seeing a moderate decrease in correlation
coefficients only in the connectivity measurements computed in the last session of this study (Fig
5.14). Even though, signs of remyelination can be depicted by other imaging techniques, already at
the 4th measurement time point, it seems that the extent of remyelination reached after 6 weeks was
still not sufficient to restore part of the network like features.

5.4 Discussion
In this work, we successfully implemented the cuprizone model in mice while collecting an extensive
set of parameters via MRI. We are conscious that for a proper study randomization animals should
have been housed in a random manner and not split up into groups in the different cages like we did.
Nevertheless, given the high logistical burden linked to the execution of this study, such separation
allowed us to avoid committing mistakes as out of the 1150 injections required in the treatment phase,
we mistreated only one animal once which corresponds to a 99.91 % compliance rate with our
experimental protocol.
The very few animals that dropped out in this study were most likely linked to the effect of anaesthesia
and particularly medetomidine. Indeed, during the wake-up phase following the imaging sessions,
some animals showed signs of what looked like symptoms of a seizure and died slightly after. Indeed,
previous reports have already found a link between medetomidine anesthesia and this type of seizure
(Rainger et al., 2009) while others have found a link between the cuprizone demyelination and an
increased rate of seizures (Lapato et al., 2017). Despite being aware of this, there is not much that
can be done to prevent this type of dropouts.
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The good implementation of the cuprizone model in our study was confirmed by various measures,
one of them being total body weight. Indeed, without controlling the animals’ intake of food, we
observed a robust and consistent decrease in body weight during cuprizone diet, similar to previous
reports (Franco Pons et al. Toxicol Let 2007) confirming that cuprizone was acting. The majority of
the studies involving the cuprizone model have focused on the corpus callosum and that might be
due to the fact that cuprizone intoxication has been demonstrated to differentially induce
demyelination in the mouse brain structures, having very significant effects on the corpus callosum
(Blakemore, 1984; Komoly, 2005), while other regions are less affected (Tansey et al.,1996). In the
work of Hasan et al. (Hasan et al, 2008), it was found that the cerebellum, which is also composed in
majority of white matter, is highly impacted by cuprizone. Therefore, we used the corpus callosum in
the first place to validate the implementation of the model as compared to other studies and then
focused first on the cerebellum and then to the entire cerebrum for the fMRI part.
Similar to previous reports (Orije et al., 2015; Sun et al., 2006; Petiet et al., 2016; Zaaraoui et al.,
2008), we experienced, here, a cuprizone related robust demyelination through the entire cerebrum,
with regions such as the corpus callosum and the cerebellum being the most affected. Given the
length of our imaging protocol, we did not have enough time to acquire proper T2 maps, therefore we
used our RARE images which are T2-weighted and normalized their values to the temporalis muscle’s
one (whose value was stable across sessions). Regardless of the fact that others have used the mean
CSF signal in the third ventricle (Thiessen et al., 2013; Wang et al., 2019), we felt more confident to
use muscle tissues as we observed, similar to others (Vega-Riquer et al., 2019), changes in the size
of the ventricles upon demyelination, pointing towards some ongoing processes within the ventricles.
Overall the T2-weighted, fractional anisotropy and radial diffusivity values in the corpus callosum
highlighted a robust demyelination, already present at week 3 and further enhanced at week 6. These
findings were in complete agreement with the literature around the cuprizone model (Zhang et al.,
2012; Wang et al., 2019; Thiessen et al., 2013) and confirmed the proper implementation of the model
in our case. Given that the cerebellum’s response to cuprizone in terms of T2-weighted and FA values
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followed a comparable trend to the corpus callosum one, showed us that strong demyelination also
occurs in the area of the cerebellum.
When investigating the demyelination process in the cerebellum further, we observed through single
voxel spectroscopy a consistent and significant decrease in Glc, GSH, GPC, Ins, NAA, NAAG, PCh
concentrations already visible at 3 weeks of cuprizone feeding. These observations are in accordance
with reports from a similar study in the corpus callosum (Orije et al., 2015) for the exception of
glutamate (Glu) levels, which in our study did not significantly deviate from baseline values. Elevated
levels of glutamate in the corpus callosum of cuprizone fed mice and acute MS lesions have been
observed and often linked to glutamate excitotoxicity induced by inflammation (Srinivasan et al.,
2005). The lack of glutamate response could hint towards a potentially less severe inflammatory
response in the cerebellum of cuprizone treated mice that has also been claimed by others (Hasan
et al., 2008). Aside from this difference in glutamate between the corpus callosum and cerebellum
response, our data shows a very robust and reversible increase in GABA levels that has not been
reported by other animal studies. Interestingly, this finding goes in contradiction with recent articles
claiming that decreased levels of GABA can be seen in patients with progressive MS (Cawley et al.,
2015). Here we think that this result points towards ongoing adaptive mechanism that tries to
compensate for the dysfunction in order to keep motor function. Overall we believe that we have
observed in this study, a metabolic signature that is proper to the cerebellum undergoing de &
remyelination. Given the spectral resolution achieved in this experiment, we were able to depict robust
and reversible changes in the different types of lipid quantifiable, on top of the previously observed
metabolic changes. This might very well be related to the lipid components of myelin breakdown
shifting from the membranes to more mobile materials such as debris. This finding, highlighting
ongoing lipid metabolism goes in line with current research for myelin enriched lipid biomarkers.
Examples of such biomarkers are the elevated sulfatide found in CSF (Haghighi et al., 2012), the
sphingomyelin measurements in CSF (Capodivento et al., 2017) or the heterospectral lipodomics
(Bergholt et al., 2018).
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Based on our fMRI data, we wanted to explore the effect of cuprizone-related demyelination followed
by spontaneous remyelination in the mouse brain. As it has been reported that the brain area which
is most affected by the toxic chelator is the corpus callosum whose main role is to assure the
communication between the left and right hemispheres, we expected changes throughout the entire
brain and particularly functional changes in the way the left and right hemispheres communicate with
one another. To investigate this, we created group specific whole mouse brain functional connectivity
matrices, based on the statistical correlations between brain rs-fMRI nodal activities. This temporal
dependencies of BOLD low frequency fluctuations between nodal brain regions at rest have been
thought to reflect the intrinsic functional architecture of the brain. Independent from the analysis
method, we demonstrated brain-wide functional connectivity changes as a result of the cuprizone
induced pathology, in which the BOLD signal correlation between two distinct regions previously
connected would increase. This increased synchronicity might well be due to a decrease in the speed
at which action potentials propagate through the axons. After discontinuation of the cuprizone diet,
this loss of network like characteristics was further enhanced, despite the fact that other biomarkers
suggest that remyelination was already taking place. As some early signs of remyelination could only
be perceived in the functional connectivity matrices at week 12, particularly in the midbrain areas, it
is possible that more time is needed for rs-fMRI to be sensitive to the remyelination process. This lag
in the rs-fMRI response could be related to the fact that the axonal insulation needs to be properly
finalized, in order to truly regain the initial action potentials’ propagation speed and restore the network
communications. To the best of our knowledge, only one other study has looked at the rs-fMRI
dynamics upon cuprizone (Hubner et al, 2016). Nevertheless, a comparison between these two
studies is difficult since their only readout is after 12 weeks of cuprizone feed. In their case, it is
common knowledge that extensive demyelination affects the axonal state in the long term and that
although the demyelination observed in the cuprizone model is usually reversible, chronic cuprizone
exposure (≥12

