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We are stuck with technology
when what we really want is just stuff that works.

- Douglas Adams
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Abstract

Each year, millions of people suffer from stroke. The majority of the sur-
vivors will suffer form a profound motor deficit, severely debilitating their
quality of life. Despite extensive rehabilitative training, these impairments
persist for the rest of their lives. There have been advances in the under-
standing of the fundamental processes underlying the recovery mechanisms.
However, a great uncertainty regarding the causes behind the large inter-
individual variability seen in the recovery process still remains. Knowledge
on these processes might prove pivotal in advancing personalized treatment
and precision medicine, in the treatment of stroke patients.

In this work, in order to inform the development of future treatment op-
tions, an MRI guided model of sub-cortical stroke in non-human primates
(NHP) was developed. A unilateral thermo-coagulation lesion targeting the
descending motor fibers at the level of the internal capsule was devised to
specifically impair the upper limb. The resulting behavioral impairment
was described using a large assortment of reach- and grasp-tasks before
and after lesion, and was put into contrast with the loss of fiber density in
the cortico-spinal tracts (CST) of the primary motor cortex (M1), as well
as the ventral (PMv) and dorsal (PMd) pre-motor cortices.

The lesion model proved to be reproducible and controllable, and aligned
with the clinical symptoms seen in stroke patients. Animals with mild im-
pairment showed a functional recovery within the first month, regaining
dexterous movement control. Animals with a moderate impairment re-
gained general grasping control, but the ability of dexterous grasping never
returned. However, in both cases the underlying grasping strategies were
found to be significantly altered. Severely impaired animals never regained
the control necessary to perform reaching movements, but interestingly, the
emergence of aberrant flexor-synergy, typical of severe stroke patients, was
observed. The emergence of flexor synergy symptoms has not previously
been reported in NHP models.

In order to quantify inter-individual variances in lesion location and CST
composition, the resulting histological preparations were registered into the
standard MNI MRI atlas for M. fascicularis, providing a robust platform
for further multimodal analysis in a unified space. A histological analysis
of the underlying loss in fiber density in the CST and spinal terminations
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Abstract

confirmed the importance of M1 in determining the chronic impairment
severity, with PMv and PMd playing a reduced but important role in re-
covery.

From this study, the dominant role of the CST and, in particular M1 pro-
jections, becomes evident. With the novel model of sub-cortical stroke in
NHPs, a platform for the investigation of the mechanistic interactions of
the remaining tracts was proposed, laying solid groundwork to aid in the
development of effective therapies supporting stroke patients in the recovery
of their independence.
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Résumé

Chaque année, des millions de personnes sont victimes d’un accident vas-
culaire cérébral. Dans de nombreux cas, les personnes touchées souffrent
d’un profond déficit moteur, ce qui nuit gravement à leur qualité de vie.
Malgré une rééducation intensive, ces déficiences persistent pour le reste de
leur vie. Des progrès ont été réalisés dans la compréhension des proces-
sus fondamentaux qui sous-tendent les mécanismes de récupération, mais
une grande incertitude persiste quant aux causes de la grande variabilité
interindividuelle observée dans la qualité de la récupération des personnes
atteintes. La connaissance de ces processus pourrait s’avérer essentielle pour
faire progresser le traitement personnalisé et l’évolution vers une médecine
de précision, dans le traitement des patients victimes d’un AVC.

Afin d’éclairer le développement de futures options thérapeutiques, un mod-
èle d’AVC sous-cortical guidé par IRM a été développé chez des primates
non humains (PNH). Une lésion unilatérale par thermo-coagulation ciblant
les fibres motrices descendantes au niveau de la capsule interne a été conçue,
afin d’altérer spécifiquement le membre supérieur. L’altération comporte-
mentale qui en résulte a été décrite à l’aide d’une large batterie de tâches
d’atteinte et de saisie avant et après la lésion, et a été mise en contraste
avec la perte de densité des fibres dans les tractus cortico-spinales (TCS) du
cortex moteur primaire (M1), ainsi que dans les cortex pré-moteurs ventral
(PMv) et dorsal (PMd).

Le modèle de lésion s’est avéré reproductible et contrôlable, et correspond
aux symptômes cliniques observés chez les patients victimes d’un AVC. Les
animaux présentant une déficience légère ont montré une récupération fonc-
tionnelle au cours du premier mois, retrouvant le contrôle des mouvements
dextres. Les animaux souffrant d’une déficience modérée ont retrouvé un
contrôle général de la préhension. Cependant, les déficits de la dextéritié
manuelle fine persistent. Les stratégies de préhension sous-jacentes se sont
avérées considérablement modifiées. Les animaux gravement atteints n’ont
jamais retrouvé le contrôle des mouvements d’éxtension, mais il est intéres-
sant de noter l’émergence de schémas de mouvements semblables à ceux de
la synergie des fléchisseurs, ce qui n’avait pas été signalé auparavant dans
les modèles de PNH.

Afin de quantifier les variances interindividuelles dans la localisation des
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Résumé

lésions et la composition du TCS, les préparations histologiques résultantes
ont été enregistrées dans l’atlas IRM standard MNI pour M. fascicularis,
fournissant une plateforme robuste pour une analyse multimodale ultérieure
dans un espace unifié. Une analyse histologique de la perte de densité des
fibres dans le TCS et les terminaisons spinales confirme l’importance de M1
dans la détermination de la gravité de la déficience chronique, les PMv et
PMd jouant un rôle réduit mais important dans la récupération.

Cette étude met en évidence le rôle dominant du TCS, et en particulier
des projections de M1. Grâce à ce nouveau modèle d’accident vasculaire
cérébral sous-cortical chez le PNH, des mécanismes neuronaux sous-jacents
à la récupération fonctionelle ont été proposés; posant ainsides bases solides
pour aider au développement de thérapies efficaces permettant aux patients
victimes d’un accident vasculaire cérébral de retrouver leur indépendance.
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Chapter 1

Introduction

Every other second another person suffers from a stroke, throwing their
and the lives of those closest to them into disarray. While many stroke
victims will unfortunately no longer be able to perform simple tasks in their
daily schedules, a third will not survive the first year following the incident
(Johnson et al., 2019; Wafa et al., 2020). For those who do survive, often
a life long battle with the diverse range of symptoms begins, taking a huge
toll on them and their family.

Many stroke patients will suffer from paresis or paralysis, and will enter
rehabilitative treatment to restore motor function, as soon as possible, af-
ter the stroke in an effort to exploit the phase of plasticity (Burton, 2000;
Hankey et al., 2007). After an insult to the central nervous system, the
otherwise very change-averse neural tissue is thought to be more pliable
and thus more receptive to changes induced by rehabilitative learning and
restoration tasks. This phase lasts for only a few weeks after the insult;
the largest recovery in motor function can be achieved during this time pe-
riod (Burton, 2000; Hankey et al., 2007; Krakauer and Carmichael, 2017).
Despite great efforts made to restore as much function as possible during
this time, often only a meager restoration of the patients’ motor abilities
is seen. Furthermore, the retention of trained techniques and their appli-
cation to the activities of daily life is largely absent (Schaefer et al., 2013;
Winstein and Kay, 2015). It has been proposed that this lack of success
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1. Introduction

in devising adequate recovery paradigms stems primarily from two causes:
a fundamental lack of understanding of the underlying processes govern-
ing loss of function and, especially, its restoration, as well as insufficient
measuring and quantification tools to quantify the progress and success of
rehabilitative interventions (Winstein and Kay, 2015; Santisteban et al.,
2016; Krakauer and Carmichael, 2017).

In recent years, progress has been made in the dissection of true recov-
ery processes and their masking by compensatory mechanisms. However,
these findings are only just being slowly absorbed into the clinical realm of
rehabilitative practice (Santisteban et al., 2016; Krakauer and Carmichael,
2017). On the other hand, insights into the mechanistic processes governing
the ability of patients to permanently and efficiently re-attain adequate mo-
tor control have been made in recent years (Kaeser et al., 2011; Nishimura
et al., 2013; Wahl et al., 2014; Wahl and Schwab, 2014; Li et al., 2015).
Nevertheless there remains a clear gap between this fundamental research
and clinical application. As non-human primates share advanced sensori-
motor attributes with humans, they can provide the platform for clinically
relevant investigations (Badi et al., 2021). Thus, research in non-human
primate models might lead to crucial insight on the mechanisms underlying
recovery of stroke, and would possibly open the door for interventions pro-
longing or even re-initiating the sensitive period of recovery using pharma-
cologic or prosthetic interventions. However, to achieve this goal, a robust
base for such research must be established. Animal models that produce
clinically relevant and translatable deficits, which are also repeatable and
provide the ability to be tailored to the research question at hand must be
devised (Cook and Tymianski, 2012; Grefkes and Ward, 2014; Higo, 2021).
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1.1. The motor system of upper-limb control

1.1 The motor system of upper-limb control
Life is centrally defined by its ability to move and interfere with its sur-
roundings. For human beings, muscular movement is the main method in
which we interact and communicate with the world, be this via walking,
using a computer, or simply talking with a friend. All voluntary control
of these actions is ultimately directed by our central computing unit, the
central nervous system: the brain and spinal cord. A general understand-
ing of the function and dysfunction of this system is therefore instrumental
for the development of future interventions. The following paragraphs will
thus give a brief overview of the brain regions and their mode of action,
eventually focusing on upper-limb control.

1.1.1 Brain
Motor cortices

The first description of a motor area, inducing movement after being stim-
ulated was put forth by Fritsch and Hitzig (1870, 2009) after they elec-
trically stimulated the cerebral cortex with an insulated electrode. They
noted that only very limited amounts of electricity could evoke strong motor
responses, previously believed to be impossible. Jackson (1873), observed
the cortical control of limbs to be orchestrated by cerebral regions contra-
lateral to the controlled muscles by analysis of epileptic patients, which
was confirmed shortly after in non-human primates (NHPs) by Ferrier and
Burdon-Sanderson (1874). Only 30 years later, a somatotopic map of the
area, today known as the motor cortex, was described by Grünbaum and
Sherrington (1904). (For a recent in-depth review see: Bennett and Hacker
(2002))

Elucidating the function and interaction of the areas collectively known
as the premotor cortex took another century. He et al. (1993) found that
the premotor cortex, previously thought of as a monolithic structure, had
multiple anatomically and connectively distinct regions. This finding was
further refined by Rizzolatti et al. (1998), defining seven independent motor
areas: F1-F7. Whereas F1 corresponds to Brodmann area (BA) 4, the
other 6 regions split Brodmann area 6 into conceptually distinct regions
(Rizzolatti et al., 1998). The premotor areas were further distinguished into
two types: fronto-dependant and parieto-dependant. The fronto-dependant
regions, F6 and F7, receive abundant input from the frontal lobe and project
to the rest of the motor cortex and brain stem. F2 to F5, on the other
hand, are strongly innervated by sensory areas and primarily project to
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F1 and the spinal cord. The motor areas of the NHP cortex are thus
defined as the following regions:(1) M1/F1/BA4: the primary motor cortex
(2) F2 and F7: the parieto- and fronto-dependent sections of the dorsal
premotor cortex (PMd) (3) F3 and F6: the parieto- and fronto-dependent
parts of the supplementary motor area (SMA), also known as pre-SMA and
SMA-proper (4) F4 and F5: the caudal and rostral portions of the ventral
premotor cortex (PMv) (Rizzolatti et al., 1998; Rizzolatti and Luppino,
2001a,b; Caminiti et al., 2017) (Figure 1.1)

Figure 1.1: Motor cortex and corticospinal neurons in non-human primates The motor
cortical structures in the macaque brain are located in between the central sulcus (cs) and
arcuate sulcus (as). The traditional four motor areas are depicted in color: primary motor
cortex (M1, red), premotor cortex (PMv, teal; PMd, yellow), supplementary motor area
(SMA, light-gray), and cingulate motor area (CMA, dark-gray). These areas are then further
subdivided into their functional constituents. The areas with a substantial monosynaptic
(red) or disynaptic (yellow) contribution to the corticospinal tract are labeled with triangles,
and their respective neuron density broken down to the right. The disynaptic contribution
of SMA and CMA are summarized as the contribution of the medial wall (MW). Further
sulci and structures are denoted as: cc - corpus callosum; CinS - cingulate sulcus; ips -
intraparietal sulcus; ls - lateral sulcus; pcd - precentral dimple; ps - principal sulcus. Modified
from (Rizzolatti et al., 1998; Strick et al., 2021; Borgognon, 2020)

Cortical Motor control

Primary motor cortex The primary motor cortex (M1) is seen as the cen-
ter of motor control. It receives a vast amount of input from both adjacent
and more distant cortical structures, with the pre-motor areas providing
inputs regulating the planning and timing of adequate muscle contractions,
and sensory areas providing input of the bodies’ current position, as well as
the state of its surrounding environment. As the large integrator of motor
commands, it boasts a rich array of cortico-cortical and cortico-fugal tracts.
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1.1. The motor system of upper-limb control

With its cortico-cortical connections M1 provides the basis of coordination
of movements, posture control as well as the efference copy (Rizzolatti and
Luppino, 2001a). On the other hand, the cortico-fugal projections allow the
direct transmission of motor commands through the spinal cord (Kuypers,
2011). Recent studies have revealed that these corticospinal connections
are made up of two types: di-synaptic as well as mono-synaptic or cortico-
motorneuronal (CM) projections. Whereas, the di-synaptic projections are
found in all vertebrates, their CM counterpart is only present in some dex-
terous primates, such as humans and macaques. This finding has prompted
the division of M1 into the ’new M1’ and ’old M1’. Being the nearly sole
origin of CM connections, the new M1 is situated in the caudal area of
M1, in the anterior bank of the central sulcus (Rathelot and Strick, 2009;
Witham et al., 2016).

Due to the vast amount of large descending fibers originating from M1, as
well as the ease of evoking muscle contractions by electrical stimulation,
M1 has long been seen as the sole provider of the brain’s motor output.
In recent years, however, it has become clearer that M1 is not the sole
origin of corticospinal connections. In fact, the projections of M1 make up
only 40% of the descending projections, with the premotor cortex (10%),
supplementary (20%) and cingulate (20%) motor areas providing the rest
of the motor-spinal connections (Strick et al., 2021).

Dorsal premotor cortex The dorsal premotor cortex (PMd) is associated
with the planning of general limb trajectories and integrating somatosensory
and visual information from the parietal lobes. F2, especially, has rich
connections to the primary motor cortex and directly connects to the spinal
cord. Whereas the dorsal section informs lower limb trajectory, the ventral
section is responsible for upper-limb movements (Rizzolatti and Luppino,
2001b; Caminiti et al., 2017; Gamberini et al., 2020).

Ventral premotor cortex The F4 and F5 regions are strongly associated
with the planning and execution of goal directed actions of the upper-limb,
especially the hand. The areas receive their input from the visual stream,
the surrounding motor areas, as well as the pre-frontal cortices (Rizzolatti
and Luppino, 2001b; Caminiti et al., 2017). The areas are further home to a
mirror neuron population, associated with visual and somatosensory learn-
ing and interpretation (Linkovski et al., 2017). The PMv is thus thought
to instruct M1 on how and when an object should be grasped, and directly
interface with the spinal cord.
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For an in-depth revision refer to: (Lawrence and Kuypers, 1968; Brinkman,
1981; Matelli et al., 1985; Wiesendanger et al., 1987; Dum and Strick, 1991;
Luppino et al., 1993; Rizzolatti et al., 1998; Rizzolatti and Luppino, 2001a,b;
Dum and Strick, 2002; Lemon, 2008; Linkovski et al., 2017; Caminiti et al.,
2017)

Primary somatosensory cortex

Caudal to the central sulcus and the motor cortices, lies the primary so-
matosensory cortex (S1). In a 1970 elecrophysiological study, S1 was shown
to respond to tactile stimuli of specific regions in NHPs, paving the way for
today’s understanding of the somatosensory organization (Whitsel et al.,
1969). This and similar studies (in combination with cytoanatomical and
tracing studies) eventually gave rise to the somatosensory homunculus. The
homunculus describes the mapping of somatosensory receptors along the
body surface to a deformed, but relatively consistent, image on the brain’s
surface, with multiple sensory modalities forming their own homunculus
(Nelson et al., 1980; Pons et al., 1985; Krubitzer et al., 2004). S1 can
thus be divided into four anatomically and connectively distinct regions
described by Brodmann: 3a, 3b, area 1 and area 2.

In recent years, S1 has been found to not only receive and integrate sen-
sory information and relay it to other cortical structures, but also to have
monosynaptic connections to the spinal cord; the cortico-motorneuronal
neurons found in area 3a are thought to be involved in direct motor con-
trol (Baldwin et al., 2018). These connections will be further discussed in
subsequent sections.

1.1.2 Corticospinal tract and Cortico-motorneuronal pro-
jections

The corticospinal tract (CST) provides the most direct control of muscle
activity. Neurons in the CST originate in cortical areas, and directly con-
nect to their appropriate spinal cord levels. Before entering the spinal cord,
neurons of the CST coalesce in the internal capsule, retaining some of their
somatotopic organization but overlapping partially (Morecraft et al., 2002).
The descending motor tracts of the motorcortices pass through the poste-
rior arm of the internal capsule, with the pre-motor areas running closer
to the internal capsule’s genu (Figure 1.2). The descending tracts of the
motor areas eventually fully overlap at the cerebral peduncle (Morecraft
et al., 2007). At the spinal level, the CST descends through the lateral
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1.1. The motor system of upper-limb control

white matter, with most of its projections projecting contra-lateral to their
respective brain region (Figure 1.3). Upon reaching their destination, they
largely form connections in the spinal lamina VII, as well as laminas VI and
IX, to a lesser extent (Morecraft et al., 2013, 2002).

Figure 1.2: Corticospinal tract in the internal capsule The internal capsule (white) is
depicted at two depths: superior (left) and inferior (right). The corticospinal tract origins
from five motor areas are depicted with their extent and location encircled: primary motor
cortex (M1, red), premotor cortex (PM, yellow), caudal cingulate motor area (CMAc, dark-
gray), rostral cingulate motor area (CMAr, gray), and supplementary motor area (SMA, light-
gray). The surrounding structures are denoted: AC - anterior commissure; PC - posterior
commissure; Ca - Caudate; GP - globus pallidus; Pu - putamen; Th - thalamus. Modified
from (Morecraft et al., 2002)

In dexterous primates, we can distinguish between two types of corticospinal
projections: indirect and direct cortico-motorneural (CM) projections (Lemon,
2019). While the indirect pathway terminates in the interneuronal laminas,
especially lamina VII (59%), CM projections directly innervate alpha mo-
torneurons in lamina IX (18%) (Morecraft et al., 2013). CM neurons have
been shown to almost exclusively originate from the ’new M1’ and area 3a
of S1 (Rathelot and Strick, 2006, 2009; Witham et al., 2016). The function
of these projections is more thoroughly discussed in chapter 1.1.3

7



1. Introduction

1.1.3 Manual Dexterity and upper-limb movement
Our hands are the most versatile instruments we possess to interact with
our environment. They enable us to accomplish feats ranging from simply
opening a door, to micro-surgical interventions, and everything in between.
This dexterous prowess, seen also in new world primates, originates from
the capacity for digit individuation and a generally enhanced level of control
(Strick et al., 2021; Lemon, 2019). While we have a fairly good understand-
ing of their mechanical function, we are sorely lacking insight into their
neuronal control.

In new world primates, the areas controlling and sensing hand movement
and positioning occupy an enormous amount of cortical surface area (Strick
et al., 2021). However, the enlarged representation of the upper-limb in
cortical area does not account for the vastly more articulated hand control.
Two further mechanisms seem to help set primate dexterity apart from
other species: (1) The cortico-motorneural (CM) system and (2) a majorly
rearranged cortical connectivity and control mechanism.