weeks) leads to impairment of oligodendrocyte regeneration and insufficient

remyelination (Armstrong et al., 2006; Petiet et al., 2016). The fact that they observed an overall
decrease in functional connectivity within the entire brain, particularly in regions related to the default
mode network (Hawellek et al., 2011, Rocca et al., 2012, Schwarz et al., 2013, Sierakowiak et al.,
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2015) ant the hippocampal formation could be well linked to the axonal degeneration upon chronic
exposure to cuprizone. It would have been interesting to follow the evolution of the functional
connectivity measures along the demyelinating process in time. In our study where animals were
treated with cuprizone for only 6 weeks (half of the period in Hubner et al. (Hubner et al, 2016)), we
mainly observed an increase in synchronicity and a loss of network features which could be the first
steps towards axonal degeneration and the observation from Hubner et al. at 12 weeks. Based on
our tractography (Fig 5.18) results and previous reports on the cuprizone model, we believe that 6
weeks of cuprizone feeding at a concentration of 0.2 % is not enough to damage nerve fibers
throughout the mouse brain.

Figure 5.18: Example of tractograms taken from 3 different subjects (one from each group: brick,
green yellow) estimated from the diffusion tensor data acquired during each imaging session.
(demyelination in blue, remyelination in red). Overall, these tractograms do not show any major
differences related to the demyelination (blue) and remyelination (red) processes. Despite the
questionable sensitivity of the methodology, this suggest that 6 weeks of cuprizone diet did not
result in axonal degeneration and that the fiber tracts, even demyelinated, were preserved.
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This study was designed to investigate the potential remyelinating effect of clemastine fumarate that
has been suggested (i) by the phase II study ReBUILD (Green et al., 2017) which found the
antihistaminic drug to improve visual evoked potentials in the optic nerve of multiple sclerosis patients
treated with it and (ii) by the results of Li et al. (Li et al., 2015) who evaluated histologically the effect
of clemastine fumarate on the corpus callosum of cuprizone fed mice. Despite seeing a lower in
average body weight in the clemastine treated animals, we did not depict any effect of clemastine
fumarate on the different MRI readouts, neither on the remyelination rate nor on the remyelination
extent. The reasons behind this negative result can be multiple. First we used a single dose without
testing other doses and particularly without performing any dose finding studies, pharmacokinetics
and pharmacodynamics studies or brain exposure studies. The 10 mg / kg selected dose was simply
based on the work of Li et al. (Li et al., 2015) who measured a significant clemastine-related increase
in myelin basic protein at the tissue level in the same cuprizone mouse model via immunostaining.
Nevertheless, it could well be that the 10 mg / kg dose was not high enough in this study to induce an
effect measurable by the selected imaging readouts. Given the already large enough group sizes and
lengthy scan protocols used in this study, we could not afford to increase the number of animals in
order to allow some of them to be sacrificed and sampled along the course of the experiment.
Therefore, we do not have any data at the tissue level which could assess the temporal evolution of
myelin basic protein upon treatment in this experiment and compare it to the findings of Li et al. (Li et
al., 2015). As such, it is difficult to discriminate if the results observed in this study are due to a lack
of efficacy of our treatment, a lack of sensitivity in the imaging readouts or something else. Indeed,
one other possible reason is that the cuprizone mouse model is simply not an appropriate model to
study the effect of such remyelinating drugs because of its robust natural recovery. This phase of
recovery and in more general the reproducibility of the cuprizone model was recently investigated by
Bruns et al. (Bruns et al. ISMRM 2019) across a number of different experiments where it was shown
that the rates of remyelination are comparable across studies. Yet, for some reasons, the natural
recovery rate in our case was higher than the average presented by Bruns et al. (Bruns et al. 2019)
and could have masked any potential effects of our remyelinating drug.
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Whereas Clemastine did not show the desired effect, Betafaron which acts as an anti-inflammatory
drug, had as expected no effect on remyelination since the model should have little to no inflammatory
component.

5.5 Conclusion
The excellent data quality and rigorous protocol adherence in this study enabled us to explore the
effect of cuprizone induced demyelination in mouse brain followed by a phase of spontaneous
remyelination via MRI every 3 weeks for a total of 12 weeks. In the first part, we replicated the results
found by others in the corpus callosum by making use of T2-weighted imaging, diffusion-weighted
imaging and magnetic resonance spectroscopy and then extended these results to find a specific MR
signature of the de- & remyelination pathology in the cerebellum. This specific signature suggests
that the cerebellum is to some extent less impacted by cuprizone than the corpus callosum, however
the specificity of its GABA response also implies that compensatory mechanisms are ongoing.
From an fMRI perspective, we have observed a global increase in BOLD synchronicity across the
entire brain, independent of the analysis method that we used. This loss of network features, related
to the slowdown of the propagation speed of action potential across axons, was still not reversed after
6 weeks of recovery and could therefore explain why Tomas-Roig et al. (Tomas-Roig et al., 2019)
had observed a long lasting effect of cuprizone on behavioral readouts in their experiment even 12
weeks after cuprizone withdrawal. Given the small number of fMRI studies investigating connectomics
in the cuprizone model, this study provides complementary information to the work of Hubner et al.
(Hubner et al., 2016). Future studies should yet focus on further characterizing the network dynamics
in this model via multiple measurement, over longer periods of time, in order to fully characterize the
ongoing demyelination and remyelination process to hopefully increase our understanding of
demyelinating brain diseases.
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Finally, despite an attempt at enhancing the remyelination process above the natural capabilities
hindered by the cuprizone model, clemastine fumarate did not show any effect in this particular study
design. Regardless of the disappointment, this remains an important result that should inform future
studies investigating the use of clemastine fumarate as a remyelinating agent.
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6. Poloxamer: another approach to recover functional network
information in the rodent’s deep brain structures

The number of functional MRI studies in small animal models of neuropsychiatric disorders has
increased in the recent years, despite the fact that information from key areas (e.g. the amygdala) is
in general obliterated due to Echo-Planar Imaging (EPI) related signal dropouts. By substituting the
air in the animal’s middle ear cavities with a thermosensitive water-based solution BOLD signals can
be recovered from deep subcortical regions for prolonged periods.
Prior to imaging, seven Lewis rats received a bilateral transtympanic injection of ~150 ul of liquid
Poloxamer, which jellies rapidly into the middle and external ear canals. Functional MRI data were
acquired via gradient echo (GRE) EPI and the resulting distortion levels were visually inspected.
Functional connectivity was explored by Independent Component Analysis (ICA) and quantified by
an ROI based network analysis. Fourteen days later, animals were re-injected with poloxamer and
imaged following the same protocol. The consistency of the network analysis results was measured
across time points.
The GRE EPI images of rats receiving poloxamer resulted in minimal levels of susceptibility related
distortions and featured stable BOLD signal from deep brain regions otherwise not measurable. The
ICA analysis yielded a strong bilateral component originating from the newly recovered amygdala
network. This specific amygdala network was present in both sessions, with good level of consistency
as highlighted by the high R2 value (R2= 0.81) found in our test-retest analysis.
Based on Poloxamer’s properties, the proposed method appears to be more convenient than previous
protocols enabling longitudinal undistorted fMRI studies of deep brain nuclei involved in
neuropsychiatric disorders.
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6.1 Introduction
Functional MRI (fMRI) has become the method of choice for studying non-invasively brain activity
patterns in humans (Bandettini, 2012), non-human primates (Srihasam et al., 2011; Stefanacci et al.,
1998; Premereur et al., 2018) and rodents (Van der Linden et al., 2007; Jonckers et al., 2011;
Jonckers et al., 2015; Pan et al., 2018). Unlike clinical experiments, small animal imaging necessitates
higher static magnetic fields (B0) and optimized receiver coils in order to boost the signal-to-noiseratio (SNR) enough to match the high demands on spatial resolution due to the smaller brain size
(Asaad et al., 2018). However, higher B0 inevitably increases intrinsic magnetic susceptibility
gradients at tissue interfaces, increasing the severity of geometrical distortions and signal dropouts.
Magnetic susceptibility is a material property, which determines the local magnetic field and hence
the resonance frequency within the specific material, e.g. brain tissue, air and bones. Accordingly,
effects to changes in local susceptibility become prominent near the interfaces between these
different compartments (Gorno-Tempini et al., 2002). As a matter of fact, the phenomenon is even
further enhanced in functional MRI (fMRI), which typically uses gradient-echo based Echo-PlanarImaging (EPI), which is particularly sensitive to susceptibility artifacts (Jezzard et al., 1999; Ojemann
et al., 1997; Merboldt et al., 2001; Wilson et al., 2008; Delvin et al., 2000).
Manifestations in MRI / fMRI images can be split into two categories: effects based on intervoxel or
intravoxel dephasing. While intervoxel effects can be reduced by post-processing algorithms
(Dymerska et al., 2018), intravoxel susceptibility effects result in signal loss that cannot be that easily
recovered. In rodents, those signal dropouts are most prominent at the level of the ear cavities, hence
masking key neuropsychiatric brain regions such as the insular and piriform cortices, the amygdala
as well as the hypothalamus.
In the past, researchers have attempted to minimize these artifacts by either implementing alternative
rapid MR acquisition methods (Tambalo et al., 2019) or by reducing the echo time (Lu H. et al., 2003),
the slice thickness (Hyde JS et al., 2014) or by even filling the animal’s ear cavities with semi-solid
materials (e.g. toothpaste) (Mandeville et al., 1988) (Li et al., 2015) (Zhe Han et al. 2019). While some
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of these methods demonstrated improved geometrical fidelity (Tambalo et al., 2018), none of them
managed to fully restore the brain signals in a convenient way over prolonged periods-of-time
compatible with longitudinal studies. Consequently, the number of well-grounded studies investigating
the function and role of these deep brain nuclei via fMRI have been limited so far. A principal role of
the amygdala, the hypothalamus and the insular cortex is related to the processing of goal-directed
behavior, movement control, emotion, and cognition (Roxo et al., 2011). As such, these key
neuropsychiatric regions have been found to play a major role in many psychiatric disorders, which
are still not well understood and difficult to treat (Schumann et al., 2011). Therefore, the interest in
developing new imaging strategies that enable monitoring BOLD modulations of deep subcortical
structures in translational models of neuropsychiatric diseases over time has been growing.

In the recent years, the field of neurotology has been facing many challenges, including the
development of new effective methods to deliver pharmaceuticals directly to the cochlea. During this
pursuit, chemists have investigated the use of slow-releasing gels that can be used as drug vehicle
and injected directly into the middle ear in order to locally maximize drug exposure (Salt et al., 2011;
Wang et al., 2009). Poloxamers are non-ionic triblock copolymers composed of a central hydrophobic
chain of polyoxypropylene flanked by two hydrophilic chains of polyoxyethylene, which have been
used for this purpose. An important characteristic of Poloxamer solutions is their temperature
dependent self-assembling and thermos-jelling behavior. As a result, concentrated aqueous solutions
of Poloxamer are fluid at low temperatures (~10°C) thereby facilitating administration, and form a gel
at around 25 °C in a reversible process (Dumortier et al., 2006).

In this chapter, we build on the work of Li et al. (Li et al., 2015) and propose to use a Poloxamer
solution to fill the middle and external ear cavities of rats in order to recover deep brain structures
otherwise not visible via current fMRI methods. This new material proposes a more robust, easier and
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more convenient alternative to what already exists, paving the way for translational longitudinal
functional MRI studies of key neuropsychiatric nuclei.