The CM system provides a direct, mono-synaptic pathway from the cortex
to motor neurons in the spinal cord. Such a system is absent in non-primate
species, and has only been found in neonatal mice (Gu et al., 2017). It has
thus been a major field of interest in understanding human and primate
grasping. At a first glance, a mono-synaptic system would bring one major
advantage: speed. One could therefore surmise that this pathway is used
to specifically control precise movements of single muscles. However, the
opposite seems to be the case. CM neurons show significant overlap in both
somatotopic cortical organization, as well as in the muscles they activate.
Single CM neurons tend to interface multiple muscles, forming synergistic
patterns. CM fibers predominantly originate in the ’new M1’ (Rathelot and
Strick, 2009), with a smaller but substantial portion found in area 3a of S1.
Somewhat atypical for the motor system in primates, CM somatotopy of
the upper-limb shows large overlap, leading to some speculation that the
main function of CM cells is one of fine-tuned pattern generation, bypassing
the systems of the spinal cord (Figure 1.3).

While other species (e.g. rodents) tend to have large overlaps in somatotopic
arrangement of their fore- and hind-limb projections, primates show very
clearly distinct cortical regions. Additionally, they have expanded their
motor control to 6 anatomically and connectively distinct regions, each
with their own somatotopic map. All these areas have direct access to the
spinal cord circuits, leading to a parallel control structure, as opposed to
a mostly serial approach. How these descending tracts are divided with
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regards to movement control is still largely unexplored, in part due to the
large discrepancies in axonal diameters. The effects of electrical stimulation
used in assessing these tracts, predominantly activated thick axons, mostly
originating in M1, masking the stimulation effects on thinner fibers, making
their investigation a challenge. The collaborative control in the intact state
is still quite enigmatic. Even more so is the method via which the fibers
of these regions interact and possibly redirect control to spared descending
tracts in a lesioned state.

Figure 1.3: Emergence of manual dexterity across species Depiction of the manual
dexterity across species and their connective correlates of the corticospinal tract. In the
primate species, direct cortico-motorneuronal connections innervate the ventral horn (Lamina
IX), a circuit that is absent in rodents and other species. The presence of mono-synaptic
connections, as well as the vastly increased corticospinal tract density, allows primates to
perform highly specific grasping motions, such as the finger-thumb opposition precision grip.
Modified from (Courtine et al., 2007)
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1.2 Stroke
Each year, stroke leaves millions of patients and their loved ones devastated.
Globally, one quarter of adults will have a stroke during their life-time
(Feigin et al., 2018). In the European Union alone, about ten million people
are affected by stroke, with a yearly incidence rate of more than one million
(Johnson et al., 2019; Wafa et al., 2020). As such, stroke is one of the
leading causes of lasting disability and mortality in adults (Figure 1.4).
Victims of stroke may suffer from a wide array of deficits in muscle control,
speech production and perception, as well as mental health (Gresham et al.,
1997; Williams et al., 2004). Even after therapeutic interventions, patients
will often suffer from their symptoms for the rest of their lives.

1.2.1 Burden
Stroke victims suffer from diverse deficits, with motor (80-85%) and so-
matosensory (40-50%) deficits being the most prevalent. One in four pa-
tients shows deficits in language, vision, attention, and memory (Nys et al.,
2007; Ringman et al., 2004; Appelros et al., 2002; Rathore et al., 2002;
Buxbaum et al., 2004; Ramsey et al., 2017). Many patients suffer from
multiple symptoms, depending on the location and size of the stroke lesion.
Besides these primary deficits, a third suffer further from post-stroke de-
pression, or other mental illnesses (Williams et al., 2004). The complexity
of these syndromes requires treatment and support that is highly specific
to the individual.
Besides the personal trauma stroke victims suffer, this disease poses an
enormous burden on the global health care system. Direct costs of stroke
treatment in Europe amount to over €27 billion yearly. Associated costs,
such as a loss of productivity and informal care, are estimated to more than
double the posed economic burden (Luengo-Fernandez et al., 2020; Olesen
et al., 2012). As stroke mainly effects older patients, the world’s aging
population will further compound the care-giving and financial challenges.
Over the coming 30 years, a 27% increase in stroke incidents is expected
(Donnan et al., 2008; Wafa et al., 2020).

1.2.2 Emergence
A stroke is a cardiovascular incidence, leading to an acute reduction of
blood flow. The lack of blood circulation leads to a steep drop in oxygen
and glucose concentration causing the affected tissue to weaken and die off
within mere minutes. There are two main categories of strokes: ischemic
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Figure 1.4: Burden of Stroke (a-c) Depiction of an overview of the stroke prevalence
and impact on patients world wide in the year 2016. (a) World wide distribution of stroke
incidences. (b) The incidence rate per 100000 people of stroke by age and sex. (c) Estimation
of both years of life lost due to an early death (YLL), as well as the years lived with a
disability (YLD) due to stroke. (d) Expected incidences of stroke in Europe, as compared to
the baseline of the year 2000. The solid line depicts the expected incidences with no change
in the incidence rate. The shading encompasses a change in incidence rate with ∆1%/year.
Figure adapted from Johnson et al. (2019) and Wafa et al. (2020).

and hemorrhagic stroke (Sudlow and Warlow, 1997; Meyer et al., 2009).
The incidence rate of the two is starkly contrasted, with the likelihood
of an ischemic stroke being five to ten times higher. On the other hand,
hemorrhagic strokes are generally associated with a higher mortality and
severity (Andersen et al., 2009).

Strokes of an ischemic nature are the result of an arterial or venous oc-
clusion. Such occlusions stem either from locally accumulating plaques
(thrombi) or stray particles in the blood flow (emboli) that gets wedged in
the intracranial vasculature. Embolic strokes are of a more sudden nature.
The dislodged particles often disrupt larger vessels causing the disruption
of arterial blood flow in large areas. Thrombi on the other hand, mostly
form in the low pressure environment of veins or smaller arteries. Initially
not causing any overt symptoms, thrombi slowly occlude the circulation of
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surrounding tissues, and are often the cause of subcortical strokes.

Hemorrhagic strokes occur when the intracranial vasculature ruptures, caus-
ing blood to rush into the extracellular space and severely deplete circula-
tion volume in the region. Hemorrhagic strokes often cause very severe
strokes and have a fourfold acute mortality rate, as compared to ischemic
strokes. This discrepancy is due to a generally larger size of the infarct
zone, as well as the absence of possible re-perfusion (Petty et al., 1999,
2000; Kolominsky-Rabas et al., 2001; Andersen et al., 2009).

The core of an acute ischemic stroke lesion is surrounded by tissue referred
to as the penumbra (Rossini et al., 2003; Furlan et al., 1996). The penumbra
consists of neuronal tissue that is severely weakened from the lack of blood
flow, but is still alive. Besides live-maintaining care, maximizing the amount
of rescued tissue is the highest priority in acute care of stroke patients.

Due to the heterogeneous nature of stroke, its risk factors are likewise var-
ied and complex. There are four ’non-modifiable’ risk factors: age, sex,
ethnicity and genetics (Boehme et al., 2017). Stroke risk is primarily cor-
related with aging, with its incident rate doubling for every 20 years of age
past age 40 (Virani et al., 2021). As for the modifiable risk-factors, the
most impactful contributors to stroke are hypertension, diabetes mellitus,
hyperlipidemia, smoking as well as metabolic syndrome (Boehme et al.,
2017).

1.2.3 Current treatment
The most effective approach to stroke treatment is prevention. Many of
the risk-factors of stroke can be reduced by leading a generally ’healthy’
lifestyle, promoting a healthy diet, physical activity, cessation of smoking,
and weight control (Boehme et al., 2017). Additional measures might in-
volve administration of anti-hypertensives, anti-coagulants, and cholesterol-
reducing drugs (Amarenco and Labreuche, 2009; Blackwell et al., 2009;
Chen and Yang, 2013).

When a stroke occurs, the distinction between ischemic and hemorrhagic
stroke is of the utmost importance, as, apart from life-sustaining treatments,
they require opposing care regimes. While some clinical signs can help dis-
tinguish the two sub-types, neuroimaging (e.g. computer tomography) is
needed for a definitive diagnosis (Yew and Cheng, 2015; Ojaghihaghighi
et al., 2017). In the case of an ischemic stroke, reperfusion has absolute
priority. The current gold standard treatment is an intra-venous adminis-
tration of alteplase, a thrombolytic substance. In some cases, a mechanical
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thrombectomy can be performed to restore blood-flow (Powers et al., 2019).
In the case of a hemorrhagic stroke, treatment revolves around containing
the extent of the hemorrhage and preventing secondary bleeding. In the case
of patients taking blood thinners, their effect is reversed. Blood pressure
management and possible surgical interventions to contain further bleeding
are part of the recommended treatment (Hemphill et al., 2015). However,
the best treatment approaches for hemorrhagic strokes are far less explored
than its ischemic counterpart.
In both cases, starting rehabilitative care within the first few weeks after the
incident has been shown to be beneficial to long-term recovery (Kwakkel
et al., 2004; Buma et al., 2013; Winstein et al., 2016). This is corrobo-
rated by many animal models, showing that high dose rehabilitation during
an early time window, yields the biggest improvement in functional mo-
tor tasks (Murphy and Corbett, 2009; Zeiler and Krakauer, 2013; Wahl
and Schwab, 2014). To enlarge the rehabilitative effect, the patients’ tasks
should be challenging, goal-driven, and functional tasks, as opposed to ear-
lier attempts of highly repetitive tasks (Plautz et al., 2000). (Figure 1.5)
Despite these rehabilitative measures improving the patients’ motor func-
tion in clinical settings, they are often still not able to perform simple tasks
during their daily activities (Di Pino et al., 2014; Krakauer and Carmichael,
2017). This can be partially attributed to ineffectiveness and inefficiency of
the routinely applied rehabilitation measures, but is probably largely due
to a lack of understanding of the underlying repair mechanisms (Krakauer
and Carmichael, 2017).

1.2.4 Proposed recovery mechanisms for upper-limb func-
tion

After a stroke, 80% of patients suffer from a loss of muscle control (Gresham
et al., 1997; Langhorne et al., 2009). In all but the most severe cases, motor
function spontaneously recovers in a logarithmic fashion over the first 3 to 6
months (Kwakkel et al., 2006). In many cases, the control of the lower limbs
returns to a level of daily usability during the initial recovery window. Un-
fortunately, the upper-limb often regenerates only marginally, forcing the
patients to adopt compensation mechanisms, or seek help from peers to
function in daily life (Kwakkel et al., 2006; Buma et al., 2013; Krakauer
and Carmichael, 2017). Improvements of the upper-limb control are great-
est in the first few weeks after the incident and are only marginal thereafter,
hinting at a critical time window for recovery (Kwakkel et al., 2004; Mur-
phy and Corbett, 2009; Zeiler and Krakauer, 2013). The extent of recovery
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Figure 1.5: Enhancing functional recovery post stroke Stroke patients often suffer from
an acute decline in motor function. In the weeks following the incident spontaneous recovery
of the lost function takes place in a logarithmic fashion, often plateauing well below the
original abilities (red line). This recovery is made possible by the steep incline of plasticity
following CNS injury (cyan line). Rehabilitative therapies are focusing on exploiting intensive
training during the plastic phase in order to increase the potential enhance motor outcomes
(red dashes). Future interventions might achieve the prolongation or re-initiation of the
sensitive phase of plasticity (cyan dashes), and thus ameliorate the patients ability to perform
their daily activities. Figure adapted from Ward et al. (2015).

during the first few months has been shown to be somewhat predictable.
Especially retention of residual finger movement has been shown to be a
positive predictor of hand recovery (Nijland et al., 2010). Later studies
have used neuroimaging techniques to further predict and understand the
expected range of recovery outcomes(Stinear et al., 2012; Ramsey et al.,
2017). However, the mechanisms of recovery remain elusive. Nevertheless,
animal models might shed some light on the neuronal mechanisms under-
lying spontaneous and assisted recovery.

In smaller cortical lesions it has been shown that areas that are function-
ally and anatomically close to the lesioned tissue show an increased activity
during the recovery phase. Functional mapping studies demonstrated a
remapping of the lost connectivity to the surrounding spared tissue (Nudo
and Milliken, 1996; Rouiller et al., 1998). Further stimulation of the penum-
bral area has been shown to promote functional recovery of upper-limb and
grasping (Cheng et al., 2014). After focal M1 lesions, somatotopic ’map-
expansions’ have been reported in the ventral premotor cortex, as well as
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in the supplementary motor area (Dancause et al., 2006; Eisner-Janowicz
et al., 2008; Dancause and Nudo, 2011). In larger cortical strokes, where
similarly functioning motor areas are damaged, the contra-lesional hemi-
sphere seems to play a more pronounced role in the recovery process (Frost
et al., 2003; Rehme et al., 2011). In the first weeks of recovery, both hemi-
spheres have been shown to activate during movements with the paretic
hand, reverting back to normal activation levels with time (Ward et al.,
2003; Tombari et al., 2004). It remains controversial if the increased acti-
vation of the contra-lesional hemisphere is indeed promoting recovery or is
simply a sign of maladaptive plasticity (Xerri et al., 2014). Nevertheless,
as is the case with ipsilesional stimulation, focal stimulation of the contra-
lesional M1 has been shown to promote upper-limb recovery (Carmel et al.,
2014; Wahl et al., 2017).

The lesion size and location in the cortex largely determine the prospects
of recovery in the affected patients. However, there remains a great deal of
uncertainty. In the case of subcortical strokes especially, the cortical areas
often remain relatively intact. It has been shown that the lesion load to the
internal capsule, and therefore the CST, is highly predictive of the regained
functional control (Binkofski et al., 1996; Zhu et al., 2010; Schulz et al.,
2017b).

As the adult central nervous system is quite adverse to large scale anatom-
ical changes, it has become abundantly clear that there is a narrow time
window where neuroplastic recovery can occur (Kwakkel et al., 2004). Be-
yond this time window, rehabilitative effects stem primarily from compen-
satory mechanisms (Buma et al., 2013; Krakauer and Carmichael, 2017).
This notion of an early plasticity phase has received strong support from
various experiments in rodents, showing significantly better outcomes when
rats were undergoing forelimb training in the first 28 days after stroke as op-
posed to later training regimes(Biernaskie, 2004). Further subdividing this
early phase into a very early plasticity phase, where either neural growth
supporting drugs or optogenetic stimulation was applied, followed by an
intense training period further heightened this effect (Wahl et al., 2014,
2017).

Despite the many insights gained from human and animal studies, the best
predictor for upper-limb recovery is still the initial severity of motor impair-
ment (Coupar et al., 2012; Ward, 2017). Even with this predictor, there
remain two groups in severe cases, one following a proportional recovery
as predicted by the initial impairment, and a second group showing little
to no recovery. These two groups are nearly equally large, but show no
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Figure 1.6: Proposed recovery mechanisms after stroke (a-d) Depictions of the main
(thick lines) and supporting (thin lines) tracts in various states before and after a focal lesion
in a non-human primate, especially focusing on the skeletal muscle control of the upper-
limb. (c-d) Hypothesized compensatory control mechanisms to regain functional control. A
combination of either approach is likely. (a) In a healthy human or non-human primate, M1
provides the main descending control of the skeletal muscles, with assisting direct control of
the surrounding regions (PMv, PMd depicted) (b) Loss of direct control of the descending M1
tracts due to an acute internal capsule lesion, mainly affecting cortico-fugal M1 tracts. (c)
The contra-lesional hemisphere regains control of the impaired muscles through non-midline
crossing corticofugal connections. (d) Surrounding motor areas (PMv, PMd), reconfigure
their connectivity, to regain the control lost control of the adjacent M1.
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discernible difference in clinical measures (Prabhakaran et al., 2008). A
more in depth understanding of the processes of stroke rehabilitation and
its recovery mechanisms are clearly needed (Figure 1.6).

1.2.5 Subcortical stroke in animal models
Only a few animal studies have focused on subcortical stroke in their animal
models, despite the relatively prevalent occurrence in humans (Bailey et al.,
2009). While in recent years more projects have focused on subcortical
stroke in rodents (Frost et al., 2006; Otero-Ortega et al., 2017; Nam et al.,
2020), non-human primates models have been very sparse. To date only
models for subcortical stroke in NHP have been published: Lacquaniti et al.
(1987); Puentes et al. (2015); Murata and Higo (2016) and Kim et al. (2021).

The first focal subcortical lesion in a macaque was thus reported by Lac-
quaniti et al.. They used an electrical stimulation approach to determine
the location of the descending CST, over multiple electrode insertions. They
set five electrolytic lesion, in areas that created the greatest upper-limb re-
sponses. The monkey showed profound flaccid paresis in one arm. While
the animal regained the ability to grasp and climb during the recovery pe-
riod of three months, precision grasping never returned and the unaffected
limb remained the preferred one.

Almost three decades later, Puentes et al. published a model in marmoset
monkeys, relying on occlusion of the anterior choroidal artery, a vessel
mainly supplying subcortical areas.The arterial occlusion produced motor
deficits in 60% of the animals. The three affected animals were reported to
have general behavioral deficits up to the 10 day post lesion assessment.

In a study from 2016, Murata and Higo implemented an endothelin-1 (ET-1)
induced vasoconstriction model. Taking a personalized lesioning approach,
they determined the stereotactic coordinates, by employing MRI guided
planning with the animals secured in an MR-compatible frame. The stroke
was then administered on-site by 15 stereotactic injections of ET-1 in 5
separate tracks. The lesion size and progression were monitored over the
following weeks using structural MRI imaging (T2-weighted). The mea-
sured infarct volume peaked after the first week post injection (600-1200
mm3) and showed a rapid regression to 10% of its initial size over the fol-
lowing 3 months. Grasping performance was monitored using a reach- and
grasp-task, forcing index thumb opposition (precision grip). They reported
a wide span of functional outcomes ranging from recovery after a few days,
to permanent functional impairment.
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Figure 1.7: Previous subcortical stroke models in non-human primates (a-d) The
reported location and extent of subcortical stroke lesions in non-human primates. (a) Depicts
5 electrolytic lesions placed, with guidance by electrical stimulation induced muscle evoked
potentials in M. fascicularis (n=1). The lesion tracts are marked in black (Lacquaniti et al.,
1987). (b) An anterior choroidal artery occlusion model in C. jacchus. Nissl stain preparations
are depicted with the lesions marked in color with overlapping areas in white. The left
column shows animals with a reported functional deficit (n=3), whereas the sections in the
right column depict the lesions of animals without functional deficits (n=2) (Puentes et al.,
2015). (c) An endothelin-1 induced internal capsule lesion model in M. fuscata. The lesion
location and size were assessed by analysis of T2-weighted MRI images. The lesion location
is marked by yellow arrows (n=1). The images depict example frames in a longitudinal
sequence spanning 3 months post lesion: top - 1 day post lesion (l-r: coronal-transversal-
sagittal); bottom - 1,2 and 3 months (l-r) post injection, showing a decline in the detectable
lesion size by MRI imaging (Murata and Higo, 2016). (d) A photothrombotic lesion model,
introduced by Kim et al. (2021). On the left the lesion plan for a double lesion is depicted
(DPL-XX, n=6), the electrode is to be inserted at an angle of 32°14 mm rostral to the ear
bars. In the middle, exemplary histological preparations of a correctly placed double lesion
(DPL-CL, n=4) is depicted. On the right, the infarct volumes situated in the internal capsule
are reported. The figures were adopted from Lacquaniti et al. (1987); Puentes et al. (2015);
Murata and Higo (2016); Kim et al. (2021).
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In the most recent study, Kim et al. (2021) proposed a lesion model induc-
ing a large ablation of the internal capsule by employing photothrombotic
lesioning. The technique was based on an i.v. injection of the chemical
rose bengal, which releases reactive oxygen species when exposed to light,
resulting in thrombus formation in the irradiated tissue. To achieve a local
lesion, they stereotactically inserted an optical fiber cannula into the poste-
rior limb of the internal capsule at an angle of 32°and 14mm rostral to the
ear-bars, mirroring the angle of the descending tracts in the IC. Depending
on the animal, they induced lesions at either a single site (n=1) or two sites
(n=6). For ’correctly’ placed double-lesions, they reported a lesion volume
of 21 ± 17.4mm3. The neurological assessment was conducted using a fine
motor manual dexterity task, where animals with correctly placed lesions
never achieved successful grasping in the 13 weeks of post-lesion testing.