6.2 Material and methods
All experiments were in compliance with the Swiss law of animal protection as well as approved by
the Cantonal Veterinary Office.

6.2.1 Poloxamer preparation
A 20 % weight-to-weight Poloxamer 407 (Sigma-Aldrich, Darmstadt, Germany) solution was prepared
in phosphate-buffered saline (PBS) by using the cold method (Schmolka, 1972) to reach a transition
temperature around 25ºC. This method implies mixing the poloxamer with PBS at a cold temperature
and maintaining this temperature until the powder is completely dissolved. The resulting solution is
then liquid at low temperatures and cures around body temperature. For practical reasons, the soprepared solutions were stored under refrigeration and drawn into the syringe immediately before
administration.

6.2.2 Animal preparation
Studies were conducted on seven female Lewis rats (Janvier, Le Genest-St. Isle, France) with an
average body weight of 250 ± 11 g. Anaesthesia was induced with 4 % Isoflurane (Abbott, Cham,
Switzerland) mixed with oxygen enriched air (in a 4:1 air / oxygen mixture). Rats were then
endotracheally intubated and placed side way on a heating pad with their head connected to a gas
delivery cone to maintain anesthesia (Fig 6.1).
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Figure 6.1: The tympanic injection procedure: (a) Perforation of the tympanic membrane. (b)
Materials needed for the filling procedure (Poloxamer solution, IV catheter, 1mL syringe, otoscope).
(c) View of the eardrum through the otoscope.

The procedure required two persons, one lifting and stretching the ear to straighten the animal’s ear
canal, and another one locating the tympanic membrane and its characteristic manubrium allei
structure through an otoscope. The tympanic membrane was perforated at the level of the anterior
membranae tensa (Li et al. 2015) with a 22 GA 0.9 x 25 mm BD Insyte IV silicon catheter (BD, Eysens,
Switzerland) in order to minimize damages to the internal ear. Once the drum was perforated,
approximately 150 ul of liquid Poloxamer solution were injected in the middle and external ear canal
until the liquid started to overflow outside of the ear. The animal was then rotated and the exact same
procedure was followed to fill the other ear.
Once the bilateral transtympanic injections were completed, animals were positioned on the MR
support with the incisor teeth secured over a bite bar and were connected to a mechanical ventilator
(Maraltec, Biel-Benken, Switzerland) set at 50 breaths per minute. Rats were then paralyzed via an
intravenous injection of muscle relaxant (Pancuronium Bromide, Sigma-Aldrich, Germany)
administered through their tail veins as a bolus at a dose of 1 mg / kg followed by an hourly infusion
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of 0.5 mg / kg. Finally, animals were inserted into the scanner while Isoflurane was reduced to 1.5 %
for the rest of the experiment. Body temperature was monitored with a rectal temperature probe
(MLT415, AD Instruments) and kept at 36.0 ± 0.5 °C using a warm-water circuit integrated into the
animal support (Bruker BioSpin). After MR measurements, animals were placed on a heating mat and
anesthesia was maintained at 1-1.2 % Isoflurane while pancorunium was metabolized. Recovery was
assessed by pinching the paws, testing the palpebral reflex and observing the spontaneous breathing
acts. Once back into their home cage, animals were scored daily for two weeks post injections, by
assessing: social isolation, lack of flight response, defensive behavior, self-mutilation, ataxia, skin
turgor and weight. After this period, animals were monitored three times a week as part of the general
animal health check in our animal facility. In case of a high score, the specific animal had to be
euthanized immediately.

6.2.3 Imaging protocol
Imaging was carried out on a Bruker BioSpec 94 / 30 small animal MR system (Bruker BioSpin MRI,
Germany) equipped with a gradient system yielding a maximum gradient strength of 660 mT / m and
a slew rate of 4500 T / m / s, and operating at 400 MHz (9.4 T) under ParaVision 6.0. A linearly
polarized room temperature volume resonator (inner diameter, 70 mm) was used for signal
transmission and was combined with a four-elements receive-only room temperature phased-array
coil for signal reception.
After a Tripilot scan for animal positioning, 16 one-millimeter-thick coronal and then axial slices (RARE
sequence with repetition and echo times TR / TE = 1500 / 6.5 ms, matrix dimension MD = 256 x 256,
field-of-view FOV = 35 x 35 mm, pulse angle = 90 degrees, RARE factor = 4, number of averages NA
= 2) were acquired as anatomical references. Shim gradients were adjusted using a field map (TE1 /
TE2 = 1.6 / 5.9 ms, FOV = 35 x 35 x 35 mm, NA = 3, resolution = 0.55 x 0.55 x 0.55 mm) and the
MAPSHIM protocol with an ellipsoid reference volume covering the entire cerebrum.
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Functional MRI data were then acquired using our routine single shot gradient-echo EPI protocol (TR
/ TE = 1000 / 18 ms, MD = 96 x 68, FOV = 35 x 25 mm, in-plane resolution = 0.36 x 0.36 mm, 18
slices of 0.6 mm thickness, pulse angle = 54 degrees, number of repetitions NR = 1200). The resting
state functional MRI run lasted as such 20 minutes.

6.2.4 Data analysis
Functional MRI data were preprocessed using a custom-made shell script with function from Matlab
(Mathworks, Natick, MA, USA), AFNI (NIH Bethesda, MD, USA) and FSL (FMRIB, Oxford, UK). The
first 10 volumes from each run were discarded, then images were realigned for motion correction,
smoothed in-plane with a full-width half maximum (FWHM) of 0.5 mm and co-registered to a study
specific template. The above-mentioned template was generated by concatenating all animals’
temporal mean EPI volume, realigning them via AFNI’s function 3dvolreg and averaging them into
one 3D volume.
Confounding artifacts were removed from each dataset as follow: first the 3dBandpass function
(AFNI) was used to high pass filter the data at a cutoff frequency of 0.01 Hz. Second, single subject
spatial Independent Component Analysis (ICA) (Bajic et al. 2017) were obtained with FSL Multivariate
Exploratory Linear Optimized Decomposition into Independent Components (MELODIC). For each
animal, the number of independent components was predefined and set to 50. The resulting
components were then manually classified into signal or noise, based on the thresholded spatial
maps, the temporal power spectrums, and the time courses. The criteria used for the classification
were similar to the ones described by Zerbi et al. (Zerbi et al., 2015) and Griffanti et al. (Griffanti et
al., 2017): components were tagged as noise if they included (1) spikes in the time series or (2) signal
from regions outside of the brain or (3) very low (< 0.05 Hz) or very high (> 0,3 Hz) power spectra or
(4) spatial maps including clusters overlapping with large blood vessels or cerebrospinal fluid. Finally,
the noise component time series were regressed out from the high pass filtered data to obtain cleaned
individual dataset.
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Group ICA was performed on the cleaned dataset using FSL MELODIC. Based on the results of the
group analysis, the signal components showing bilateral functional networks were segmented into
regions of interest (ROI) and added together to create a study specific functional atlas. The obtained
ROIs were then further separated in left and right regions in order to allow not only the cross network
correlations to be measured but also the left and right connectivity within networks.
For each animal, the average cleaned BOLD-signal fluctuation time course was extracted from each
region of our atlas. ROI based network analysis was conducted by calculating the Pearson correlation
coefficient between the different ROIs yielding subject level correlation matrices.

Three days post injection, four animals were randomly selected and imaged with the same
experimental protocol, except for the transtympanic injections. After a reference TriPilot scan, RARE
anatomical images using the same above mentioned parameters were obtained to check for the
presence of poloxamer leftovers within the middle and external ear cavities of the selected animal. 60
repetitions of the gradient echo EPI sequence described above were used to inspect the level of
susceptibility artifacts in the images three days post injection.

Fourteen days after the first injection, the left and right transtympanic membrane of all animals were
perforated again and the ear cavities were filled with an identical poloxamer solution by following the
exact same surgical procedure. Right after the injections, rats were placed into the MR system and a
set of anatomical as well as functional images were acquired with the same protocol.
To judge the reproducibility of our data and the potential of the proposed method to be used in a
longitudinal setup, we performed a quantitative test-retest analysis by following the same
methodology as used by Zerbi et al. (Zerbi et al., 2015). First, we unwrapped the full correlation
matrices for each rat into single vectors after which we calculated per rat, the correlation coefficient
(R2) and the slope of the linear fit between the two scan sessions. Furthermore, Pearson correlation
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coefficient between BOLD fluctuations from left and right amygdala networks were pooled together
and compared across animals and sessions. The reproducibility of the amygdala related connectivity
metrics across sessions was comparably estimated by a linear fit.

Finally, signal stability related characteristics such as SNR, temporal SNR (SNRt), signal drift, peakto-peak variation, etc., (for definition see Friedman et al. (Friedman et al., 2006)) were extracted from
3 different regions of interest (ROI): the cortex, the thalamus and the amygdala, prior to any
preprocessing steps. Noise characteristics were extracted from four 9 x 9 voxels ROIs located at the
edges of each corresponding slice.

6.3 Results
Bilateral administration of liquid poloxamer solution to the middle and external ear canal via
transtympanic injections took in average 4 to 5 minutes. The entire middle ear cavity was filled by the
water based gel replacing the large air pocket otherwise present (Fig 6.2-3). The procedure was well
tolerated by all animals and based on their monitoring score, no signs of deficit in social behavior,
self-mutilation or weight loss were observed. As a result, all animals survived and none had to be
euthanized based on injection related adverse events. Moreover, all animals kept on reacting to
clapping sounds when tested, demonstrating as such that animals were not completely deaf from the
intervention.
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Figure 6.2: Coronal RARE images going from rostral (top left) to caudal (bottom right) showing the
water based gel filling of the entire middle ear cavity replacing the large air pocket otherwise present.

Figure 6.3: Horizontal RARE images going from ventral (top left) to dorsal (bottom right) illustrating the
water based gel filling of the entire middle ear cavity.

Figure 6.4a shows images from one naïve animal prior to injection, highlighting the level of distortions
in the vicinity of the ear cavity observed using an EPI protocol with TE = 18 ms. The signal dropouts
in the inferior part of the brain due to the air pockets in the ear cavities can be seen on both sides.
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Their effect is even further pronounced for posterior brain regions, closer towards the cerebellum. The
overall brain outline was found to deviate strongly from its true geometry.

Figure 6.4: Mean GRE-EPI images of a non-injected rat (a) and a rat, in which the middle and external
ear canals were filled with a 20 % Poloxamer solution in both sides (b). Notice the signal recovery in deep
brain structures in both hemispheres (white arrows).

Prior to perforating the eardrum and injecting Poloxamer into the middle ear cavities, we assessed if
filling the external ear cavities with our water-based gel would be sufficient to restore the signal in the
inferior part of the brain (data not shown). Despite a small improvement in image quality, the EPI
related signal dropouts remained significant suggesting that the main source of distortion is indeed
the large air pocket within the middle ear.
Following administration of thermoreversible solution into the entire middle and external ear canals
via the tympanic membrane led to a significant reduction of the susceptibility artifacts and recovery of
the MRI signal from deep brain structure previously affected by signal dropouts (Fig 6.4b). As a result,
brain delineation from EPI images showed little distortions resembling much more closely that of
coronal RARE images acquired prior to the functional MRI (Fig 6.2) than the standard EPI images
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(Fig 6.4a). Some air bubbles are visible within bright signal originating from the water-based gel, which
should be avoided in possible to get the optimum image quality.

Figure 6.5: the amygdala (yellow), the thalamus (green) and the cortex (red) ROIs that were used
to extract stability metrics, overlaid on the GRE-EPI axial images from a single subject.
Static (light gray) and temporal (dark gray) SNR values averaged across all 7 animals at baseline
and extracted from the different ROIs. The black bars represent lambda-1 values. Lambda relates to
a physical measure of the SNR degradation by signal-dependent fluctuations (Krüger et al., 2001).
Error bars represent the standard deviation across all animals.
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In addition to increased geometric fidelity, EPI images provided reliable signal amplitude measured
throughout the brain as reflected by the temporal signal-to-noise ratio maps (Fig 6.6). Cortical regions
exhibited the highest SNR (40.6 ± 9.1) and SNRt (36.7 ± 7.7), whereas the corresponding values for
the thalamus were 19.9 ± 4.0 and 19.3 ± 3.8, respectively (Fig 6.5). The static and temporal SNR
calculated from the newly recovered areas such as the amygdala was in the range of those found in
the thalamic region (21.1 ± 4.8 and 19.9 ± 4.9 respectively) (Fig 6.5). The lower SNR measured in
subcortical areas reflects the inhomogeneous B1 field of the surface coil.