While all three studies have their strengths, they all have clear deficiencies.
In all cases, there is a lack of reproducibility and control of the lesion size
and location, as well as the functional outcome they induce. While arte-
rial occlusion produces a more ’natural’ phenotype, differences in anatomy
make standardized testing hard, especially in species where the number of
involved animals should be kept low. In the case of ET-1 injections, the
control of the lesion size is largely determined by diffusion of the injected
reagent, producing highly variable lesion sizes even in highly controlled en-
vironments. A further drawback of the ET-1 injection is the extension of
the lesioned tissue along the cannula tracts, caused by reflux during the
retraction of the needle. In the most recent study of Kim et al. (2021),
the induced lesion size, as well as the observed functional deficits remain
unreliable. A clear need for a reliable NHP model for subcortical stroke
therefore persists.

1.3 Study

1.3.1 Synopsis and Aim
In this thesis, we aim to understand the effects of a focal subcortical stroke
on the upper-limb, especially in the hand in NHPs. We aimed to collect
the fundamental knowledge on how such a lesion affects the corticofugal
connections and the functional recovery progress thereafter. We hope that
this might lay the groundwork to implement new rehabilitation paradigms,
providing the basis for true motor function recovery after stroke.

We first needed to develop a model of subcortical stroke that would (1) be
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precise and predictable in both location and size, (2) be translational, in the
sense of impairment and recovery progress, and (3) spare the motor areas
involved in the recovery. To achieve the required accuracy, we developed
a maxillary retention mold and paired it with MRI-guided surgical plan-
ning. To monitor the evolution of behavioral changes before and after the
lesion, we then had to develop and adapt a comprehensive battery of tasks
that would be monitored by a multi-modal recording system, including 3D
kinematics, intra-cortical recordings, electromyography and force output.
After the animals were successfully trained in all tasks, and subsequently
underwent the lesion-recovery paradigm, we traced three cortical areas of
interest (M1, PMv and PMd) with viral and chemical anatomical tracers
to assess the anatomical disruption of the stroke.

As the data collection was finished, we performed a detailed analysis the
phenotype and anatomical correlates of our stroke model. We validated
the robustness of the novel head retention system and quantified the lesion
precision and their relative locations by registering the histological prepa-
rations to the Montreal Neurological Institute standard MRI space for M.
fascicularis. We further quantified the amount spared CST from the traced
motor cortical areas and analyzed their respective paths as they descend
through the internal capsule, as well as their termination pattern in the
spinal cord. The induced lesions were found to successfully interrupt the
descending tracts of M1, while tangentially lesioning the more rostrally de-
scending tracts of PMd and PMv. In the spinal cord, the M1 fibers were
found to proportionally decrease with the fiber loss seen in the internal cap-
sule. The kinematic phenotypes resulting from the described lesions were
then analysed over a wider array of tasks, showing three distinct functional
recovery groups: a mild group which regained prelesional level performances
within the first month of recovery, a moderate group which showed slower
functional recovery in most tasks, however they remained unable to per-
form any fine motor control tasks, and in the end a severe group which
never regained the ability to reach nor grasp with the impaired arm. As
an unexpected result, flexor-synergy like movement patterns could be ob-
served in the severely impaired group. As part of a more in-depth analysis
the underlying kinematic movement patterns in tasks were animals showed
full functional recovery were quantified. Significantly altered movement
strategies were observed despite the functional recovery, displaying a strong
influence of compensatory adaptions in motor recovery.
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1.3.2 Personal contribution
The work presented in this manuscript was performed in a highly collab-
orative environment with many key players contributing vital parts to the
project. It is thus important to highlight my personal contributions in this
study.

Chapter 1: (i) prepared the figures (ii) wrote the chapter

Chapter 2: (i) optimized and fabricated the maxillary retention molds (ii)
assisted in MRI and CT acquisitions (iii) validated the maxillary retention
precision (iv) optimized and assisted in surgical planning (v) assisted the
surgeries in sterile condition (vi) performed the peri-surgical animal care
(vii) performed the histological processing and imaging (viii) developed the
registration pipelines (ix) quantified the lesion precision (x) prepared the
figures (xi) wrote the chapter

Chapter 3: (i) trained the animals in Fribourg (ii) developed the adapted
Box and Blocks test and the Drawer task (iii) assisted the surgeries in sterile
condition (iv) performed the perisurgical animal care (v) performed the
experiments (vi) analyzed behavioral tasks and co-developed the kinematic
assessment pipelines (vii) prepared the figures (viii) wrote the chapter

Chapter 4: (i) performed the tracer injections (ii) performed the histologi-
cal processing and imaging (iii) developed the fiber detection pipelines (iv)
developed the CST quantification pipeline in the internal capsule (v) de-
veloped the registration pipeline (vi) prepared the figures (vii) wrote the
chapter

Chatper 5: (i) prepared the figures (ii) wrote the chapter
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Chapter 2

A novel model of subcortical
stroke in non-human primates

One quarter of stroke patients suffer from a lesion situated in a subcorti-
cal region of the brain. In particular, infarcts affecting the internal cap-
sule are known to produce severe and lasting motor deficits, often dras-
tically decreasing the patients’ ability to interact with the world through
their hands. (Johnson et al., 2019) The exact mechanisms underlying the
loss of control, and especially the subsequent recovery, remain enigmatic.
While the study of subcortical stroke in patients can provide valuable insight
on a phenomenological level, mechanistic studies using animal models are
paramount to the development of new and effective treatment paradigms.
In this chapter, a novel translational non-human primate model of internal
capsular stroke targeting the corticospinal tract controlling the upper-limb
is presented, providing a robust framework for translational research of sub-
cortical stroke.

2.1 Radiofrequency thermocoagulation
Radio frequency thermocoagulation (RFTG) was first described by Réthi
(1913). Today, it is a method routinely used in clinical settings. It has
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been approved for various treatments, such as some cases of chronic pain,
essential tremor or epilepsy (Chua et al., 2011; Narabayashi and Ohye, 1980;
Guénot et al., 2011). The technology is based on irradiating tissue using
radio waves, heating the neuronal tissue and thus temporarily disabling or
permanently destroying it (Figure 2.1a).

The internal capsule is a relatively narrow structure. In M. fascicularis it
only measures between 2 to 3 mm where the motor cortical CST descends.
Specifically lesioning the internal capsule therefore requires a great degree of
spatial control. In this project, a RFTG approach was chosen to meet these
requirements. Specifically, the LG2 Lesion generator (Electrode: TCBA
011, inomed Medizintechnik, Germany) system was employed, as it allows
for temperature regulated lesion production and has been shown to reliably
produce lesions of a known size (Hauska et al., 2010). The lesion size can be
regulated by two main parameters: temperature and irradiation time. The
setup further allows for electrical stimulation at the electrode tip, enabling
functional probing, during the surgery (Figure 2.1b).

Figure 2.1: Radiofrequency thermocoagulation (a) Exemplary depiction of a surgical
intervention targeting chronic pain in the spinal cord. (b) Time dependent lesion size intro-
duced by a bipolar thermocoagulation electrode at 0s, 30s and 70s. The lesion generation
was simulated in egg white. Scale bar: 1mm. Figures adapted from Ariñez-Barahona et al.
(2017) and Moringlane et al. (1989).
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2.2 Methods

2.2.1 Animal Model
Four young adult (3.9 ± 0.5 years; Mk-Jy, Mk-Le, Mk-Pa, Mk-Re) fe-
male non-human primates (Macaca fascicularis) weighing 3.3 ± 0.3kg, and
four adult males (4.3 ± 0.7 years; Mk-03, Mk-05, Mk-06, Mk-11) weighing
5.3±0.5kg were involved in this assessment. The four female monkeys were
housed in an animal facility at the University of Fribourg (Switzerland).
They were situated in an enriched housing environment of 45m3 in groups
of 2 to 5 animals, as mandated by the federal animal protection rights. Ad-
ditionally, they had access to an outdoor space of 30m3. The group had ad
libitum access to water and were fed without food deprivation. All monkeys
were subjected to a subcortical stroke-like lesioning procedure. They were
implanted with six cortical micro-electrode arrays (UTAH array, Blackrock
microsystems, USA). In two monkeys, these implants were combined with
fully implantable EMG systems (Ripple neuro, USA). All experimental pro-
cedures were approved by the Swiss Federal and cantonal authorities under
the license number: 2017_22_FR. The six males were held in an AAALAC
accredited animal facility in Beijing (Motac Neuroscience, China). The
animals were housed in cages, designed in accordance with the European
guidelines (2m x 1.6m x 1.26m). The animals received enrichment such as
toys, puzzles and music. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Bordeaux (CE50, France)
and performed in accordance with European Union animal protection reg-
ulations. The animals had ad libitum access to water and were fed twice
daily.

2.2.2 Surgeries
Perioperative care

Before and after surgeries, and in the case of chronic complications, the
animal’s health status and weight were monitored and recorded daily. All
incidental interventions were discussed and planned with the local veteri-
nary advisors.

Pre-operative care One day prior to the surgery, the animal was se-
dated with an intramuscular (i.m.) injection of ketamine (Ketasol-100®,
10 mg/kg) and midazolam (Dormicum®, 0.1 mg/kg). The head was shaved
and washed with antiseptic soap (Hibiscrub, Cito Pharma, Switzerland).
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The animal was then injected subcutaneously (s.c.) with broad-spectrum
antibiotics (i.e., Noroclav®, 30 mg/kg) or otherwise appropriate antibiotics,
according to antibiotic resistances.

Post-operative care After the surgical intervention, the animal’s wounds
were antiseptically treated using Betadine solution (Mundipharma, Switzer-
land). They received injections of broad-spectrum antibiotics (i.e., Noro-
clav®, 30mg/kg, s.c.) or other appropriate antibiotics, according to their
antibiotic resistances. Additionally, they received analgesic carprofen (Ri-
madyl, 4mg/kg, s.c.). The anesthesia was stopped, and the monkeys were
kept warm and received oxygen until they regained consciousness. They
were then transferred to a small cage and monitored until they had com-
pletely recovered from the effects of the anesthesia. The monkeys were
then fed and hydrated, before they were, again, transferred into a large
cage in their housing room to prevent in-group fighting due to the subjects’
weakened state. In the cage, they had access to food and ad libitum water.

Over the 10 days following the surgical intervention, the animals received
subcutaneous injections of antibiotics (i.e., Noroclav®, 30 mg/kg) and carpro-
fen (Rimadyl, 4 mg/kg). Their sutures were evaluated daily and, if needed,
washed with Betadine solution or Hibiscrub®(Cito Pharma, Switzerland)
and Prontosan®(B. Braun, Switzerland).

Chronic wound care Some animals suffered from chronic wound compli-
cations, such as skin retraction or general inflammation around the im-
plants. Indications of this included reddening of the skin and pus. In the
presence of pus, an antibiotic sensitivity test was administered in order to
determine whether any antibiotic resistant strains of bacteria were present.
Guided by this test, an antibiotic regime was devised and administered ac-
cordingly, under veterinary supervision. Where appropriate, a routine of
wound-cleaning with Betadine solution (Mundipharma, Switzerland) and a
combination of Hibiscrub®(Cito Pharma, Switzerland) and Prontosan®(B.
Braun, Switzerland) was added.

Anesthesia

Surgical intervention The day of the surgery, sedation of the animal was
induced with an i.m. injection of ketamine (Ketasol-100®, 10 mg/kg), mida-
zolam (Dormicum®, 0.1 mg/kg), and methadone (Methadone®, 0.2 mg/kg).
It was transported to the surgical theater, where an intravenous access was
placed. Sedation and analgesia was controlled via a combination of con-
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tinuous propofol 1% and ringer-lactate (dilution 1:1) infusion, combined
with fentanyl (1:1 in 0.9% saline). General hydration was provided through
this continuous warmed infusion of ringer-lactate, via the i.v. access. The
animal’s heart rate (ECG), core temperature (rectal probe), oxygenation
(SO2), and breathing rate were continuously monitored and recorded every
five minutes. Depending on the procedure, the animal was placed onto the
surgical table in either a prone position or fixed in a stereotactic frame. In
the case of the stereotactic frame, the ear-bars were covered with lidocaine-
cream (2%). The animal’s head was fixed by 5 contact points: ear-bars,
ocular-bars and a mouthpiece or custom dental mold (Chapter 2.2.5). The
animals body temperature was kept stable with the help of a heating pad,
as well as drapes and latex gloves filled with warm water. Additional oxy-
gen (3 L/min) was provided through a tube placed in front of the nose.
A sterile field was established with sterile drapes that left the monkey’s
head exposed and able to be antiseptically prepared with Betadine solution
(Mundipharma, Switzerland).

Off-site imaging The computer tomography (CT) and magnetic reso-
nance imaging (MRI) scans were performed at the cantonal hospital of Fri-
bourg (HFR). At the animal facility, the monkey was lightly sedated with an
intramuscular (i.m.) injection of ketamine (Ketasol-100®, 10 mg/kg) and
midazolam (Dormicum, 0.1 mg/kg) and transported to the imaging facility.
On site they received a second i.m. injection of ketamine (Ketasol-100®, 4
mg/kg) and medetomidine (Dorbene®, 0.04 mg/kg). After the completion
of the imaging session, the animal received an i.m. dose of atipamezole
(Alzane, 0.2 mg/kg), counteracting the medetomidine, before being trans-
ported back to the animal facility. There, the monkey was monitored and
kept in a separate cage until fully awake and past post-anesthesia effects.
The animal was then fed, hydrated and released back into the home cage.

2.2.3 Structural MRI
The MRI scans were performed at the cantonal hospital of Fribourg (HFR).The
animals were sedated and transported to the imaging facility as described
in chapters 2.2.2 and 2.2.2. They were placed in a prone position into an
MRI-compatible stereotactic frame (9-YSTI-22-P, Crist Instruments, USA),
fixing the head with the personalized dental mold (chapter 2.2.5), eye-bars,
and ear-bars (covered in lidocaine cream, 2%). A positional calibration
frame, with parallel and perpendicular vitamin-A filled rods, was attached
to the stereotactic frame in order to control its position within the MRI.
During the procedure, the animals’ vitals were monitored using ECG and
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pulse oximetry. The monkey received additional oxygen (3L/min) via a
tube placed in front of its nose. The body temperature was kept stable
using gloves filled with warm water and preheated cloth sheets. For the
surgical planning, both T1 and T2 structural MRIs were acquired. The T1
MRI data were acquired using the 3D BRAVO sequence (General Electric,
USA). The protocol consisted of 256 sagittal images, with a voxel size =
0.7mm3, and a spatial resolution = 0.625x0.625x0.7mm3 The animals were
then cared for and transported back to the facility, as described in chapter
2.2.2.

2.2.4 CT scan
The animals were sedated and transported to the imaging facility, as de-
scribed in chapters 2.2.2 and 2.2.2. The subjects were put into a prone
position, and set down on the acquisition bed. Bubble wrap and warm
water filled gloves were used to keep the core temperature from dropping.
The CT scan of the monkeys head was acquired by employing a 0.6mm
helicoidal low dose protocol (Ingenuity TF, Philips, Netherlands). The an-
imals were then cared for and transported back to the facility as described
in chapter 2.2.2.

2.2.5 Maxillary retention system
The animal was sedated with an i.m. injection of ketamine (Ketasol-100®, 4
mg/kg) and medetomidine (Dorbene®, 0.04 mg/kg). Multiple maxillary im-
prints were taken using a mixture of alginate (Blueprint X-creme, Dentsply
Sirona, Germany) and water applied onto a cut down maxillary impression
tray. The hardened alginate imprints were stored in a covered plastic box
with some water, to avoid deformation. Positive maxillary models were
formed with casting ceramic (Suter Kunststoffe, Switzerland) mixed with
water. Before the ceramic had fully hardened, a pipette tip was inserted
into the ceramic to allow easier handling (Figure 2.2a). The personalized,
stereotactic frame (Crist Instruments, USA) compatible, dental molds were
cast with acrylic (SCS-Beracryl D28, Suter Kunststoffe, Switzerland). A
clay basin was used as an outer casting shell, with a stereotactic adapter
rod incorporated into it. The ceramic positive was lowered into the basin
and attached to a third hand by the pipette tip. The basin was then filled
with acrylic until it reached the upper edges of the maxillary print. After
hardening, the acrylic mold was extracted, and the ceramic carved out and
discarded. The acrylic was cut and sanded down as much as possible to
retain stability while minimally obstructing the animals’ mouths and air-
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Figure 2.2: MRI compatible maxillary mold head-retention system (a-e) Depiction
of the maxillary mold fabrication steps and its integration into the MRI compatible frame.
(a) Material utilized to take maxillary impressions from subjects (b) Ceramic positive of a
maxillary imprint taken from one of the subjects. (c) The acrylic maxillary mold fused with
the retention rod. (d) The MRI compatible stereotactic frame with the ear-bars and the
maxillary mold in position, simulating a lesion induction surgery. (e) A monkey sedated and
restrained with the stereotactic frame.

ways. As a final step, the adapter rod was heated with a heat gun, and the
dental mold was leveled to obtain optimally level head positioning during
further procedures (Figure 2.2b). The maxillary mold was then ready to be
inserted into the mouth retention mechanism of the MRI-compatible stereo-
tactic frame. To fix the retention mold in a stable position, the respective
subject was sedated and fastened in the stereotactic frame (Figure 2.2e).
The mold was then blocked in the optimal position, and a position retention
piece was secured to the retention rod with plastic screws. The screw posi-
tioning was then further secured by drilling small divots into the retention
rod, where the screws meet the rod, ensuring the exact same positioning of
the dental mold, even after accidental disassembly.

2.2.6 Validation of the maxillary retention system
In order to validate the precision of the placement and head-retention over
multiple interventions, multiple MRIs with the animals’ heads retained us-
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ing the maxillary retention system, were acquired. The sessions were spaced
between 1 week and 6 months apart to simulate a suitable delay between
the imaging session and the lesion administration. T1 weighted images were
acquired, as described in chapter 2.2.3.

The acquired image series were then analyzed with the Slicer3D software
package (Fedorov et al., 2012). A landmark based rigid registration (DOF:6)
was performed using the tips of the vitamin-A filled orientation rods (Meth-
ods 2.2.3) as landmarks in both series. In the aligned volumes, 6 manually
identified landmarks were selected: the mid points of (1) the right eye, and
(2) the left eye, (3) the anterior commissure, (4) the most posterior apex
of the 4th ventricle, (5) the most anterior aspect of the genu, and (6) the
most posterior apex of the corpus callosum (Frey et al., 2011). The vari-
ance of placement between homologous structures, acquired with the same
maxillary mold, were calculated.

2.2.7 Lesion planning
To optimally target the internal capsule during the lesioning intervention
we employed the StealthStation system (Medtronic, Dublin, Ireland). This
system allowed us to determine the optimal access route and target from
the structural MRI acquisition, using the MRI compatible frame as a ref-
erence coordinate system. The planning target was set at the depth of the
anterior and posterior commissure (AC/PC), and around 8 mm lateral to
the midline. To primarily target the descending M1 projections the target
was set around the midpoint between AC and PC, and situated in the pos-
terior IC genu. The resulting planning was subsequently simulated in the
surgical environment using 3D printed models of both the skull and brain
of each animal. The data for the 3D printing was extracted from the CT
scan and the structural MRI for the skull and brain respectively (Figure
2.3).

2.2.8 Thermolesioning
The animals were prepared for surgery and sedated as described in chapters
2.2.2 and 2.2.2.

The animal was positioned in a prone position and its head fixed in a
stereotactic frame (Crist Instruments, USA) with the custom dental mold
(Chapter 2.2.5). The stereotactic tower (Kopf Instruments, USA) with the
lesioning electrode (TCBA 011, inomed Medizintechnik, Germany), with
its angles set according to the virtual lesion planning (Chapter 2.2.7), was

30



2.2. Methods

Figure 2.3: Lesion in the internal capsule (a-e) Depiction of the internal capsule lesion
planning and execution. The planning was done according to the location of the descend-
ing tracts of the motor cortices through the internal capsule. The planning was conducted
on a structural MRI of the subjects using the Stealthstation (Medtronic, Ireland). During
the surgery, the optimal positioning of the electrode was further verified with motor evoked
potentials induced by the lesioning electrode. (a) Diffusion tensor Imaging data, showing
corticospinal tracts of the primary motor cortex through the internal capsule. (b) An axial
slice at the level of the anterior and posterior commissures, with the optimal target for the
lesion depicted in the structural MRI (red), with the outlines of the internal capsule depicted
in white. (c) The optimal trajectory for the lesion induction planned with the Stealthstation.
The chose trajectory avoids all motor areas and is set at a 60◦ angle from the axial plane. (d)
The thermolesioning electrode mount with lesion electrode and high precision stereotactic
inserter. The electrode tip is magnified in the top right image. (e) Exemplary electromyo-
graphy (EMG) measurements before and after thermolesion induction of the muscle evoked
potentials (MEP) generated by the lesioning electrode at the lowest point of lesion induction.
Pre-lesion a distinct activation was measured in the distal musculature: extensor digitorum
communis (EDC), extensor carpi radialis (ECR), abductor pollicis brevis (APB), and flexor
digitorum superficialis (FDS). MEPs were absent in the proximal muscles: biceps (BIC) and
triceps (TRIC). Post-lesional measurements showed only residual activation of the distal mus-
cles, confirming the disruption of the electrode surrounding tract. MEPs were evoked with
2Hz stimulation at 1mA.
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put into place, and the exact incision location was determined. The tower
was removed, and a small incision and subsequent craniotomy, were con-
ducted at the entry point on the skull. The dura mater below was then
minimally incised. With the stereotactic arm re-positioned, the electrode
was slowly and precisely lowered into the brain. To determine the optimal
lesion site in vivo, electrical stimulation trains (2 Hz and 50 Hz) visually
monitored muscle responses in both the hand and arm. At incrementing
electrode depths, the threshold and predominantly activated muscles were
recorded. Electrically evoked muscle responses were recorded ranging from
5 mm above, to 3 mm below target. Lesions were induced at the depths
most specific to hand movements and with the lowest thresholds. Mk-Re
and Mk-Pa received lesions at one specific depth each, whereas Mk-Le and
Mk-Jy received two lesions placed 2 mm apart (Table 2.1). The lesions were
induced by radio frequency wave emissions around the tip of the inserted
lesioning electrode. These emissions of the electrode were specifically tuned
to heat surrounding tissue in a 1.5 mm radius (Moringlane et al., 1989). The
tissue surrounding the electrode was heated to 90°C for 60 seconds. The
electrode was then kept in place for another minute before it was moved
up to the next lesion spot, or extracted from the brain. After each heating
step, the electrical stimulation protocol was repeated and the threshold and
muscular response quality was recorded. After extraction of the electrode,
the skin was sutured and antiseptically treated.

Post operative care was administered as described in chapter 2.2.2.

2.2.9 Perfusion and Tissue extraction
The animal was sedated with a mixture of ketamine (Ketasol-100®, 10
mg/kg), midazolam (Dormicum®, 0.1 mg/kg) and methadone (Methadon®,
0.2 mg/kg). The animal was transported into the surgical theater where
it received an intravenous injection of pentobarbital (60 mg/kg, diluted in
0.9% saline solution). Post-injection, the animal’s vitals were continuously
measured using ECG and SO2 monitoring. When the animal stopped re-
sponding to physical stimuli (eye-lid reflex and pinching of the hand) it was
transferred to the perfusion area. The heart was exposed by opening the
thorax. The left ventricle was then injected with 1ml of heparin, before it
was incised, a cannula inserted, and transcardial perfusion (0.1M PBS) was
initiated. The perfusion medium was switched to 4% paraformaldehyde in
0.1 M PBS. After perfusion, the brain and spinal cord were extracted and
fixated over night in 4% paraformaldehyde, before being transferred in 0.1M
PBS azide (0.03%) solution.
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Table 2.1: Internal capsule lesion surgery and muscle responses The muscle responses
and the corresponding stimulation threshold at 2Hz stimulation frequency are reported for
various depths (∆ Target) along the electrode insertion path. The insertion depth according
to the MRI planning in Mks-Re, Pa, Jy and Le is denoted as 0 depth. The targeting in
Mks-03, 05, 06 and 11 were based on a generalized lesion plan. The positions of lesioning
are denoted in red. Muscles are abreviated as: BIC - Biceps ; DEL - Deltoid; EDC - Extensor
digitori communis; FCR - Flexor carpi radialis; FDP - Flexor digitorum profundus; FDS -
Flexor digitorum superficialis; FPB - Flexor pollices brevis; SCA - Scalene

2.2.10 Post-mortem DTI
The post-mortem MRI scans were acquired with a 9.4T MRI scanner (Var-
ian, Resonance Research, USA), in collaboration with the Center for Biomed-
ical Imaging (CIBM, EPFL, Switzerland).

The brain was removed from the storage container, dried, and placed in
a custom made tubular acrylic glass container (100 mm x ∅60 mm (OD),
∅55mm (ID)). The inner diameter of this tube allowed the brains to snugly
fit into the tube, without compression. To accommodate differently sized
brains, an additional acrylic glass insert could be fixed in the tube, re-
ducing the effective inner diameter and thus keeping smaller brains stable
during acquisition. After insertion of the brain, the container was filled
with Fomblin®Y (discontinued, Merck 317942, Germany). The container
was then closed with a pressure fitted lid with a ∅1mm air hole. The
sample was degassed at ∼ 60mbar for one hour, before it was sealed with
Parafilm™(Bemis Company, USA) to prevent leakage. A post mortem DTI
scan was then acquired over the next 48 hours. The diffusion MRI data were
acquired using a pulsed-gradient spin echo (PGSE) sequence. The protocol
consisted of 164 images: 4 b = 0 (non diffusion-weighted), 30 directions at
b = 1.8ms/µm2, 30 directions at b = 3.5, and 100 directions at b = 5.3.
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Other sequence parameters included: gradient duration = 6ms, gradient
separation = 37ms, echo time 49.5ms, repetition time = 11s, and spatial
resolution: 0.55x0.6x0.6mm3. After the scan sequence, the brain was ex-
tracted, cleaned, and transferred into 0.1 M PBS-azide (0.03%) for further
histological processing.

2.2.11 Histological tissue preparation
The extracted brains were dissected into 7 pieces (anterior, medial and
posterior pieces of each hemisphere and hind brain/cerebellum). They were
then transferred into a sucrose-PBS solution: 20% sucrose in 0.1M PBS for
one week, followed by 30% sucrose in 0.1M PBS for another one to two
weeks. The tissue was then frozen by submerging it in iso-pentane for 10
minutes at -65°C (SnapFrost®80, Alphelys, France). The tissue was then
transferred into a -80°C freezer. The tissue blocks were then cut into 50µm
sections with a cryostate. The sections were stored in 0.1 M PBS azide
(0.03%) for further processing.

2.2.12 Stroke size and location
All images were processed with QuPath (Bankhead et al., 2017) for primary
image processing and Python for secondary analysis.
The lesion and surrounding structures (putamen, external and internal glob-
ulus pallidus, caudate, thalamus and substantia nigra) were traced visually.
Lesion size and precision, represented by the overlap with the internal cap-
sule and other structures, was calculated. To obtain a generalized localiza-
tion of the stroke’s location and impact, the histological slices were then
registered to the MNI M. fascicularis atlas (Frey et al., 2011) (Chapter
2.2.13). The obtained spatial transforms were then applied to the lesion
annotations for group wise analysis in the atlas space.

2.2.13 Registration
Due to size restrictions of the histological slide scanner (VS120, Olympus,
Japan), which only allowed for single hemisphere slices, the hemispheres
had to be registered to the MNI atlas space(Frey et al., 2011) individually.
To achieve this, each sections DAPI channel and various annotations and
segmentation results (labeled fibers) were exported (64x down-scaling) with
QuPath (Bankhead et al., 2017). Artifacts, such as grease-pen marks, were
manually marked and removed. The images were then blurred using a gaus-
sian blur (radius: 2µm) before the images were scaled down by a factor of
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Figure 2.4: Registration of histological slices to MRI atlas A flow chart depiction of the
pipeline employed to register the histological slices to a common MRI atlas space (MNI atlas
of M. fascicularis, (Frey et al., 2011)). There were four inputs to the registration pipeline
(top-row): (1) the MNI atlas, functioning as a reference space for the final transforms; (2)
the MRI volume, the individual b0 volumes obtained during the post-mortem MRI; (3) the
Histology slices, a series of histological sections (1 hemisphere, thickness: 50µm, inter-section
distance: 250µm) encompassing the medial section of the brain; and (4) the Annotation
slices, multiple series of histological annotations (e.g. lesion, M1 tract) corresponding to
the histological sections. Within the pipeline, these parts get sequentially registered to their
counterpart by three functions: (1) Affine registration, which builds an aligned volume from
the histology slices [DoF 12]; (2) FSL FLIRT atlas, which aligns the post-mortem MRI to
the skull stripped MNI atlas [DoF:12]; and (3) FSL FLIRT histology, which registers the
histological volume to the corresponding hemisphere of the post-mortem MRI. The three
helper functions: (1) strip skull: removes the skull pixels from the MNI atlas employing FSLs
BET algorithm; (2) mask hemisphere: masks the un-used hemisphere of the post-mortem
MRI to facilitate registration; and (3) concatenate transforms: concatenates the obtained
transformation matrices from the FLIRT algorithms and then applies the resulting transform
to the histology derived volumes.
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64. The resulting sections were then sequentially aligned, using a manually
selected middling section as a seed. This section was selected for a maxi-
mally straight mounting angle, minimal deformation, and maximally intact
structures. A rigid, pairwise registration algorithm (cost function=mutual
information, DoF:6; (Lowekamp et al., 2013)) was used for registration,
resulting in a volume (H-volume) representing the medial part of one hemi-
sphere. The set of transformation matrix was then applied to the exported
annotations, resulting in individual volumes corresponding to the H-volume
space. To ensure the compatibility with the subsequent pipeline, the vol-
umes were saved in the NIFTI file format, and the corresponding header
was created.

As a primary reference for the registration to MRI space, the structural
volume (b0) of the individual post-mortem DTI scans were used (Chap-
ter 2.2.10). Before any further processing, both the H-volume’s and the
b0’s dimensions were adjusted to match the MNI space’s dimensions. The
hemisphere corresponding to the H-volume was then masked in the indi-
vidual volume. The H-volume was registered to the masked volume using
FSLs FLIRT algorithm (cost function: mutualinfo, DoF: 9, (Woolrich et al.,
2009)).The unmasked b0 was then further registered to the skull stripped
(FSL BET, (Woolrich et al., 2009)) MNI atlas, using affine FLIRTs affine
registration method (FSL, cost function: mutualinfo, DoF:12, (Woolrich
et al., 2009)). The obtained transformation matrix was applied to the once
transformed H-volume, resulting in MNI atlas aligned histological slices.
The transformation matrices of the primary and secondary alignment were
then sequentially applied to the annotation volumes, allowing fully stan-
dardized analysis of the histological results in the MNI space (Figure 2.4).

2.3 Results

2.3.1 Maxillary retention system validation
To assess repeatability and precision of the maxillary retention system,
multiple planning MRIs per maxillary mold and animal were acquired from
Mk-Jy, Mk-Pa and Mk-Le. The acquisitions spaced 2 weeks to 6 months
apart were rigidly registered using the stereotactic frames’ alignment bars
(Methods 2.2.6 and 2.2.3). A qualitative measure of the overlap quality
was achieved via a multi color blending assay (Figure 2.5), showing a well-
aligned skull and brain, with larger deviations in the jaw and neck area. To
quantify the shift in brain position between the imaging sessions homologous
landmarks were marked in all MRIs, and their distance post registration
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was calculated, yielding an average displacement of 0.37±0.28mm between
sessions and landmarks(Figure 2.5d)

Figure 2.5: Maxillary retention system validation The maxillary mold retention precision
was validated by rigid landmark registration of multiple MRIs taken weeks to months apart.
The landmarks were placed on the vitamin-A calibration bars (Methods 2.2.3). (a) Example
MRI of Mk-Jy with head restrained in the MRI compatible stereotactic frame, with a part of
the calibration bars visible (top-left) and the visible landmarks are depicted (b,c) Overlap of
two aligned MRIs taken 1 month apart. Sections in gray are well aligned, colorful sections
depict miss-matching sections (Mk-Jy; 12.12.2018-purple, 11.01.2019-green) (d) The vari-
ance of 6 manually marked homologous structures, over multiple MRI acquisitions (n=10).
The variances were calculated for the stereotaxic placement using the same maxiallary mold.
A second maxillary mold was used for Mk-Pa after dental changes due to injury, resulting in
molds A and B. The depicted landmarks are: (1) rE - mid point of the right eye, (2) lE -
mid point of the left eye, (3) AC - Anterior commissure, (4) V4 - posterior apex of the 4th
ventricle, (5) aG - anterior aspect of the genu, and (6) pCC - posterior aspect of the corpus
callosum.
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2.3.2 Lesion precision
One of the studies’ aims was to produce a wide range of lesion sizes, produc-
ing phenotypes showing full (mild), partial (moderate) and absent (severe)
recovery. The induced lesion sizes were thus chosen to fit two different size
ranges: small (∼ 10mm3) and large (> 30mm3). The smaller lesions were
used to induce mild to moderate phenotypes, whereas the larger lesion were
chosen for the severe group. The group severity was determined using the
kinematic recovery patterns, discussed in chapter 3. The extent of the in-
duced lesion was determined histologically after completion of the functional
experiments. This was achieved by marking the lesion on equidistant coro-
nal sections (50µm thick slices taken at 300µm intervals) of each lesioned
animal (n = 8). The induced lesion sizes ranged from 6.8mm3 (Mk-JY) to
93.1mm3 (Mk-06) with group-wise lesion sizes of 11.0±0.6mm3 in the mild,
10.2 ± 3.4mm3 in the moderate, and 51.5 ± 24.7mm3 in the severe group
(Figure 2.6). To determine the lesion location and precision the internal
capsule and the surrounding structures (caudate, thalamus, pallidum, and
striatum) were manually marked, and the volume of the lesion in each of
the marked structures determined. The sub-volumes were then normalized
by the total volumes of each animal to determine the fractional distribution
in each structure. Over all animals, 73.5 ± 7.9% of the lesion volume was
located in the internal capsule, with smaller portions found in the thalamus
12.9 ± 9.5%, pallidum 10.2 ± 9.5%, and striatum 3.4 ± 4.9% (Figure 2.6).

2.3.3 Lesion registration
Due to individual differences in brain size and structures as well as variances
in histological tissue processing, such as the cutting angle, quantitative as-
sessments of the relative lesion positions subject to high variability. To solve
this, the histological slices were registered to an MRI atlas (MNI M. fasci-
cularis atlas (Frey et al., 2011), Figure 2.7)) to overcome inter-individual
variance. In the common atlas space the lesion distribution becomes quan-
tifiable. Differences can be seen especially in the dorso-ventral distribution.
The lesions producing a mild phenotype are generally situated in the su-
perior IC above the axial AC-PC plane. Moderate outcomes are seen with
lesions situated in the inferior IC, especially centered around the AC-PC
plane. With their vastly larger size, the severe lesions span from the su-
perior to the inferior IC (Figures 2.7 and 2.8). A further distinguishing
difference can be found in the anterior-posterior direction, with the severe
group showing a general caudal shift.

The precision of the lesion planning was then assessed by measuring the
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Figure 2.6: Internal capsule lesion size and precision (A) Total lesion volumes per
subject, with group lesion sizes of: mild - 11.0 ± 0.6mm3; moderate - 10.2 ± 3.4mm3;
severe - 51.5 ± 24.7mm3 (B) Total volume distribution of lesions in the internal capsule
(IC) (depicted in severity group colors) and the surrounding structures. The internal capsule
was targeted with an accuracy of 73.5 ± 7.9% (A,B) The measurements were marked and
summed on a histological series of 50µm thick slices taken at 300µm intervals. The severity
groups were determined by the functional recovery, discussed in chapter 3

distance of the original lesion planning on the in-vivo structural MRIs to the
induced lesion. Here it may be worth noting again that the lesion planning
could only be conducted in the animals that were situated in Fribourg, due
to a lack of access to an imaging facility in Beijing. For this analysis, the
planned electrode entry points and targets were registered to the MRI atlas,
using the in-vivo MRIs. The targets were adjusted for the chosen burning
depth during surgery, and shifted along the electrode trajectory accordingly
(Chapter 2.2.7). The distance between the lesion centroid and the adjusted
target was then measured in atlas space. In 75% of animals the error of the
lesion plan could be kept under 2mm, whereas in Mk-LE the lesion error
was 3.25mm. On average the lesion plan accuracy was determined to be
2.3 ± 0.6mm. The error of the access trajectory angle was estimated as
to be the angle between the adjusted target and the lesion centroid, and
the adjusted target, respectively. A shift in the medio-lateral angle was
close to nonexistent (0.3◦ ± 0.2◦). In the dorso-ventral plane, the average
tract deviation was 4.2◦ ± 1.9◦, with the three accurate subjects showing
a deviation of 3.2◦ ± 0.2◦ and the outlier Mk-LE being off by 7.1◦ (Figure
2.8).

39



2. A novel model of subcortical stroke in non-human primates

Figure 2.7: Lesion registration to MNI M. fascicularis atlas (a,b) Internal capsule lesions
have been traced on histological slices before being aligned to the MRI atlas (chapter 2.2.13,
MNI M. fascicularis atlas (Frey et al., 2011)). (a) 3D views of aligned lesions (n=6) of the
mild, moderate, and severe groups (n=2 each) (axial-sagittal-coronal) (b) Equally spaced
axial sections of the internal capsule lesions. The lesions are outlined by their corresponding
group color.
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Figure 2.8: Normalized lesion position (A,B) The histologically estimated lesions, MRI
lesion planning and the traced tracts in healthy animals (n = 2, M1 and PMv) were registered
to an atlas space (chapter 2.2.13, MNI M. fascicularis atlas (Frey et al., 2011)), MRI planning
was only performed in the mild and moderate groups (A) Distances between the MRI planning
and the centroid of the administered lesions in each respective animal. A mean accuracy from
planning to execution of 2.3 ± 0.6mm (B) Depiction of the corticospinal mean and standard
deviation traces of M1 (green) and PMv (red) through the internal capsule on the coronal
and sagittal projections in atlas space. The derived optimized lesion location is depicted by
the gray cross. The lesion extents by group are depicted by the adjacent color gradients with
the lesion planning depicted in gray.
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2.4 Discussion
In this chapter a novel approach of producing a focal infarct targeting the
internal capsule was described. The approach enables the precise targeting
of specific neuronal tracts in the internal capsule, while sparing critical
cortical areas. Following, the validation of the lesion planning and the
resulting lesion precision, are discussed.

2.4.1 Stereotactic approach and planning
The size and shape of a monkeys’ brains can vary quite extensively, espe-
cially when compared to other animal models such as rodents. The tar-
geting of brain structures, especially of deeper structures, can pose a great
challenge, as the reliance on stereotactic coordinates stemming from pre-
vious experiments leads to highly variable results. In order to precisely
target these structures, researchers have thus relied heavily on muscle or
neuronal feedback to guide their intervention during the surgery (Bootin,
2006; Miocinovic et al., 2007; Emborg et al., 2010; Nikolov et al., 2022). In
recent years, MRI and X-ray guided approaches have improved on these cir-
cumstances, paving the way to more personalized guidance during surgery
(Miocinovic et al., 2007; Emborg et al., 2010). However, many of these ap-
proaches require either the presence of these acquisition techniques in the
surgical theater, or the ability to adapt the interventions to be compatible
with the acquisition facility, such as the exclusive usage of MRI compati-
ble material, in the case of MRI guided surgeries. To solve some of these
issues a personalized, MRI guided surgical approach was proposed, split-
ting the MRI acquisition and the surgical intervention into two episodes,
while ensuring a highly reproducible position of the subject during both
procedures.