Figure 6.6: Temporal SNR maps in one animal injected with Poloxamer in both side’s ear canals
highlighting the homogenous and high temporal stability of the T2w signal even in the ventral parts
of the brain. SNRt was calculated for every voxel as the mean signal’s intensity over time divided
by the signal’s temporal standard deviation.
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Based on the single subject MELODIC-ICA decomposition performed on all 7 datasets across both
resting-state fMRI sessions (NR = 1200 each), we hand-labelled 35.2 ± 3.6 components as nonneuronal artifacts per scan, which corresponded in average to 70 % of all components, and regressed
them from the original dataset using the FIX method (FMRIB's ICA-based Xnoiseifier, v1.062 beta).
A group ICA analysis was carried out to assess whether the improved image quality allows recovering
any BOLD activity related to spontaneous neuronal activity from these key neuropsychiatric areas.
Besides the typical functional connectivity components that have already been reported
(somatosensory, sensory, hippocampal and limbic networks) (Zerbi et al., 2015; Grandjean et al.,
2014), we identified a bilateral component originating from the newly unveiled brain regions which
encompasses the amygdala and includes the insular and the prelimbic cortices, some orbitofrontal
areas as well the nucleus accumbens (Fig. 6.8), Overall 7 different bilateral components that were
imported into our study specific functional atlas as described in the methods section. The
hippocampus was represented by a component on its own (Fig 6.7). Total correlation matrices were
calculated based on this functional atlas. While the hippocampus was found to be an independent
component on its own, the ROI based network analysis performed as such revealed that the amygdala
and the hippocampus are rather strongly connected (Pearson correlation coefficient = 0.61 ± 0.17)
(Fig 6.9).

Three days after injecting Poloxamer no signs of the gels in the ear cavities of the selected animals
were identified on the RARE anatomical images. Furthermore, gradient echo EPI images displayed
the extent of susceptibility artifacts and geometrical distortions observed in naïve rats. Two weeks
later, at the time of the reinjection, it appeared like no Poloxamer was left over from the first injections
so that the same 150 ul volume of thermoreversible solution could be reinjected into the middle and
external ear cavities as in the first place.
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Figure 6.7: summary of the different neuronal related independent components found with our exploratory
group ICA. (a) Limbic network featuring the amygdala, the nucleus accumbens, the insular and the
prelimbic cortices and some orbitofrontal areas (b)(c)(d) the S1,S2 somatosensory (e) the hippocampus
and (f) the cingulate cortex (g) motor cortex.
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Figure 6.8: Resting state fMRI in one Poloxamer treated animal, highlighting the ability of reliably
detecting synchronicity of bilateral spontaneous BOLD fluctuation in deep brain regions typically
suffering from susceptibility related signal dropouts. (a) Anatomical RARE image (b) GRE-EPI
images of a rat before filling in the ear cavities with Poloxamer (c) GRE-EPI images of the same rat
after Poloxamer administration to replace the air pocket in the middle and external ear (d) Amygdala
network resulting from the group ICA overlaid on our study atlas.

We found a high level of reproducibility in the ROI based network analysis between the baseline
session and the reinjection session, two weeks later. The test-retest consistency analysis revealed
an average correlation coefficient of R2 = 0.67 ± 13 and a slope of 0.82 ± 17. When merging together
all 7 correlation values obtained at each imaging session from the left and right amygdala ROIs, we
found an average Pearson correlation coefficient of 0.82 ± 0.05 and 0.83 ± 0.03 at baseline and at
the two weeks follow up, respectively (Fig 6.9). The test-retest R2 value linked to the amygdala was
0.81 and the slope of the regression line for the two sessions was 1.48.
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Figure 6.9: Pearson correlation coefficient measure between the BOLD signal extracted from the left
amygdala independent component (IC) and the right amygdala IC (Fig 6.8) in all 7 animals. The
baseline measure is shown in gray and the day 14 follow-up in black.

6.4 Discussion
To our knowledge, transtympanic injection in small animals were first reported in Guinea pigs
(Basseres et al., 1964) in 1964 and widely explored since then (Ishikawa et al., 1986; Shirwany et al.,
1988; Zhang et al., Hear res 2012; Marques et al., 2018). Guinea pigs have relatively straight ear
canals facilitating the administration procedure. For rats, this intervention becomes more complex
due to their curved ear conduct. Straightening the ear canal was found essential to make sure the
injection hits the appropriate location.
The occurrence of air bubbles trapped within the water-based gel can have an impact on the imaging
result and should be avoided if possible. Some reports propose to perforate the tympanic membrane
at a different location from the injection side to avoid air trapping in the ear cavity during injection
(Rupeng Li et al., 2015).
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In 3 out of 7 animals we found a viscous substance in the mouth, which likely is excessive Poloxamer
solution that has leaked through the Eustachian tube. While this had no consequences on the animal’s
recovery such incidences should be avoided if possible. One has to be even more cautious when
using freely breathing animals, as part of the solution could leak into the lungs and cause pulmonary
tract occlusions. One plausible explanation is that some liquid Poloxamer solution drained into the
mouth before the gelation temperature inside the middle ear cavity was reached. It has been reported
that the sol-to-gel transition may occur over a considerable temperature range (Fakhari et al, 2017).
This would also explain that proper gelation was only observed in 40 % of the animals. As suggested
by Fakhari et al. (Fakhari et al., 2017), purification might help in narrowing down this temperature
range and should be explored for further standardization of this protocol. Alternatively, the
concentration of Poloxamer in the mixture could be increased, lowering the sol-to-gel transition
temperature (e.g. to 15 – 20 °C depending on the concentration) at the expense of a higher overall
viscosity. This would increase the probability for jellification within the ear canal.
According to the work of Wang et al. (Wang et al., 2009), Poloxamer has the potential to reside in the
Guinea pigs’ ear up to 49 days with no inflammatory or immunological responses. In our case, we did
not detect Poloxamer on the MRI images three days after the initial injection. This might be due to
physiological resorption processes of the semi-solid gel (Rudert et al., 1969) or due to dehydration
rendering the gel MRI-invisible. Reinjection of the animals after two weeks, which is feasible as the
tympanic membrane recovers from such injections within a period of 7-10 days) (Salt et al., 2011) (de
Araújo et al., 2014) confirmed that the gel of the first administration was almost completely cleared
from the cavities at day 14, as the same amount of Poloxamer solution could be injected and the
entire ear cavity displayed a high intensity MRI signal. While a long lasting semi-solid solution such
as hydrogel based on glycerophosphate (Paulson et al., 2008) could be an advantage for longitudinal
fMRI studies as it would reduce the need for repeated perforation the animal’s ear drum, long-term
presence of the solution in the middle ear might increase the risks of middle ear inflammation, which
could later on lead to tympanosclerosis (Russell et al., 2002). Hence a compound that is efficiently
cleared and can be easily re-administered may be advantageous.