Traditionally, during surgical interventions in NHPs, the head is positioned
by a combination of mouth-, ear- and orbital-bars; however, the positioning,
especially of the pith, can produce inconsistencies (Miocinovic et al., 2007;
Ose et al., 2022). To allow the structural MRI used to plan the focal lesion
in the internal capsule and the surgical intervention to take place in different
locations and on separate days, a head retention approach based on a novel
maxillary mold, in combination with a MRI compatible stereotactic frame,
was chosen. The maxillary mold was fabricated from each animals’ imprint
and fixed for each individual before the acquisition of the MRI used for
surgical planning, precisely fixating the animals’ head position in all 3 axis.
Each animals’ variation of landmarks between multiple MRI acquisitions
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was measured and found to be below 0.5mm on average, which was not
the case in the same type of acquisition with the traditional mouth-bar or
a recently introduced head-mount based system, noting errors above 1mm
between stereotactic placements (Emborg et al., 2010; Ose et al., 2022).
The use of a maxillary mold, therefore, seems to be a very viable option to
ensure constant positioning of the subjects between surgeries, especially in
the case of multiple, spaced interventions.

For recovery studies, it is of the utmost importance that areas, which are
believed to have a major involvement in the recovery process be kept in-
tact. However, stereotactic interventions are traditionally performed with
a strictly dorso-ventral trajectory, as this reduces angular uncertainty and
user error. In the case of an internal capsule lesion, this approach would
pass straight through the ipsi-lesional motor area. This would have posed
a two-fold problem: 1) the motor areas this this study intends to inves-
tigate would be majorly affected, and 2) inter-cortical neuronal measure-
ments would be jeopardized, as the descending lesioning electrode would
pass close by, potentially dislodging or damaging these devices. In order
to remedy this, a personalized electrode insertion path was planned using
the acquired structural MRIs, evading the motor cortices all together at an
insertion angle of around 60◦ from the axial plane.

Together, the improved head retention system and personalized lesion plan-
ning system form a stable base for precise and repeatable experiments,
while further providing a flexibility in the timeline between acquisition of
the planning data and the actual intervention. It also allows the placement
of complex, non-MRI-compatible recording systems, such as intracortical
arrays or EMG systems, to record baseline data in between acquisitions,
without sacrificing surgical precision.

2.4.2 Lesion precision
The internal capsule is a comparatively narrow structure, situated deep in
the brain. Targeting it specifically requires tools that induce narrow and
precise lesions. The technique of radiofrequency thermocoagulation proved
to provide these qualities, resulting in highly stable lesion sizes with the
ability to enlarge the impact as needed by tuning the lesion induction pa-
rameters (Figure 2.6), while still staying within the confines of the internal
capsule, minimizing the insult to surrounding structures to less than 25%
of the total lesion volume. Previous studies applied various approaches
to selectively lesion this structure (Lacquaniti et al., 1987; Puentes et al.,
2015; Murata and Higo, 2016; Kim et al., 2021). However, in most cases
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the induced lesion either substantially damaged the surrounding tissue, or
proved to be relatively variable in their location and extent. One notable
difference is the very recent publication of Kim et al. (2021)), describing
internal capsule specific lesions in 70% of their cohort. However, due to the
employed lesioning technique (Chapter 1.2.5) an approach passing straight
through the motor cortex itself was required to achieve this.

2.4.3 Histological registration and relative lesion location
While the histological analysis of the lesion and the surrounding structures
provides some insight into the individual animal’s lesion location, the com-
parison to the original MRI planning is difficult. Furthermore, quantifying
the relative positions of the lesions in the brain poses a challenge. To bridge
the gap between histological precision and the comparability of MRI scans,
a unified atlas with histological data registered to MRI space has been
published in rodents and squirrel monkeys (Meyer et al., 2006; Xiong et al.,
2018; Schilling et al., 2019). However, no applicable framework for macaque
monkeys could be found. Thus, during this study, a pipeline to register par-
tial histological slices to a M. fascicularis atlas was developed. The goal of
this procedure was the alignment of the histological slices to a unified atlas
space. As the anatomical differences in NHPs can be substantial, this was
achieved by first aligning the histological slices to the individual in-vivo and
post-mortem MRI scans, before they were then registered to the MNI atlas
space (Frey et al., 2011). The developed pipeline allows for the automatic
construction of a histological volume, and the subsequent registration to the
mentioned MRI spaces, with the ability for the user to tweak some qual-
ity control and optimization factors. This technique allows the migration
of histological markers and stainings (Chapter 4.3.3) to MRI space. This
can be achieved with partial and damaged (lesion etc.) histological slices,
making it a versatile tool for NHP research.

The registered volumes allowed for the unified quantification of the lesion
location and the precision of its administration. In the four animals where
an MRI planning was undertaken (Mks Pa, Re, Jy, Le) a relatively low
error could be reported (Figure 2.8, which is substantially smaller than the
estimated lesion variance in comparable models (Murata and Higo, 2016;
Kim et al., 2021). Nevertheless, an error of around 2mm on average re-
mains, even after the improvements to head stability and MRI planning.
There are two main culprits that may be responsible: the insertion angle
and the electrode stability. The estimated error in insertion angle (Chapter
2.3.3) was around 3◦, which may stem from multiple sources or a combina-
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tion thereof: user error in setting the right angle on the stereotactic frame,
the frame’s stability, an angle deviation of the stereotactic tower, a miss-
alignment of the animals position, or a registration error. As the deviation
seemed to be a systematic one, subject specific or user errors seem to play
a less important role. Unfortunately, an error of a few degrees, caused by
frame or tower deviations, is hard to determine and fix by eye. A solution
could be a system in the surgical theater that monitors the electrodes’ posi-
tion (Discussed in chapter 2.5). A possible error due to electrode instability
might be harder to combat. As the path of approach to the lesion target is
oblique and possibly close to internal sulci, this could have induced bending
of the electrode while descending to the deeper structures. Such an error
would be only detectable with secondary non-invasive imaging, such as an
X-ray acquisition during the surgical intervention.

The alignment with the reference MRI further paved the way for a com-
parison between descending tracts to the functional outcomes (Figure 2.8,
Chapters 4.3.3 and 3). The lesions with a lower functional impact tended
to be more superior to other lesions, interrupting the CST at a more dor-
sal location, where the CST is still further spread, and thus potentially
interrupting a smaller percentage of the descending tract, despite having
the same lesion volume. This provides evidence, that the location of the
lesion in the internal capsule plays a major role of post-lesional outcomes,
in comparison with lesion volume alone, further outlining the need for the
analysis on the basis of a unified atlas.

2.5 Limitations
While the maxillary mold fixation system provides the flexibility of delaying
the lesion induction by several months after acquisition of the MRI for
surgery planning, it still poses constraints on the experimental planning: a
limited time between planning and lesion induction, as well as well as the
limitation on implants before the planning session.

The maxillary mold seems to have a limited lifetime, especially in the case
of young animals. As in one of the subjects (Mk-Pa) a change in teeth
alignment was observed, rendering the previously fabricated maxillary mold
unusable. It is thus advisable to perform the mold acquisition and planning,
as close to the lesion intervention as the experimental protocol allows.

A further limiting factor for the experimental planning, is the reliance on an
MRI acquisition for the surgical planning. This severely limits the recording
or restraining devices that can be implanted before the planning session,
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as they must be MRI compatible. Even with MRI certified devices, pos-
sible artifacts produced by such implants might distort the MRI, creating
imaging artifacts and thus reducing the accuracy of further experiments.

2.6 Future perspectives

2.6.1 Maxillary retention system
While relatively small, the measured error of the lesion administration could
still be further improved (Chapter 2.4.3). While not yet in use during the
presented study, the group has been experimenting with real-time positional
tracking of the position of the subjects and tools in the surgical theater,
provided by Brainsight (Cephalon, Denmark). Preliminary results show
that it is possible to have sub-millimeter resolution in tracking of markers
within the surgical theater. If implemented correctly, this could provide
angular and positional measurements, possibly detecting and minimizing
errors in electrode positioning and systematic deviations stemming from
the stereotactic frame or the tower. It could further provide pivotal visual
feedback to the surgeons, in case of ad hoc changes to interventions.

2.6.2 Standardized surgical planning
As part of this study, the surgical planning was done by referencing the
planning MRI alone, with an expert determining the optimal lesion posi-
tion according to literature and empirical knowledge from previous exper-
iments (Morecraft et al., 2002). However, with the developed registration
pipeline it is possible to define an optimal lesion location in the atlas space
and register this to the individual animals MRI instead, standardizing the
surgical planning. In a further step, a program calculating the expected
fiber loss according to the control animals descending tract locations would
allow the prediction of the expected loss of fibers from each descending
tract (M1, PMv, PMd etc.). Combining this with the standardized lesion
planning, this could lead to even more specificity in the induction of deficits
stemming from a known loss of fibers.

2.6.3 Applicability of lesion framework to other NHP mod-
els

Precise access to deep brain structures is pivotal in many research fields.
It is necessary for implanting a deep brain stimulation lead, inserting an
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electrode array for neuronal recording, or, as in the case of this study, the
induction of a lesion. In cases when surgical guidance methods are limited
by pre-existing implants or other conditions prohibiting the use of intraop-
erative imaging techniques, stereotactic approaches are paramount. During
these procedures the precise positioning of the subject provides the basis for
a successful intervention. The flexibility gained by MRI guided planning,
in combination with the repeatability of placement provided by the max-
illary retention system makes this combination a promising candidate for
such applications. The system introduces the potential of combining com-
plex systems, such as those used for permanent intracortical or muscular
recordings, while providing a time window for such interrogations between
surgical planning and a subsequent, high-precision intervention.

2.7 Conclusion
In summary, the described lesion induction framework provides a highly
reliable platform to study the effects of subcortical stroke, allowing for the
implementation of complex, longitudinal studies, owing to the implemen-
tation of a robust head-restriction mechanism and the avoidance of all mo-
tor areas during the surgical approach. Besides the study of the present
paradigm, the technique is readily adaptable to study various effects of le-
sions situated in the deep brain in non-human primates, paving the way for
a variety of basic and applied investigations of sensorimotor processes.
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Chapter 3

Strategic changes in motor tasks
following subcortical stroke

3.1 Introduction
Loss of control of the upper-limb is seen in 80% of people suffering from
a stroke (Gresham et al., 1997; Langhorne et al., 2009). After such an
incident, rehabilitative training is administered as soon as possible, in an
attempt to harness the brains’ plastic phase (Ward, 2017). Despite these
efforts, 65% of patients remain impaired in their upper-limb function, often
preventing them from performing independently in their daily lives (Buma
et al., 2013; Winstein and Kay, 2015; Winstein et al., 2016). Today’s re-
habilitative paradigms focus on task specific training, hoping to improve
the general function of the motor system in conjunction with the remaining
cortical circuits (Zeiler and Krakauer, 2013). Even though improvements
are made during the rehabilitative sessions, patients often have difficulties
transferring these skills into everyday circumstances (Plautz et al., 2000;
Winstein et al., 2016).
Facing these discrepancies between desired and achieved outcomes, a de-
bate on ’real’ recovery vs compensation has ensued (Nakayma et al., 1994;
Roby-Brami et al., 2003; Levin et al., 2009; Darling et al., 2011; Krakauer
and Carmichael, 2017). Proponents argue that current recovery assessment
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tools, while quantifying the patient’s ability to perform specific tasks, do
not adequately measure the underlying kinematic changes. The reported
improvements would thus be compensatory, learned strategies, coping with
the residual motor control, rather than actual gains in the patient’s kine-
matic ability. It thus remains unclear how much of the reported functional
improvements are masked compensatory strategies (Levin et al., 2009).

In this study, the aim was the quantification of the functional and kinematic
deficit seen after the induction of a clinically relevant subcortical stroke.
Aided by 3D kinematic assessment during the performance of six motor
tasks, in combination with the quantification of the functional success of
the subjects, the recovery process after stroke was investigated. With tasks
ranging from the assessment of residual functional strength to the analysis
of fine-motor control of the hand, a solid platform for the evaluation of
the discrepancy between functional recovery and the underlying kinematic
ability recovered after a subcortical stroke was built.

3.2 Methods

3.2.1 Animal model

The animals included in this study as well as their housing situation are
described in chapter 4.2.1.

3.2.2 Experimental timeline

In order to study the effects of a subcortical stroke on the functional and
kinematic recovery in non-human primates (NHP), an experimental time-
line was devised to include a behavioral investigation, as well as concurrent
recording of cortical and muscular signals, and concluding with a histolog-
ical investigation. Each animal underwent a similar experimental timeline:
acclimatization and training of the behavioral tasks, implantation of cortical
and muscular recording devices, intact baseline recordings, stroke adminis-
tration, and eventually the recording of the behavioral performance during
the recovery phase, lasting up to 6 months. After the conclusion of the
experimental paradigm, the implanted cortical arrays were extracted be-
fore the tracer injection. After an adequate delay for tracer expression, the
animals were euthanized and histologically processed (Chapters 3 and 2).
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3.2.3 Recording setup
In order to monitor the animals’ upper-limb grasping performance, both
in the healthy condition as well as post-lesion, we needed a platform that
allowed for 1) quick switching between tasks with the monkey present, 2)
easy access to the animal and the measuring devices by the researcher and
3) precise and stable measurements in lightly restrained animals in both
healthy and lesioned conditions.

During recording sessions, two researchers needed to be present. The first
remained inside with the monkey, managing the task and connection to the
system. The second, oversaw the recording, data quality, and synchroniza-
tion.

Primate chair

The animals were restrained in a primate chair, centrally placed within
the recording room. The chair was built to allow easy transfer from the
mobile primate chair (Chapter 3.2.4), and provided restraints for the neck
and the right (unused) wrist. These limited restraints left the animal free
to move their left arm and head, while keeping the animal from turning or
from completing the task with the untested, intact limb. To ensure that the
animal was able to sit comfortably, the seat height, as well as the collar-size,
were adjustable.

The chair included multiple and varied attachment positions to allow for a
stable connection to multiple motor tasks: the modified Brinkman board
(Rouiller et al., 1998), the Box and Blocks task, and the object presentation
task (Chapter 3.2.4). The modular nature allows switching between tasks
in less than a minute, with the monkey present and still connected to the
various recording modalities.

Multimodal recording system

To monitor the animals’ upper-limb motor function pre- and post-lesion,
we employed multiple, synchronized data acquisition modalities: 3D pose-
estimation, intra-cortical neuronal recordings, electromyography, and pull
force.

3D pose-estimation The marker-based 3D pose estimation system (Vi-
con Motion Systems, UK), was installed on rails surrounding the primate
chair. 12 infra-red cameras (Vero v2.2) as well as 2 visual cameras (Vue)
were employed for recording. The system allowed sub-millimeter tracking

51



3. Strategic changes in motor tasks following subcortical stroke

Figure 3.1: Recording set up A schematic depiction of the employed recording setup and
its capabilities. The structure allows recording of 3D kinematic data with a marker based
motion capture system, the capturing of multi-channel recording of the cortical activity during
training sessions, as well as electromyographic recordings of the upper-limb. These readouts
were used in combination of an array of tasks for the precise kinematic assessment of the
remaining movement quality after subcortical stroke. Here the interaction of a subject with
the robotic object presentation platform is shown, providing feedback of the applied forces.
Figure adapted from (Barra et al., 2021).
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of multiple reflective markers at a polling rate of 100Hz. To achieve the best
tracking fidelity, the system was calibrated to the animals’ torsos and left
upper arms only. During recording sessions, up to 14 markers (∅4-8mm)
were tracked and placed on the upper arm (3 markers: shoulder, middle of
humerus, elbow) and a personalized primate glove (11 markers). The pri-
mate glove was fitted to the hand of each subject, and markers were fixed at
the following positions: radioulnar and radiocarpal joints, metacarpopha-
langeal and (proximal-)interphalangeal joints, as well as the fingertips of
the thumb, index, and pinkie. The marker positions were estimated using
a subject specific model, calibrated with Vicon’s Nexus software.

Intra-cortical recordings The animals’ brain activity was monitored using
intra-cortical recordings via micro-electrode arrays (UTAH array, Blackrock
Neurotech, USA). Each animal was implanted with multiple arrays, totaling
256 concurrent recording channels. The signal was sampled at 30kHz, using
Blackrock’s Cereplex-E headstages. This neural signal was accessed over
a wired system, suspended via rails above the subjects’ heads, relieving
tension from the monkeys’ heads as well as the recording system itself.

Electromyographic recordings In Mk-Le and Mk-Pa, additional record-
ings of the muscle activity before and after the recovery were performed.
A list of the implanted muscles can be found in the appendix table 6. The
fully implantable electromyographic system (Ripple Neuro, USA) was ac-
cessed wirelessly, through a Grapevine receiver posed over the implanted
signal processor, and transmitted to the Trellis software.

Pull force In the object-presentation task (Chapter 3.2.4), the force ap-
plied during the grasping and pulling phase of the animal was recorded by
a robotic arm system (KUKA Robotics, Germany). The robot arm was
placed in front of the animal. The system allowed the researcher to lower
the robotic arm into the task space and provided a measurement of the
applied forces in 3D space.

3.2.4 Tasks
General training

In order to achieve long-term, high-quality readouts, especially after implan-
tation and lesioning, the monkeys must willingly participate in the tasks,
with their stress level kept to an absolute minimum.
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After arrival in the facility, the animals were left to acclimate to their new
housing room for two weeks. Over the following days and weeks, a re-
searcher entered the facility with some of their favorite food and spent time
with them in order to slowly normalize the presence of humans. When the
animals started to willingly approach the researcher, the second phase was
initiated. Before training, the animals were herded into a large housing
cage, and a small cage was attached to its door. With sufficient food and
time, the monkeys slowly associated the small cage with food rewards, and
would willingly enter it individually, without fear of the grate closing be-
tween the cages. At this stage, the primate chair was introduced. The chair
is designed to accommodate a single animal, and restrain it around the neck,
prohibiting retraction of the head as well as escape. The chair (open back,
head closed) was connected to the small cage through a transfer-tunnel. As
with the small cage, the animal was slowly introduced to the chair. With
time, the portion for the head was opened enough to allow the monkeys to
pass their head through. With plenty of food rewards, they were trained to
keep their heads outside to receive food reward, and after some weeks the
animals tolerated the closing of the neck-restraint. With the back of the
primate chair closed as well, the animals could now be safely transported
from the housing facility to the experimental room. They were then intro-
duced to the experimental setup and were able to be easily handled for any
necessary care-taking and inspections.

Modified Brinkman board

The modified Brinkman board task is a measure of fine manual dexterity
(Rouiller et al., 1998). It consists of a board with oblong slots oriented both
vertically and horizontally. The slots are sized to allow the animal to insert
only two fingers in an opposed grip (7mm x 14mm). A single sucrose pellet
(45mg, Dustless Precision Pellets®, Bio-Serv, USA) was placed in each slot
before the board was fixed to the primate chair in front of the animal. Dur-
ing this task, the animal’s ability to successfully grasp and feed the pellets
to themselves was assessed. As the task was relatively straight forward,
only very limited training was needed. The training mainly consisted of
exposure to the task itself as well as keeping the animal from engaging with
the task before the board was fixed into place. For this task no markers
were placed on the subjects, as any attempts to do so would result in the
markers being swiftly removed and eaten (Figure 3.2a).

One recording day consisted of 2-5 sessions, in which the animals were
presented with one full board. The session ended when all pellets were
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Figure 3.2: Kinematic assessment tasks Exemplary depictions of the execution of the
employed tasks. (a) Reach and grasp movement to retrieve a food pellet from the modified
Brinkman board. (b) Reach and grasping of the spherical object during the robotic object
presentation task. The precision and cylindrical grip objects are not shown. (c) Pick-up and
passing of a block (green) in de adapted Box and Blocks test. (d) Reach and grasp for the
cylindrical grip during the Drawer test.

cleared from the board, or after 5 minutes had passed.

Robotic object presentation

The robotic object presentation system was developed in house, and is
a modular object presentation system suited to assess non-restricted and
targeted reach-and-grasp movements in 3D space (Barra et al., 2019). The
system is based on an industrial robotic arm (IIWA, KUKA, Germany),
fitted to present various grasping objects to the subject. For our assessment,
we used four objects of different shapes and sizes: a small sphere (∅15 mm),
a large sphere (∅30 mm), a cylinder (∅15 mm, length: 80 mm), and a flat,
triangular object (base: 20 mm, height: 15 mm, thickness: 5 mm). Whereas
the spherical and cylindrical objects prompted a spherical and cylindrical
grip respectively, the triangular grip required a lateral precision grip to be
successfully grasped. The objects were presented at a set position in space
and were to be pulled 6 cm (spheres/cylinders) or 2 cm (triangle) towards
the subject in the primate chair. The system further enabled the researcher
to set various pulling resistances and to monitor the applied forces in 3D
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space.
The animals were introduced to one object at a time. They were trained to
place their hand on the primate chair’s resting bar. On the go-cue (sound
and light) the previously blocked robot switched to interaction mode and
the monkey was able to grasp and pull the presented object towards them.
Upon completion of a successful trial, a small food reward was given (Figure
3.2b).
During training and recording sessions, the subject’s upper arm was fitted
with reflective markers, and a primate glove was worn to allow for kinematic
tracking. The recording day consisted of 15 to 20 sessions, consisting of 10
to 20 pull attempts each, in the healthy condition. Each recording day the
animals were presented with up to 3 objects or pull resistances, resulting in
around 50 to 100 trials per condition per day.

Adapted Box and Blocks task

The Box and Blocks task is routinely used as an assessment of unilat-
eral gross manual dexterity in human stroke patients(Kontson et al., 2017;
Hebert et al., 2014). It consists of two adjacent boxes, separated by a di-
viding wall. One of the boxes is filled with small cubes. The subject’s
task is to pass single cubes from one box into the other, doing so as fast as
possible (Mathiowetz et al., 1985). This task was adopted to fit the require-
ments of monkey research. To better fit monkey hands, both the boxes and
blocks were scaled down by a factor of 3. This yielded two wooden square
boxes (85mm) divided by a wall with a height of 50 mm. For the blocks,
8 mm plastic cubes were used. The boxes were attached to the experimen-
tal primate chair in front of the monkey, allowing recordings with up to
three modalities (Chapter 3.2.3). A major alteration required due to the
language barrier between the researchers and subjects, was the number of
cubes simultaneously presented: only one cube was presented in the start-
ing box, and subsequent cubes were only added once the previous cube was
transferred (Figure 3.2c).
The task was introduced after the general training (Chapter 3.2.4). During
the task, the subjects sat in the primate chair (Chapter 3.2.3) with their
right arm restrained. To train the monkeys in the task, single cubes were
presented in the researcher’s hand. The animals’ natural curiosity prompted
them to grab it immediately. Reward was given when the block was dropped
into either side of the box. After the monkey understood the concept of
dropping the cube, reward was given only when the cube was released into
the right box. Finally, the cubes were placed into the left (start) box.
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The number of repeated transfers needed to receive a food reward was
then continually increased until the subjects reached roughly 1 minute of
consecutive passes.
For kinematic recordings the subjects were fitted with the usual three arm
markers in combination with a two-marker wristband.

Drawer task

As a gross motor assessment for reach-and-grasp capability, a new ’Drawer
task’ was developed. The animals were to reach for and grasp a drawer that
could be equipped with different handles/objects. On a successful pull, the
drawer automatically released a food reward. The task was deployed in
the lab of our Chinese collaborators (Motac Neuroscience, Beijing China).
Its design had thus an additional focus on reliability, ease of use and de-
ployment, as well as repairability. We manufactured multiple drawer insets
with different pulling objects. They could easily be exchanged in a matter
of seconds, thus allowing the testing of multiple objects during one record-
ing session. We utilized five objects: a sphere (∅25 mm), both cylindrical
handles (∅5 mm), and plates (thickness: 5 mm) attached vertically and
horizontally. They were inserted into a Plexiglas®tower fitted with a food
retention tray, into which the food reward was released. The pull resistance
was regulated with exchangeable springs, connecting the tower and drawer-
insets. The whole system was constructed from 1cm thick, clear acrylic
glass and rooted on a rectangular base that could be attached to a movable
trolley available on site (Figure 3.2d).
During recording sessions, the drawer was positioned in front of the animals,
which were seated in a mobile primate chair. The animals were trained by
the local team of researchers and veterinarians. Training involved exposing
the animals to the task, and getting them to pull the handles until they
associated the drawer pulls with food reward. For recording sessions the
animals’ digits and arm were painted with white on black markers (nail-
polish) and recorded with a marker-based motion tracking system (SIMI
Reality Motion Systems, Germany).

3.2.5 Kinematic analysis
Adapted Box and Blocks task

The adapted BBT performance analysis was based on the marker-based
3D-pose estimation files recorded with the Vicon system (Methods 3.2.4).
The captured marker data and joint assignments were manually validated,
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and incorrectly assigned markers were corrected using the Vicon Nexus
software (Vicon Motion Systems, UK). For quality testing purposes, the
relevant events were marked: start reach, start grasp, end grasp, fail, and
success. The marker and event data were then exported in .c3d format for
further analysis in Matlab (version: 2019b, Matlab, USA) and Python.
A custom script was developed for semi-automatic extraction of relevant
trial events: start and stop of a trial, passage of the divider, and pass quality.
The calibrated Cartesian marker coordinates were used to set thresholds
in space corresponding to the location of the testing apparatus. The box
pickup and drop-off events were estimated using a combination of indicative
movement patterns, such as maximal wrist extensions before a barrier pass.
These events were then manually validated and used for trial segmentation.
From the extracted Cartesian positions a range of features were calcu-
lated: sub task durations, grasping trajectory length and speed, as well
as the angles of the shoulder abduction, elbow-flexion and wrist prona-
tion/supination, and their respective range of motions (Table appendix 2).
A principal component analysis (PCA) was performed on the extracted fea-
tures of all subjects and time points, resulting in one combined principal
component (PC) space. The two PCs accounting for the largest variance
were used for the further analysis. The recording days were then binned
into four time-frames: intact (days up to lesion), acute (days 1-30 post le-
sion), late acute (days 31-90 post lesion) and chronic (day 91 post lesion
and after). For each animal, the euclidean distance of all trials, compared
to the centroid of the intact performance was calculated, to gain a general
kinematic recovery measure. The PCs individual contributions and their
loading factors were extracted (Courtine et al., 2009; Barra et al., 2019).

Robotic object presentation

The robotic object presentation performance analysis was based on the
marker based 3D-pose estimation files recorded with the Vicon system
(Methods 3.2.3). The captured marker data and joint assignments were
manually validated and incorrectly assigned markers were corrected using
the Vicon Nexus software (Vicon Motion Systems, UK). Relevant events
were manually marked: start reach, start grasp, end pull, fail and success.
The marker, event and robot data was then exported in .c3d format for
further analysis in Matlab (version: 2019b, Matlab, USA) and Python.
An automatic trial identification and event detection script was imple-
mented to aid in data segmentation. Using the location of physical objects
such as the resting bar, we defined thresholds to identify movement initia-
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tion and trial end. The begin and end of the grasping phase were defined
by identification of movement patterns, such as the maximal arm exten-
sion. The extracted events were manually verified and further used for trial
segmentation and binning.

The absolute Cartesian marker positions were converted to their corre-
sponding joint angles and relative distances between joints. 13 angles were
extracted: metacarpophalangeal flexion for the thumb, index and pinkie,
thumb interphalangeal flexion, pinkie and index proximal interphalangeal
flexion, wrist ulnar deviation and flexion, thumb palmar and radial abduc-
tion, index and pinkie abduction and elbow flexion, as well as shoulder
abduction. From the resulting angle trajectories, further features such as
angular velocity, acceleration, and jerk features, were extracted. From these
dynamic features a range of static features were computed: range of mo-
tion, swiped area, maximal and mean velocities, as well as trial duration
(Table appendix 3). For each object, a separate PCA was performed on the
extracted static features on all subjects and recorded time points, result-
ing in three separate PC spaces, one for each object: triangle, sphere and
cylinder. The two PCs accounting for the highest variance were considered
for the further analysis. The recording days were then binned into four
time-frames: intact (days up to lesion), acute (days 1-30 post lesion), late
acute (days 31-90 post lesion) and chronic (day 91 post lesion and after).
In each objects’ PC space, the individual animal’s euclidean distance of all
trials, compared to the centroid of the intact performance was calculated.
The PCs individual contributions and their loading factors were extracted.

Modified Brinkman board

The modified Brinkman board (mBB) was assessed in both the local Fri-
bourg laboratory (FL) and the collaborative facility (ML) in Beijing. At
FL the trials were recorded with a synchronized two camera system in ad-
dition to the Vicon system (Methods 3.2.3), whereas at ML, the recording
was done with a SIMI system (Simi Reality Motion Systems, Germany) as
well as a camcorder (Sony, Japan). The grasping performance was assessed
using a video player (VideoLan, 2006), recorded in Excel (Office suit, Mi-
crosoft, USA) or the SIMI systems proprietary software. The subsequent
analysis was performed in Python. To assess the performance in the mBB,
two key measures were used: success rate and grasps per minute. A three-
point success measure was used: ’success’: the monkey successfully grasped
the pellet and fed themselves; ’fail’: the pellet was removed from the slot
but could not be eaten; ’next’: the monkey attempted to remove a pellet
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from a slot but then moved on to another slot. The time was recorded from
the first touch of the board until the last pellet was removed. In the case of
inactivity, the timer was stopped after 5 seconds and resumed on the next
grasping attempt. The resulting success rates were then binned into four
time frames: intact (days up to lesion), acute (days 1-30 post lesion), late
acute (days 31-90 post lesion) and chronic (day 91 post lesion and after)
and statistical analysis was performed (Methods 3.2.6).

Drawer task and flexor synergies

The trials of the drawer task were performed at Motac (ML), the collab-
orative facility in Beijing. The recordings were performed using the local
SIMI system (Simi Reality Motion Systems, Germany) as well as a cam-
corder (Sony, Japan), and the data analysis was done using the Python
environment. The performance pre and post lesion was assessed using two
measures: success rate and grasps per minute. The success rate was defined
with a three point rating system: ’success’: the monkey successfully pulled
the drawer and retrieved the food; ’pull’: the monkey successfully pulled
the drawer but did not manage to feed themselves; ’fail’: the monkey at-
tempted to pull the drawer but could not trigger food release. The time was
counted during active reaching phases, defined as the first move reaching
for the drawer until the last pull attempt. In case of inactivity between
pulls, the timer was stopped after 5 seconds and resumed on the next pull
attempt.

To assess the 3D kinematic, the arm joints were marked with black and
white nail polish: shoulder, elbow, as well as the radial and ulnar wrist
joints. The interpolated 3D positions of each joint were then extracted
with SIMI’s software. The range of motion of the elbow was extracted from
the resulting elbow angle.

The resulting performance and range of motion data was then binned into
four time frames: intact (days up to lesion), acute (days 1-30 post lesion),
late acute (days 31-90 post lesion) and chronic (day 91 post lesion and after)
and statistical analysis was performed 3.2.6.

3.2.6 Statistics
All data was reported as mean ± SD. Significance calculations were per-
formed using Wilcoxon rank-sum tests followed by post-hoc correction for
multiple comparisons.

60



3.3. Results

3.3 Results

3.3.1 Development of two novel upper-limb assessments
in non-human primates

The lesion model for subcortical stroke devised for this study has little
precedent in previous studies. As such, in the beginning of the study, the
amount of motor impact to be expected from the administered lesion was
uncertain. In the study facility, two upper-limb motor assessments had been
well established before the start of this study: the modified Brinkmann
(mBB) board as well as the robotic object-presentation (ROP). While the
mBB provides a sensitive readout for dexterous digit control, the ROP
provided a wide array of assessment possibility spanning from fine digit
control to a gross movement reach-and-grasp task. However, for the ROP
task, a residual amount of force is key to the successful completion of the
trials. A task assessing the general ability of hand closing and opening, not
requiring a large amount of force would therefore complete the assessment
ensemble.

For the collaborative effort in China only the mBB paradigm has been
previously established. Due to the comparative limited training time and
control, as well as the local recording equipment limitations, a simple yet
performant task approximating the capabilities of the highly advanced ROP
task was needed.

Therefore, two new motor assessments were developed: the adapted BBT
and the Drawer task. The BBT is an assessment routinely used in the
evaluation of the upper-limb motor skills in human stroke patients. It is
built up from two adjacent boxes, divided by a separation wall. One of the
boxes is filled with small cubes, while the other is left empty. The patient’s
objective is to pass the cubes, one by one, from one box into the other. The
speed and success rate during this task is then used to assess the general
grasping ability, as well as coordination and range of motion of the patient.
This task was chosen and adapted to fit the needs of non-human primates by
down-scaling according to the smaller hand dimensions, as well as reducing
the cube count in the start box to a single cube at the time (Figure 3.3),
Methods 3.2.4). To be integrated into the existing recording system, the
task was made to be mountable on the standardized experimental chair
(Methods 3.2.3). The animals’ learning time for this new task was around
one month for subjects that had already undergone general acclimatization
to the training room, and was therefore easy to integrate in the existing
training schedule.
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Figure 3.3: Two novel upper-limb motor function tasks Schematic depiction of two
new tasks for the functional assessment of motor control: the adapted Box and Blocks test
and the Drawer task. (a) The adapted Box and Blocks tasks was adapted from the human
equivalent routinely applied in stroke assessments (Hebert et al., 2014). The task requires
the reaching and grasping for cubes (red) placed into the left box, and subsequently passing
them to the right, target box. The animal’s ability to perform this task, as well as kinematic
features, were used for its analysis. (b) The Drawer tasks is a reach-and-pull tasks, and
allows the assessment of various levels of upper-limb dexterity and force. The system was
equipped with multiple, exchangeable drawers, allowing the assessment of the precision grip
(cyan), spherical grip (red), and power grip (yellow). After successful grasping and drawer
pulling, a food reward (blue) is automatically dispensed. The Drawer task was developed as
a low-tech equivalent of the robotic object presentation task, to be deployed and used at the
collaborative laboratory Motac (Beijing, China).

For the device in the collaboration facility in China, the drawer task was
devised. According to the local laboratory environment, a lightweight, low-
tech drawer system with automatic reward distribution was devised (Figure
3.3). The system was built as a single drawer cabinet, with exchangeable
pulling handles. The handles mirrored the objects presented with the ROP:
a vertical plate forcing precision grip, a spherical handle for spherical grasp-
ing, and a horizontal cylinder to assess a power grip. The drawer was re-
tained by an interchangeable spring, allowing the regulation of the pulling
force required to complete the task. When the subject successfully pulled
the drawer to the maximal extension, a food reward was automatically
dispensed. The device was built from acrylic glass, and engineered to be
easy to mount and dismount, as well as able to fit into a standard piece of
luggage for transportation to the experimental site. The system was then
mounted on a height adjustable table in front of the standardized primate
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chair on site, and the kinematics were recorded with the local motion track-
ing system 3.2.3. In case of damage, each piece of the device was quickly
replaceable, either locally or via shipment (Methods 3.2.4). As the task was
very straight-forward to learn, as soon as the automatic reward system was
understood, the training time for the local staff and the subjects was less
than a week. Despite the precautions for repair ability, the device suffered
no damage during the recording time.

3.3.2 Spontaneous functional recovery after subcortical
stroke

Four young adult female M. fascicularis were trained to perform three
upper-limb motor tasks: the modified Brinkman board, an adapted BBT,
and an automated object-presentation task (Figure 3.2, Methods 3.2.4).
The animals’ performance and kinematics were recorded for several weeks
before the lesion administration, as well as during the recovery period, rang-
ing up to six months post lesion administration. During the recordings, the
kinematics of the animals were monitored with a marker-based 3D record-
ing system. Furthermore, neural (n=4) and muscular recordings (n=2)
were employed to complement the monitoring of the lesion impact and the
recovery process (Methods 3.2.3, data not shown). Post-lesion all animals
showed a marked deficit in left upper-limb function. In the first few weeks
Mk-Re and Mk-Pa (mild group, cyan) showed a fast recovery of basic mo-
tor function, whereas Mk-Le and Mk-Jy (moderate group, yellow) showed a
long-lasting deficit in both basic and fine motor skills. Lastly, the severely
impacted cohort (severe group, red; Mks 03, 05, 06 and 11) showed no
discernible recovery despite intensive rehabilitative training.

Dexterous hand control

The modified Brinkman board (mBB), as well as the precision grip object
in the RoP, required a precision grip as well as wrist supination to be
successfully completed. While the mBB was employed in both facilities,
the RoP task was only employed in the local Swiss laboratory, where Mks
Re, Pa, Jy and Le were housed and trained.

To assess digital dexterity in the robotic object-presentation task, the sub-
jects were tested with the pinch / precision grip object (Methods 3.2.5).
The rate of successful trial completion was recorded. Only Mk-Re and Mk-
Pa regained the ability to perform the task, reaching baseline performance
after the first month of recovery. In contrast, the other two animals never
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regained the ability to pull this object during the observed period, closely
mirroring the observation with the Brinkman board (Figure 3.4 a). The
observed recovery to intact performance was observed within the first 30
days in both recovering animals.

The mBB task was used as a functional measure of fine motor skill, in
that it demanded a precision grip (finger opposition of thumb and index
finger), as well as limited pro and supination in order to access the pellets
in the vertically and horizontally arranged slots (Methods 3.2.4. Both the
success rate and speed of execution were used to assess the animals pre-
and post-lesion performance. Both Mk-Re and Mk-Pa fully recovered their
success rate over the first month post lesion, whereas both Mk-Le and Mk-
Jy showed no discernible recovery in their ability to perform the task over
three months post injury. Notably, after 3 months Mk-Jy changed the grip
pellet retrieval strategy and began to grip the pellet between the index
and middle fingers, instead of the thumb, bringing the success rate up to
around 10% of the original performance (Figure 3.4 b). As for the pellet
retrieval speed, there was a marked difference between the two animals in
the fast-recovering group. While Mk-Re showed a progressive increase in
pellet retrieval speed up to the pre-lesion speed over two months, Mk-Pa
only recovered up to half the initial speed and remained at this pace from
that point on (Figure appendix 1).

General reach and grasp control

The spherical grip object in the RoP, as well as the adapted BBT, were uti-
lized to assess the animals’ general ability for targeted reaching and coordi-
nated hand closing. In the spherical grip task, the subjects further required
a residual amount of strength to perform the task. The mild lesion group
(Mk-Re and Mk-Pa) showed a quick recovery to baseline performance in
only the first week post lesion, while the other two subjects (Mk-Le and
Mk-Jy) regained 80% success rate within the first 40 days post lesion, and
further improved over the next 6 months (Figure 3.5 a).