129

While intervoxel susceptibility effects can be easily mitigated via the use of multi-shot techniques
(Tombalo et al., 2019) or the acquisition of field maps (Jezzard et al., 1995; Dymerska et al., 2018),
correcting for intravoxel signal dropouts is more demanding. Literature reports mention the use of
toothpaste (Mandeville et al., MRM 1988), Fomblin Y (Li et al., 2015) as well as Kwik-cast (Zhe Han
et al., 2019). Whereas the effect of toothpaste appears to wear off with the increasing magnetic field
strength, Fombilin Y seems to be a better candidate based on its magnetic properties matching closely
the magnetic susceptibility of brain tissue (Li et al., 2015). In fact, Fomblin has been extensively used
for specimen imaging at ultrahigh resolution (Calabrese et al., 2013). However, Fomblin Y is a liquid
fluorocarbon typically used as lubricant in vacuum pumps (Bachmann et al., 1990) which will stay
liquid following administration and thus requires an ear tap to avoid leakage (Li et al., 2015).
Furthermore, it would be difficult to avoid drainage through the Eustachian tube. Kwik-cast is a very
low viscosity silicone sealant initially developed to embed peripheral nerves with electrodes for acute
multi-fiber recordings (Christensen et al., 2018). Similar to Poloxamer, it is liquid at low temperature
and cures around room temperature. While both compounds fulfill the purpose, namely displacing air
from the ear cavity thereby reducing susceptibility artifacts, we believe Poloxamer has greater
potential for widespread use because it is water-based, closely matches the magnetic susceptibility
of (brain) tissue, and it is significantly cheaper.

The increased geometric fidelity of the overall brain outline in Poloxamer treated animals facilitates
registering of EPI images (such as fMRI images) to an anatomical reference image or to an anatomical
atlas. Improved fidelity could also be achieved by using rather short TE values (10 - 15 ms) to minimize
susceptibility artifacts. However, this comes at the cost of a reduced R2* weighting and hence reduced
BOLD contrast compromising the sensitivity of the readout. By using susceptibility matching gels the
same or even better geometric accuracy can be warranted without sacrificing BOLD contrast, an
important prerequisite for regaining activity based signal changes for deep brain nuclei.
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An important side product of Poloxamer administration is its efficacy as hearing protector. Scanner
noise is a potential source of confound in fMRI studies hence the administration of a jellified compound
to the middle ear should significantly reduce the exposure. This should lead to a decrease in the
animals overall stress levels.

According to the work of Zerbi et al. (Zerbi et al., NeuroImage 2015), the most efficient artifact cleaning
procedure makes use of motion regression and FSL FIX. As the number of animals was too small to
train the FIX algorithm, we decided to classify the ICA results manually, component by component by
using the criteria described in Zerbi et al. for mice (Zerbi et al., NeuroImage 2015). The efficient data
cleaning method, combined and the improved image quality for deep brain structures allowed
uncovering an amygdala network not observed in data acquired from naïve animals. This amygdala
network was found to strongly interconnect with other parts of the limbic systems such as the insular
and the prelimbic cortices, the nucleus accumbens and some orbitofrontal areas and the
hippocampus, i.e., a large part of the limbic system could be recovered in a reproducible manner and
in accordance with the literature on the amygdala connectome (Schmitt et al., 2012). Importantly, this
network was detected in a highly reproducible manner when animals reinjection two weeks later
demonstrating the suitability of the method for longitudinal studies. This was confirmed by the testretest consistency found in our study, which was in accordance with the one reported by Zerbi et al.
(Zerbi et al., NeuroImage 2015) for mice using the same preprocessing and artifact cleaning strategy.
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6.5 Conclusion
Replacement of air in the middle ear cavity by a susceptibility matched gel such as Poloxamer greatly
reduced geometric distortions and signal loss in MR images of rat brain and offers a means to retrieve
anatomical and functional information signal from otherwise inaccessible deep brain regions. Similar
methods have been proposed earlier, though their widespread use has been hampered due to
inconvenient procedures and lack of suitability for longitudinal studies.
Poloxamer, a water-based and biocompatible compound, which is fluid at low temperature, can be
injected in a straightforward manner into the middle ear where it quickly jellifies based on its
temperature dependent self-assembling properties. Administration of Poloxamer solution via the
external ear canal to the middle ear allows recording BOLD signal reflecting local activity from deep
subcortical structure such as the amygdala in the same animal over time. The ability to reliably record
signals from deep brain nuclei in animal models of human neuropsychiatric disorders provides
experimental neuroscientists with an attractive tool.
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General conclusions and outlook