The BBT requires both an adequately large range of motion of the arm
as well as residual finger control to both successfully grasp and pass the
presented cubes into the target box. Only three monkeys were trained
on this task (Mk-Pa, Mk-Le, Mk-Jy), as it was introduced after Mk-Re
had already undergone the lesioning procedure. As a measurement of the
general functional ability to perform the task, the rate of successful passes
was assessed. As in the case of the brinkman board, Mk-Pa reached the
pre-lesion performance in this task during the first month of recovery. Both
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Figure 3.4: Functional recovery: dexterous upper-limb control A collective overview
of the functional recovery in the modified Brinkman board task, as well as the robotic
object presentation with the precision grip attachment. Both tasks require a precision grip,
as well as wrist supination to be completed. (a) The rate of the successfully grasped and
pulled pinch/precision-grip objects presented is displayed. (b) The modified Brinkman board’s
success-rate was defined by the amount of retrieved food rewards per total grasp attempts.
Mks Re, Pa (cyan), Jy, and Le (yellow) were subjected to both tasks, whereas Mks 03, 05,
06 and 11 (red) were only assessed with the modified Brinkman board task. The intact
performance is shown in gray, with acute (light), subacute (medium) and chronic (saturated)
time points shown.
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Mk-Le and Mk-Jy did not show any improvement over the first two months.
After this time-point Mk-Jy, showed a remarkable recovery of the success-
rate over another 2 months, finally reaching base-line level performance
around four months post lesion. Mk-Le on the other hand, showed only
marginal improvement in their ability to successfully pass the cubes, also
after four months of recovery (Figure 3.5 b).

Retained functional force

In order to assess the retained functional force, as well as the presence of
residual reaching skill, two cylindrical gripping tasks were employed. As
the Drawer tasks aims to mimic the functional requirements of the ROP
platform, it was used as an equivalent measure in the collaborative facility in
Motac (Beijing, China). Both tasks presented the subjects with a cylindrical
object to be grasped and pulled with a power grip. In the assessment of the
ability to perform the task with the RoP task, Mk-Re and Mk-Pa showed
a decline of less than 25% compared to intact performances during the
respective first days of recording post lesion. The moderate animals, on
the other hand, showed an inability to perform the task to a severe deficit
(< 40% success-rate) in the first two weeks post lesion, followed by a rapid
recovery to intact success-rates within the first month (Figure 3.6a). The
subjects (Mks 03, 05, 06, 11) present at the collaborative facility Motac
(Beijing, China) were recorded during the drawer task, and reached a pre-
lesion success rate of 68.8 ± 14.3%. Due to the very profound impact of
the large lesions administered, none of the animals were able to perform a
single pull of any object presented post lesion (Figure 3.6b).

3.3.3 Residual kinematic impairment after spontaneous
functional recovery

Adapted box and blocks test

The BBT allowed recording of marker-based kinematics (Methods 3.2.3),
paving the way for the kinematic assessment of the recovery process. From
the kinematic recordings, the marker positions were extracted and the cor-
responding kinematic features were calculated: joint angles, velocity and
ranges of motion, as well as the distance traveled and sub-trial duration
(Methods 3.2.4). It should be noted that only the arm’s kinematics could
be recorded and individual finger movements were not taken into account.

In the monkeys that recovered the ability to perform the task at a pre-
lesional performance, the movement patterns were investigated. A shift
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Figure 3.5: Functional recovery: general upper-limb control A collective overview of
the functional recovery seen in the spherical grip robotic object presentation task, as well as
the adapted Box and Blocks task. In order to be successfully completed, both tasks require
residual reach-and-grasp control. The object presentation, further requires an adequate force
output, whereas the adapted Box and Blocks test further prerequisites a larger available range
of motion. (a) The rate of the successfully grasped and pulled sphere-objects presented is
displayed. (b) During the Box and Blocks task the rate of successful pickups of the presented
cubes, followed by dropping the cube into the target box was recorded. Mks Re, Pa (cyan),
Jy, and Le (yellow) were subjected to the object presentation task. Only three subjects
underwent testing in the Box and Blocks task as the new task was adopted after the lesion
induction in Mk-Re. The intact performance is shown in grey, with acute (light), subacute
(medium) and chronic (saturated) time points shown. 67
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Figure 3.6: Functional recovery: retained functional force The functional force after
subcortical stroke was assessed with two reach-and-grasp tasks: the robotic object presenta-
tion using the cylindrical object, as well as the Drawer task with the cylindrical grip. Both
tasks required only a residual ability to reach, grasp and apply force during the pull to be
completed. (a) The rate of successful pulls over the total amount of reaches is reported for
the cylindrical power grip object. (b) The rate of successful pulls over the total amount of
reaches is reported for the cylindrical power grip object. As the subjects were not able to per-
form full reach movements post lesion, attempted reaches were counted as failed attempts.
Mks Re, Pa (cyan), Jy, and Le (yellow) were subjected to the object presentation task in
Fribourg, whereas Mks 03, 05, 06 and 11 (red) were assessed with the cylindrical Drawer
task. The intact performance is shown in gray, with acute (light), subacute (medium) and
chronic (saturated) time points shown.
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in movement patterns was visible in the acute phase (Figure 3.7a). Even
though the ability to perform the task returned (Figure 3.5b), the movement
patterns remained, in many aspects, similar to that observed in the acute
phase (Figure 3.7b) This was especially true in the moderate deficit ani-
mal, Mk-Jy, in all three observed angles (elbow flexion, forearm supination,
shoulder abduction) during the grasping, as well as the passing phase, where
they showed significantly altered movement patterns (p < 0.001). However,
also Mk-Pa, who recovered their ability to perform the task to pre-lesional
levels within the first month of recovery showed highly significant movement
patterns in shoulder abduction and wrist supination during both reach and
pass as well as the passing phase for elbow flexion (p < 0.001; Figure 3.7c).
These altered movement patterns contrast with the regained success in com-
pleting the task. The altered movement patterns thus support the change
of strategy applied during the task.

Robotic object-presentation task

A similar analysis to that described above was performed for the spherical
object presentation. For this task, the full range of arm and hand markers
was used (Methods 3.2.5). All four investigated animals (Mk-Pa, Mk-Re,
Mk-Le and Mk-Jy) reached pre-lesional success-rates by the beginning of
the chronic phase (Figure 3.5a), and were included in the analysis. As a
general readout the wrist trajectory was assessed, where a clear disrup-
tion was observed in the acute phase, resulting in highly variant movement
patterns in animals of the moderate group. Recovery of an intact-like tra-
jectory was observed in all animals before the chronic phase (90 days post
lesion), however, in the mild group this had already been achieved during
the acute phase (Figure 3.8a). With the aid of the 3D motion tracking
system, various features, such as velocity, angles and joint distances were
extracted and their trajectories were time-normalized. Persistent changes in
trajectory could be observed in some features, especially during the grasp-
ing and pulling phase (Figure 3.8b). Deviations from baseline trajectories
were especially large in the moderate group. In order to approximate the
differences of trajectories, the mean feature values during the reaching and
grasping phase were calculated (Figure 3.8c). Out of the features calculated,
58.0 ± 17.0% were found to be significantly changed between the intact and
the chronic phase, showing an altered movement pattern despite similar
success-rates. A notable outlier was Mk-Re, where only 32% of features
were significantly changed (Appendix 3). As in the BBT, changes in the
underlying movement patterns, despite the recovery of functional control
during this task, supports compensatory strategy use.
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Figure 3.7: Persistent but altered movement patterns after functional recovery:
Box and Blocks test The movement patterns in functionally recovered animals during
the adapted Box and Blocks test are shown. (a) Wrist trajectories (gray) during the task
completion with the movement events denoted as dots: start (blue), grasping (purple) and
release (orange). The position of the box separator is indicated by the dashed line (red) (b)
The mean angle trajectories during intact (gray with standard deviation), acute (desaturated),
subacute(medium) and chronic (saturated) trajectories are displayed. The mean grasping
point (purple) and passing of the separator (red) are marked. The trials were time-normalized
to 100% duration. (c) The mean features and standard deviation of all measured angles
during the grasping and passing phases were calculated. Significance was computed with a
unpaired t-Test (***: p ≤ 0.001, **: p ≤ 0.01, *:p ≤ 0.05)
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Figure 3.8: Persistent but altered movement patterns after functional recovery:
Robotic object presentation The movement patterns during the spherical object presen-
tation task are shown. All animals shown displayed pre-lesional performance levels upon
reaching the chronic phase. (a) Wrist trajectories (gray) during the reaching and grasping
are shown with dots denoting the start (blue), grasping (purple) and release (orange). (b)
For two animals exemplary features are displayed. The mean angle trajectories during intact
(gray with standard deviation), acute (desaturated), subacute(medium) and chronic (satu-
rated) trajectories are displayed. The mean grasping points are marked (purple). The trials
were time-normalized to 100% duration. (c) The mean features and standard deviation of
all measured angles during the grasping and passing phases were calculated. The features
were pooled from all days during the intact and chronic phases. Significance was computed
with a Welch corrected t-Test (***: p ≤ 0.001, **: p ≤ 0.01, *:p ≤ 0.05)

71



3. Strategic changes in motor tasks following subcortical stroke

3.3.4 Principal component analysis based movement anal-
ysis

In order to obtain a unified measure of the kinematic deficits, a principal
component analysis (PCA) was performed on the collected features (Meth-
ods 3.2.5 and 3.2.5), in both the BBT and the spherical object presentation
task (Figure 3.9a,d). For the analysis, the trials were pooled into four time
periods: before the lesion (intact), 1-30 (acute), 31-90 (subacute), and 91+
(chronic) days post lesion. In the PCA space, the euclidean distance be-
tween the performance during these critical time periods compared to the
base line, was used as a general indicator of kinematic recovery.

The loading analysis in BBT revealed that the first principal (37.0%) com-
ponent (PC) axis predominantly summarizes the movement quality (general
trajectory and joint angles), whereas the second PC axis (23.0%) coded for
the speed of execution (Figure 3.9c). The euclidean distance analysis re-
vealed a significantly lower impairment of the mildly (Mk-Pa) and the two
moderately impaired subjects (Mk-Le: p < 0.001; Mk-Jy: p < 0.001).
While Mk-Pa shows a significant regression back towards the baseline per-
formance, before plateauing during the chronic phases. Mk-Pa showed the
largest deviation in the second PC and only marginal alterations to the
overall movement quality. The recorded movements were, in general, rela-
tively similar to each other in each respective time frame, as indicated by
the relatively narrow distribution in both PC axis, with the acute phase
showing the largest variance. In the moderate group, Mk-Le showed a re-
covery from being unable to complete the task in the acute phase, followed
by a significant recovery between the subacute and chronic phase. Both
Mk-Jy and Mk-Le showed strongly altered movement patterns during the
chronic phase (Mk-Le: p < 0.001; Mk-Jy: p < 0.001). Whereas in the
case of Mk-Jy, this coincided with the inability to perform the task, Mk-Le
showed better performance scores than in intact recordings.

In the spherical-ROP, the loading factors showed the first (15.2%) coding
for general hand shaping, with multiple inter joint distances, as well as the
index finger extension, whereas the second PCs (12.0%) occupied a more
gross motor domain, correlating with wrist control as well as the swiped
area during the trial (Figure 3.9f). The euclidean distances from base-
line performance showed a significant increase in three out of four animals,
followed by a steep decline in kinematic impairment until the sub-acute
phase (Mk-Re: p < 0.001, Mk-Le: p < 0.001; Mk-Jy: p < 0.001). Only
Mk-Le showed further kinematic improvement during the sub-acute phase
(p < 0.001). Nevertheless, Mk-Le and Mk-Jy showed significantly differing
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Figure 3.9: Principal component analysis: General reach and grasp control Movement
qualification by principal component analysis of the kinematic features during the adapted
Box and Blocks test, and the spherical object presentation task. (a,d) Qualified movements in
the first and second principal component space, with single trials displayed as small markers
and the centroids of each recovery period denoted by large markers. The point density
along each principal component axis is reported in the marginal plots. (b,e) The euclidean
distances from the baseline performance of each tested animal are reported during the acute,
subacute and chronic phases. Empty bars denote no successful trials to be analyzed (c,f) Main
features contributing to the first and second principal components (loading-factor ≥ 0.8)
(a,b,c) adapted Box and Blocks test. (d,e,f) spherical object presentation test. The recovery
period was subdivided into intact (gray), acute (A, p1-30, desaturated), subacute (S, p31-
90, medium) and chronic (C, p91+, saturated) periods. The significance towards baseline
performance is denoted by stars above the individual bars, with post-lesional changes denoted
above connection lines (***: p ≤ 0.001, **: p ≤ 0.01, *:p ≤ 0.05, Wilcoxon rank-sum, post-
hoc corrected).
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kinematic patterns compared to their intact performance, despite showing
equal success in completing the task(p < 0.001).

3.3.5 Qualitative assessment of flexor synergies in severely
lesioned animals

Since subjects of the severe group (Mk-03, Mk-05, Mk-06, Mk-11) were not
able to perform a single Drawer pull, as they could not extend their arm
far enough to reach the object itself, the residual reach attempts during
the recorded recovery period were assessed. The kinematics of the elbow
flexion were analyzed, and a stark and persistent decrease in the range of
motion was reported (Figure 3.10a). An unexpected by-product of this
assessment was the qualitative observation of the development of aberrant
flexor-synergies, a spasticity induced movement pattern, in 3 of the severely
lesioned monkeys (Figure 3.10b). To our knowledge flexor-synergies have
not previously been reported in a NHP model of stroke.

Figure 3.10: Flexor-synergy after severe subcortical stroke in NHP The severely im-
paired animals (n=4) were not able to perform any reaching movements post injury. A
qualitative assessment of the residual movement patterns resemble the flexor-synergy seen in
human stroke patients. (a) The residual range of motion for the elbow flexion was quantified,
using a 3D marker based kinematic system (Reality Motion Systems, Germany). Both the
sub-acute (p=0.005) and chronic (p=0.004) ranges of motions were significantly decreased
compared to intact movements. (b) Exemplary depiction of the observed flexor-synergy pat-
tern during attempted reaching. Flexor-synergy induced changes are indicated by the red
arrows
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3.4 Discussion
3.4.1 Task selection
As a goal of this study was the quantification of the residual movement
and its recovery after subcortical stroke, the task selection was required
to fulfill multiple standards: (1) clinical relevance, by assessing movements
that would be relevant outside the laboratory setting (2) complementing
the other tasks to yield a wide array of motor assessments, ranging from
fine motor control to the assessment of the residual functional force, and
(3) the ability to be integrated into the 3D kinematic recording system, to
allow the assessment of the kinematic ability of the animal.

There are many tasks traditionally used in the assessment of upper-limb
functionality in non- human primates, however many of them did not fit
one or more of the criterion posed. Tasks using static objects (Brochier
et al., 2004; Ethier et al., 2012; Schaffelhofer and Scherberger, 2016) or hor-
izontally constrained manipulandums (de Haan et al., 2018; Omrani et al.,
2016) were either not producing clinically relevant movements or were im-
possible to be integrated into the current setup. The recently developed
robotic object presentation (Barra et al., 2019), however met these crite-
rion, as the task is a highly versatile platform allowing the placement of
objects in 3D space, and the subsequent free manipulation against a set
amount of force. The platform allows for the attachment of multiple object
types, ranging from objects requiring a precision grip to manipulate, to a
cylindrical grip to assess the residual functional force a subject can apply.
As a further powerful option of assessing the fine motor control, the mod-
ified Brinkman board was chosen, as the task of retrieving pellets out of
small slots requires intact reaching, supination, as well as a precision grip to
successfully perform (Brinkman and Kuypers, 1973; Rouiller et al., 1998).
As the setup is fairly small it was easily integrated into the recording area.
As a final tasks, a clinically proven upper-limb assessment was adapted for
the specifications of NHP models: the Box and Blocks task (Hebert and
Lewicke, 2012; Hebert et al., 2014). The adapted BBT allows for the assess-
ment of skilled reaching and grasping of a small object and further assesses
the lateral range of motion and coordinated object release.

3.4.2 Clinically relevant range of stroke phenotypes
In a clinical setting, many assessments for the residual movement ability
in the upper-limb are used (Fugl-Meyer et al., 1975; Williams et al., 2000;
Hayward et al., 2016; Santisteban et al., 2016). The cut-off for a severe

75



3. Strategic changes in motor tasks following subcortical stroke

lesion is often defined as either the loss of dexterous hand movement, or in
some cases, the loss of movement against gravity (Hayward et al., 2016).
For mild and moderate lesions, many scales are less clearly defined, as
many measures are insensitive to differences of that scope (Bohannon, 2004;
Raghavan, 2015). As for the scope of this study, the cut-off between mild
and moderate lesions was defined as a lasting deficit to perform a precision
grip.
The assessment of the phenotypes produced thus suggested the splitting of
the cohort into three distinct qualitative impairment groups: mild, moder-
ate and severe. Mk-Re and Mk-Pa regained the ability to perform all tested
tasks within the first month post-lesion (acute phase). They exhibited last-
ing deficits that would only be visible after thorough investigation of the
movement pattern and the trained eye of the investigators. Their functional
ability to perform the tasks successfully was indistinguishable from or even
surpassed their performance while intact. They were thus qualified as the
mild group. The observed impairment and functional recovery is consistent
with spinal cord injury studies ablating 50% of the lateral CST at C4/C5
level (Sawada et al., 2015) and large lesions of the M1 cortex (Murata et al.,
2008; Hoogewoud et al., 2013; Herbert et al., 2015). As a stark contrast, the
animals in the moderate group (Mk-Le and Mk-Jy) experienced a severe
loss of control in their manual dexterity, never reattaining the ability to
perform any of the fine motor tasks again. During the rehabilitation pro-
cess, they showed variable recuperation of their gross grasping ability and
a significant shift to compensation strategies. This lesion degree seems to
mirror the impact of a large sensorimotor cortex lesion targeting the hand
M1 area and spanning into the caudal parts of PMd and PMv (Liu and
Rouiller, 1999a; Murata et al., 2008; Hoogewoud et al., 2013).
The severe group (Mk-03, 05, 06, 11) was qualified by the absence of quan-
tifiable recovery of even gross hand and arm function. In contrast to the
other two groups, these animals also showed a severe impairment in their
reaching ability, precluding them from performing any of the posed tasks
post lesion induction. This degree of severity is congruent with spinal hemi
sections and contusions at cervical level and full CST ablations (Salegio
et al., 2016; Barra et al., 2021).

3.4.3 Residual kinematic impairment after full functional
recovery

The question "to which extent patients experience motor recovery or motor
compensation after stroke?" has long been one of the big debates in the field
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(Nakayma et al., 1994; Roby-Brami et al., 2003; Levin et al., 2009; Murphy
and Corbett, 2009; Darling et al., 2011; Alaverdashvili and Whishaw, 2013;
Krakauer and Carmichael, 2017). As patients recover from the insult, they
might partially regain the ability to perform the various motor tasks of ev-
ery day life. The aim of neurorehabilitation applied in clinics is to aid the
patients in relearning motor patterns. The progress of the rehabilitation
is routinely measured using different performance scales such as the Fugl-
Meyer Test (Fugl-Meyer et al., 1975) and many others (Santisteban et al.,
2016). Many of these assessments do not distinguish between progress due
to a regaining of motor ability, or to the perfection of a compensatory strat-
egy used to perform the tested tasks (Levin et al., 2009). This leads to an
information disconnect as to whether the applied therapies are effective in
the restoration of the underlying bodily functions and processes (recovery)
or whether they efficiently teach and cement coping strategies (Krakauer
and Carmichael, 2017). However, to advance in the investigation of future
rehabilitation techniques, such a distinction is of utmost importance. One
suggested mode of action to distinguish these two modes of recovery is to
split measurements into two categories: the ability to perform certain tasks
and the underlying kinematic movements.