The goal of this PhD project was to further develop the fMRI methodology in rodents. With that
objective in mind, we subdivide this thesis into two main parts, one addressing the technological
aspects of fMRI in rodents e.g. given their smaller in size brains, their different physiology and the
typically higher magnetic field used, is there a better method to acquire small animal fMRI data, and
one testing the so-defined method in various applications in rats as well as in mice.
While we found that PRESTO’s use with room temperature coils might be limited due to low SNR, the
increasing availability of rat specific cryogenic coils makes it an attractive alternative, particularly for
applications where trading extra sensitivity for an increased geometrical fidelity should be considered.
However, given the current availability of such high sensitivity coils, we explored other more routinely
available methods such as multi-shot EPI. Our results demonstrated the potential advantages of using
segmented EPI, with two or three shots, depending on minimum repetition time and total volume
coverage, as an alternative to the conventional single shot EPI pulse sequence, in studies seeking
higher geometric fidelity as well. Because of the more stringent technical requirement needed to
perform resting-state fMRI, compared to stimulus-evoked fMRI, we nevertheless came to the
conclusion that single-shot EPI, with its high temporal resolution and its very high signal stability, was
still superior to the other multi-shot approaches assessed in this work. After exploring the influence of
different sequence parameters, we then defined an optimal set of parameters for fMRI studies in rats
and another one for mice.
Despite the initial hypothesis on the potential superiority of PRESTO, the final improvements we made
on the fMRI methodology are only incremental. Nevertheless, when studying a signal whose variation
is in the order of 1 %, any improvements in signal stability, sensitivity or geometric fidelity can be
crucial in the detection and evaluation of BOLD signals across the brain. For applications truly seeking
a combination of high sensitivity with high geometric fidelity, the use of transtympanic injections of
poloxamer gel was demonstrated to be another alternative that should also be considered.
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In the second part, our results demonstrated the ability of the so-developed method to not only be
used in the context of stimulus-evoked fMRI but also in the context of resting-state fMRI in both rats
and mice. Despite the frustration associated with experimental and scientific failures, we managed to
show that our fMRI protocol is sensitive enough to characterize the brain under disease conditions,
even though we could not rescue the particular phenotype we studies and modulate its network
organization pharmacologically.
In the future, researchers need to extend the use of this methodology to diverse and additional animal
models of human disease in order to better characterize the functional organization of their central
nervous system under disease state and give further insights about the potential value added by this
approach. To start with, particular focus should be placed on those models where network related
changes are expected to be more localized than widespread in order to more easily evaluate the
specificity and biological relevance of the underlying hypothesis. By extending its standardized use
and acquiring more high quality data in the upcoming years, the scientific community should have the
ability to truly judge on the potential of the so-developed methodology, to detect functional connectivity
changes over time related either to the phenotype or due to pharmacological modulations. Altogether,
this bring the hope to have one day, the method adopted by the broad scientific community as a
translation tool that can truly enhance drug discovery in neuroscience and in more general help us
unveil part of the mystery underlying how our brain processes information.
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should be left black on white in this section. A shortlist would be all the hours spent at bQm even
though you never wanted to share a small pitcher, the Alpen-Rösti at the Hörnli hutte, all our runs in
the forest, Challenge, the ZNZ retreat, all the BBQs or lunches at Woka, your wedding, Madrid, etc.
etc. But let us also not forget all the hours spent next to each other analyzing our data and debugging
scripts. At the end we did not get an opportunity to put our names together on the same publication
but now that we are both colleagues again, we will hopefully have the chance to collaborate even
more. In the meantime, let me thank you for all these amazing memories. I look forward to sharing
many more with you.
Giovanna
We might have started on the wrong foot but what can we do if France and Italy have always been
rivals when it comes to football. Luckily, we quickly forgot that and got to know each other better in
CanaTa, during our “honeymoon” trip. This was just the beginning of our amazing friendship. The list
of things I want to deeply thank you for is so long that I need to shorten it to the essentials. So thank
you for being such a good friend and such a good teacher: you believed in my animal handling
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capabilities when no one else did (including myself) and trained me so that one day I became the
“cannulator”. Thank you for all your help with my experiments, for all your support, for being my lunch
buddy, for all the laughs, road trips, nights out, etc. Thank you G, my dear friend!
Mon frère : Nicolas
Frère! (On s’appelle vraiment frère entre nous ?!) Mille merci pour ton soutien, pour avoir cru en moi,
pour m’avoir aidé à décompresser, pour m’avoir conseillé, pour avoir partagé tes cours, pour m’avoir
fait oublier les moments difficiles, pour avoir contribué amplement à ma bêtise etc., et j’en passe
encore des millions… Tu es le meilleur frère dont quelqu’un puisse rêver et tu ne peux pas imaginer
à quel point je me sens privilégié de t’avoir dans ma vie. Place maintenant à notre traditionnel
weekend annuel entre frères Hnk. Love you little bro !
Mes très chers parents
J’aimerai maintenant remercier deux autres personnes qui ont été des éléments essentiels non
seulement dans ce projet, mais tout au long de ma vie. Maman, Papa, il est évident que chacun
d’entre vous a contribué à l’adulte que je suis devenu aujourd’hui non seulement à travers vos gênes
et votre éducation mais aussi à travers votre immense amour. Je suis persuadé que sans vous je
n’aurais jamais été en mesure d’écrire les dernières pages de ce mémoire. Je sais que ces années
de thèse n’ont pas été faciles pour vous non plus mais vous avez toujours cru en moi et m’avez
soutenu, montré l’exemple et poussé (au risque parfois d’être « chiants », mais je te rassure maman,
toi tu ne l’as jamais été), tout cela pour que je puisse devenir le docteur Patate d’aujourd’hui. Je vous
aime tous les deux du fond du cœur! Merci !
Le reste de ma famille
Благодаря ти Баба, благодаря ти Диадо Коко, благодаря на Тонтон и благодаря ти Даду (дори
и да не си вече с нас, паметта ти и най-вече твоето име ми носи много сила и смелост) за
всичко, което cтe направили за мен до сега. Тази победа, дължа e и на вас! Въпреки
разстоянието, честo си мисля за ваз и се чувствам невероятнo щаслив, че имам семейство
като нашето.
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Et finalement…
J’aimerais finir cette section en remerciant la personne la plus fabuleuse que j’ai rencontrée : Elodie.
Tu m’es tellement chère que peu importe la suite de ce que je vais écrire, les mots ne seront jamais
assez forts pour te faire vraiment ressentir à quel point je suis heureux avec toi et à quel point je te
suis reconnaissant d’avoir cru en moi et de m’avoir tenu la main pendant ces dernières années afin
de pouvoir terminer cette thèse. Tu as tant fait pour moi que je ne saurais jamais comment te
remercier assez ! Je réalise que cela n’a pas été forcément facile pour toi tous les jours et que tu as
dû faire beaucoup de sacrifices pour me laisser du temps afin de pouvoir pleinement me concentrer
sur ce projet. Je t’en remercie du fond du cœur car sans toi, mon bebou, je n’aurais jamais passé la
ligne d’arrivée. Maintenant que c’est fini, nous allons enfin pouvoir nous recentrer sur notre couple
plus que merveilleux. Je t’aime plus que tout.
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