This concept was investigated in the present study, by splitting the success
rate in any task from the kinematic measurement. While all animals in both
the mild and moderate groups showed some improvement in the ability to
successfully complete the tasks, the analysis of the underlying kinematics
told a different story. In all moderately impaired animals, the kinematic
patterns were significantly altered, even in tasks where they fully recovered
the ability to perform the task at intact levels. In Mk-Le, who showed
a functional recovery in performing the BBT task with a higher success
rate than achieved during intact recordings, retained the same kinematic
method, while seemingly perfecting the strategy of coping with the impaired
movement control, demonstrating that compensation can fully mask the
remaining deficit in a complex reach-and-grasp task. Similar results have
previously been reported in human patients by Roby-Brami et al. (2003). In
the mild animals, there was a marked improvement during the acute phase,
however, in the later phases, as in the moderate group, there was very little
change in the underlying kinematic quality. This provides evidence, that no
matter the lesional impact, recovery has a very limited time frame in which
it can take place, with a large part of the improvement stemming from the
optimization of compensation strategies still possible with the remaining
motor function (Biernaskie, 2004; Merdler et al., 2013; Cortes et al., 2017).

These findings further support the need for a clear distinction between mo-
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tor recovery and compensation in the search for new rehabilitation paradigms.
This is especially true for mechanistic neuronal studies targeting specific
circuits and brain areas to improve the functional outcome after a stroke.

3.4.4 First evidence for flexor synergies in a NHP model
The monkeys included in the severe group (Mks-03, 05, 06, 11) were not
able to perform a single successful post-lesional trial in either of the tested
tasks (modified Brinkmann board and drawer task), due to a vastly de-
creased control of the upper-limb. To nevertheless quantify the deficit past
a crude 0% success rate assessment, the range of motion during the resid-
ual movement attempts were investigated. From this investigation, it be-
came evident that the remaining movement followed highly stereotypical
movements: an elbow flexion followed by a forearm supination and a lat-
eral shoulder rotation. This corresponds with the flexor synergy that has
been previously described in hemiparetic stroke patients (Twitchell, 1951;
Brunnstrom, 1970; Dewald et al., 1995, 2001).This synergy has been re-
ported to be a major indicator for a poor upper-limb recovery process, and
even an indicator for post stroke deterioration of everyday tasks. Further
a lesion characterization study of patients with and without spasticity re-
vealed a common lesion site in spastic patients, that very closely resembles
the lesion site found in the severe group investigated here (Cheung et al.,
2016). As of today, the presence of flexor synergies in an experimental
NHP model has not been described. As the mechanistic processes leading
to these symptoms are not fully understood, novel and pivotal insight into
the treatment and amelioration of these symptoms could be gained from
the study of the present subcortical stroke model.

3.5 Limitations
In the analysis of the presented tasks, one major limitation was the reliance
on markers for the assessment of the 3D kinematics. The interaction of
the monkeys with the markers sometimes produced a loss of signal dur-
ing recording sessions. Furthermore, the necessity of applying a glove to
the hand of the animal, further diminishes sensory feedback from the fin-
gers. This could have devastating effects on the animals ability to perceive
the presented objects. With the emergence of marker-less pose estimation
algorithms (Nath et al., 2019; Karashchuk et al., 2021), a switch to such
a system might prove advantageous in the finer motor assessment tasks,
especially in tasks such as the modified Brinkman board, where marker
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based assessments are impossible due to the monkeys feeding themselves
and having full access to the markers.

In a similar way, the reliance on task-dependent assessments for the quan-
tification of clinically relevant impairment has its innate problems. As the
task can only be completed with a defined set of movements, the methods
used do not describe changes in behavior of free-roaming animals. As such,
the applied testing might lack the sensitivity to describe mild deficits, as
seen in Mk-Re. Also, marker-less observations in a natural habitat might
reveal subtle adjustments in behavior changes, not visible during the con-
strained recording sessions (Berger et al., 2020; Bala et al., 2020).

3.6 Conclusion
The functional deficit in a wider array of clinically relevant tasks was as-
sessed in a novel model of subcortical stroke in non-human primates. The
observed phenotypes represent a clinically relevant range of deficits observed
in human patients, with flexor-synergies present in the most severe group.
The residual kinematic deficits were quantified, and it could be demon-
strated that compensatory movement strategies form a major component
in functional recovery after stroke.
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Chapter 4

Unbiased quantification of
multi-cortical descending axonal
projections after subcortical
stroke in non-human primates

4.1 Introduction
Subcortical strokes comprise 25% of all stroke incidents in human patients
(Sudlow and Warlow, 1997; Wang et al., 2007; Ramsey et al., 2017). As
compared to cortical strokes, even very small lesion sizes can lead to a great
loss in motor function. This discrepancy stems mainly from the anatomy
of these structures. While the computational layers of the cortex are dis-
tributed over a relatively large amount of cortical surface, the subcortical
regions comprise of highly aggregated bundles of axons, transmitting signals
cortico-cortically, or in the case of the CST, corticospinally. The internal
capsule forms the main relay from the brain to the spinal cord, with the
corticospinal tract relaying direct motor commands to the spinal cord and,
ultimately, to the musculature. At its narrowest parts, the internal capsule
spans only a few centimeters, with small lesions potentially interrupting a
large portion of the brain’s efferent control. The amount of corticospinal
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tract spared after a sub cortical stroke is currently the best predictor of
the residual and regained motor function a patient can achieve during re-
habilitative training (Park et al., 2016; Ramsey et al., 2017). However, in
many cases, the recovery lags behind expected outcomes. Indicators cur-
rently used in the clinic are often inconclusive, presenting a dire need for
the adjustment of predictive techniques and markers, in order to provide
the best possible care to the affected (Hayward et al., 2016; Krakauer and
Carmichael, 2017). Possible reasons for this lack of predictability might
be two-fold in nature: confounding lesion locations may mask the real in-
dicators, and a lack of resolution in the clinical assessment methods may
also contribute. By harnessing the specificity and resolution of histological
assays, this study aims to provide insight on the involvement of the motor
region specific sub-tracts in the corticospinal tracts, and their individual
contribution to impairment and recovery after an internal capsule stroke.

The corticospinal tract is comprised of topographically arranged tracts orig-
inating from the different regions of the cortex (Morecraft et al., 2002).
About 50% of neurons in the CST originate within the primary motor
cortex (M1), with the premotor cortices (PM) and supplementary motor
area (SMA) accounting for a combined 40%. While lesions affecting the
cortico-fugal M1 projections show the most significant correlation with mo-
tor function loss, the amount of residual CST integrity of the dorsal and
ventral PM, as well as the SMA, have been associated with a decline in
expected performance after stroke (Riley et al., 2011; Schulz et al., 2012).
In this study, a histology based quantitative assessment of the interrup-
tion of M1, PMv and PMd after a focal subcortical lesion was performed.
The relative location of the affected tracts was then investigated by the
registration of the histological preparations into the Montreal Neurological
Institute (MNI) standard atlas space for M. fascicularis.
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4.2 Methods

4.2.1 Animal Model
The animals included in this study as well as their housing situation are
described in chapter 4.2.1. In addition to the described animals 2 further
animals were included in the study. Mk-Va and Mk-Me, two young aldult
(3.3±0.3 years) (M. fascicularis), weighing 3.1±0.2kg were included in the
study. They were housed in the described Fribourg facility and investigated
according to license 2020_26_FR. They served as intact control animals for
the described tracing procedures.

4.2.2 Tracer injection
The animals were sedated and prepared for surgery as described in chapters
2.2.2 and 2.2.2.

A craniotomy exposing both the central- and the arcuate sulci was per-
formed, providing access to the areas to be injected: the primary motor cor-
tex (M1) and pre-motor cortices (PMv and PMd). The extracted bone flap
was kept in ringer-lactate solution. The dura mater was incised and rolled
up toward the mid-line, where it was kept hydrated with saline solution.
Micro-electrode arrays implanted in the injection sites, were explanted prior
to injection. M1, PMv and PMd were each sequentially injected with one
tracer respectively: AAV8-CAG-drComet (titer: 7.89E12), AAV5-CAG-
gComet (titer: 1.44E13; unpulished, Aebischer Lab, EPFL, Switzerland),
biotinylated dextran (BDA-10000, Invitrogen D1956, USA, 1:10 in H2O).
All tracers were injected with 4 nl/s using 10 µl glass syringes and 35G
beveled needle tips (NanoFil, World Precision Instruments, United King-
dom). The injections were regulated with a UMP3 injection pump with a
Micro 4 controller (World Precision Instruments, United Kingdom). De-
pending on the injection site multiple depths were injected, starting with
the deepest and ending with the most shallow. After the last injection
at each site, the needle was left in place for 1 minute to ensure adequate
diffusion. The injection pattern and volumes are described in (Figure 4.1).
Areas that were not actively injected were kept hydrated using saline soaked
cotton balls.

The dura was then sutured, and the bone flap was replaced and fixed with
4x1 titanium mesh pieces (TiMesh, Medtronic, Ireland) and self-drilling
screws (1.6x3.5 mm, Medtronic, Ireland). Gaps in the bone structure were
filled with Spongostan™(Johnson&Johnson Medical, Belgium). The skin
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was then sutured and disinfected with Betadine solution (Mundipharma,
Switzerland).

Post operative care was administered as described in chapter 2.2.2.

Figure 4.1: Neuronal tracer injections (a) The injection plan for the triple color injections
in the motor cortex. The injected regions were located in the upper-limb regions of (1)
M1 with AAV8-CAG-drComet (red), (2) F5/PMv with AAV5-CAG-gComet (cyan), and (3)
F2/PMd with BDA-10000 (yellow). Sulci are denoted as: cs - central sulcus; as - arcuate
sulcus; ips - intraparietal sulcus; ls - lateral sulcus; pcd - precentral dimple; ps - principal
sulcus.(b) The injected tracer volumes in each region and animal are reported.

4.2.3 Histological processing
The tissue was extracted and processed according to the protocols described
in chapters 2.2.9, 2.2.11 and 2.2.13.

BDA staining The staining of the injected biotinylated dextran amine
(BDA) staining was conducted using the components of the Alexa Fluor™
647 Tyramide SuperBoost™Kit (B40936, Invitrogen™, USA).

The slices were mounted onto slides and left to dry. They were then washed
(3x, 0.1 M PBS). Endogenous peroxidase activity was quenched using 3%
hydrogen-peroxide solution (500 µl, 1h, RT). After a wash sequence (3x,
0.1 M PBS), the tissue was blocked for 1h with 10% normal-goat serum
in PBS (0.1M), followed by an over-night incubation at 4°C with HRP-
conjugated streptavidin solution (7 drops, Kit). On the second day, the
tissue was washed (3x, 0.1M PBS) and amplified with tyramide solution
(200 µl, Kit) for 5 minutes. The amplification reaction was stopped by
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adding 200µl stop reagent solution (Kit). The tissue was washed (3x, 0.1
M PBS), incubated with DAPI solution (1:100 DAPI in 0.1 M PBS, 10 min),
washed again (3x, 0.1M PBS), dried and cover slipped (ProLong™Diamond
Antifade Mountant, P36961, Invitrogen™, USA). All sections were imaged
whole with four imaging channels (DAPI, FITC, Cy3 and Cy5) at 10x
magnification with a slide scanner microscope (VS120, Olympus, Japan).

anti-GFP DAB Brain slices per well were transferred into 6-well plates
filled with 0.1M PBS. The slices were washed (3x, 0.1M PBS) and incubated
with 0.3% hydrogen-peroxide solution (1ml, in 0.1M PBS) for 15 minutes
before blocking (3x5 min, 2% NGS - 0.5% TritonX-100 in 0.1M PBS). The
slices were then incubated with anti-GFP antibody (1:500 in 2% NGS - 0.5%
TritonX-100 - 0.1M PBS, Merck AB3080) for 4 nights at 4°C. The slices
were washed (3x, 0.1M PBS) and incubated with biotinylated IgG secondary
antibody (1:500 in 2% NGS - 0.5% TritonX-100 - 0.1M PBS, Vector Labs
BA-1000) for 90 minutes at room temperature, before again being washed
(3x, 0.1M PBS). The signal was visualized using the Vecastain ABC Kit
(Vector Labs PK-6200). The slices were incubated with DAB solution (Kit)
for 3 minutes before washing (3x, 0.1M PBS), mounting and coverslipping
with Mowiol. All sections were imaged whole (brightfield) at 10x and 20x
magnification with a slide scanner microscope (VS120, Olympus, Japan).

Tissue preparation spinal cord

The spinal cords were dissected into subsections according to the position
of the dorsal roots. We obtained 5 sections: Brainstem-C2, C3-C4, C5-C8,
T1-T2 and T3-T4. The sections were individually transferred into falcon
tubes with 20% sucrose in 0.1M PBS. After one week they were transferred
into 30% sucrose solution and left to rest for another 2 weeks. The tissue
was embedded into O.C.T. compound (Tissue-Tek®, Sakura Finetek, USA)
and then frozen by submerging it in iso-pentane for 5 minutes at -65°C
(SnapFrost®80, Alphelys, France). The tissue was then transferred into an
-80°C freezer. The tissue blocks were then cut into 40µm sections with a
cryostate. The sections were stored in 0.1M PBS azide (0.03%) for further
processing.

anti-GFP & anti-RFP signal amplification The sections were transferred
into 24 well plates filled with 0.1M PBS (3 sections per well). They were
washed (3x, 0.1M PBS) and blocked in normal goat serum solution (5%
NGS - 0.25% TritonX-100 in 0.1M PBS) for 1 hour at room temperature.
The sections were incubated with either anti-GFP (rabbit, Merck AB3080)
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or anti-RFP (rabbit, Rockland 600-401-379) antibodies (1:500 in 5% NGS
- 0.25% TritonX-100 in 0.1M PBS) for 4 nights at 4°C. The slices were
then washed (3x, 0.1M PBS) and incubated with a fluorescently labeled
secondary anti-rabbit antibody (Alexa fluor 647, 1:500 in 5% NGS - 0.25%
TritonX-100 in 0.1M PBS, Life technologies A21245) for 90 minutes at room
temperature. The slices were washed (3x, 0.1M PBS), mounted and cov-
erslipped with Prolong (ProLong™Diamond Antifade Mountant, P36961,
Invitrogen™, USA). All sections were imaged whole with four imaging chan-
nels (DAPI, FITC, Cy3 and Cy5) at 10x magnification with a slide scanner
microscope (VS120, Olympus, Japan). The resulting images were used for
the spinal cord quantification (Figure 4.2)

Figure 4.2: Fluorescence signal amplification in spinal cord Deptictions of the fluorescent
signal of a spinal cord section at level C5 pre- and post-amplification with an anti-RFP staining
assay. (a) Exemplary fluorescent AAV8-CAG-drComet signal imaged in a red channel (488-
532 nm). A high amount of auto-fluorescent signal is present in the gray matter. (b)
Exemplary signal of the signal post-amplification with anti-RFP antibody and Alexa fluor
647, imaged in a far-red channel (594-643 nm). A vastly improved signal to noise ratio could
be achieved. (c) A magnified image of the fluorescent AAV8-CAG-drComet signal.
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4.2.4 Internal capsule fiber quantification Pipeline
In order to quantify the lesion induced fiber density loss in the IC a pipeline
consisting of 6 steps was devised : (1) software assisted manual marking of
the Internal capsule and the surrounding structures, (2) segmentation of the
neurons using pixel classifiers, (3) extraction of the direction of the marked
neuronal tracts (4) 3D volume creation of the internal capsule, (5) neuronal
direction extraction and clustering into distinct neuronal tracts, and (6)
animal wise normalization, accounting for injection differences(Figure 4.2)

As each section image amounted to multiple gigabytes of data, only the
internal capsule was used for this in-depth analysis, achieved by labeling
the IC and IC adjacent structures, in QuPath (Bankhead et al., 2017) and
using these as a mask for subsequent analysis steps (Figure 4.2a). In a
next step, the traced neurons were automatically marked. To achieve this,
representative sample images were selected in one data set and combined
into a training image. On the training image, around 50 neuron and non-
neuron structures were labeled. A pixel classifier based on a multi-layer
perceptron artificial neural network (MLP-ANN), was then trained on the
marked pixels. The classifiers were trained on selected, representative image
regions, using all four acquired channels (DAPI, FITC, Cy3 and Cy5). For
fiber segmentation the best performing combination of filters was found to
be: Gaussian, Laplacian of Gaussian, Weighted standard deviation, and
Hessian minimal Eigenvalue. The filters were applied at a resolution of
2.59 µm/pixel. Individual classifiers for each injected virus, and the far-
red BDA staining were created, and the obtained classification was applied
as a neuronal mask for further processing steps. This resulted in 5 MLP-
ANNs that allowed to automatically mark the neuronal tracing present in
all monkeys involved in this study (Figure 4.2b). The main CST tract and
collateral branches were then pieced apart utilizing the directional analysis
tool OrientationJ (Püspöki et al., 2016; Rezakhaniha et al., 2012) developed
for Fiji (Schindelin et al., 2012). This allowed the measurement of the local
direction in a provided image of each segmented neuronal pixel (Figure
4.2c).

To identify the injection site and the labeled fiber tracts we trained pixel
classifiers with QuPath’s integrated multi-layer perceptron artificial neural
network (MLP-ANN) (Bankhead et al., 2017).

Combining histological images with neuronal tracing in the internal cap-
sule, a volume of the internal capsule was created, and subsequently dorso-
ventrally sliced into 20 sections. The distribution of the observed directions
in each section was captured and the probability density functions esti-

87



4. Unbiased quantification of multi-cortical descending axonal ...

88



4.2. Methods

Figure 4.2: Direction based corticospinal tract detection Depiction of the image pro-
cessing pipeline for the detection and isolation of the corticospinal tract from other tracts in
the internal capsule. (a) A graphical depiction of the analysis pipeline is displayed. From the
histological slices two data streams are analyzed: the fiber mask and the local directionality.
The data streams are later combined to form an ensemble of fibers with known directionality
throughout the internal capsule. In a series of steps, a 3D representation of the internal
capsule is built and the tracts are split into subtracts by directional clustering. The tracts
passing through the entire internal capsule are isolated. From this isolated tract the fiber
loss is calculated using intact subjects’ baseline. (b) Exemplary representation of descending
tracts through the internal capsule volume. The descending fiber tracts of M1 (yellow) and
PMv (cyan) and cell bodies (white) are shown. The rectangle depicts the area represented
in (c) Exemplary close up of directionality analysis assay. Different hues depict the different
local direction of fibers. (d) An exemplary 3D representation of the internal capsule with the
pixel classifier generated fiber mask (M1) in red.

mated with circular kernel density estimation (cKDE). The fitted kernel
was obtained using a von Mises distribution, a circular equivalent of the
Gaussian distribution (Mardia and Jupp, 2000; Rezakhaniha et al., 2012).
The smoothing factor (kappa=25) was empirically chosen. This method
allowed for clustering of the dominant directions in each slice by separating
the cKDE by its mathematically well-defined minima. For each cluster or
’tracelet’, the circular mean (cMean) and standard deviation (cSTD) were
computed (Mardia and Jupp, 2000). Each sections’ tracelets were then
matched up with the next sections’ tracelet, and the tracelets matching
within (cMean ± 1.7 ∗ cSTD) were connected, eventually forming contin-
uous ’traces’ throughout the volume, with some tracts eventually exiting
the internal capsule, and others deviating and innervating internal capsule
adjacent structures (Figure 4.2).

For each animal, the tracts exiting the internal capsule were selected, by
computing the maximally intense tract. Their intensity throughout the in-
ternal capsule volume was measured and normalized by the maximal section
intensity per animal, accounting for differences in viral expression efficiency
and projection patterns above the internal capsule. Providing a quantifi-
cation method for the fiber tract interruption caused by the administered
subcortical stroke.

4.2.5 Spinal Cord Pipeline
The projections in the spinal cord were analyzed from the first segment
of the cervical spinal cord (C1) until the fourth segment of the thoracic
spinal cord (T4). For the grey matter lamina analysis we used far red
counter-stained sections (Chapter 4.2.3). The acquired images were pre-
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processed using QuPath(Bankhead et al., 2017). To automatically segment
the grey and white matter, we employed a Gaussian blur followed by au-
tomatic thresholding provided by Fiji (Intermodes, Percentile, Schindelin
et al. (2012)). Manual correction was applied as needed. The images and
annotations were then exported for further analysis (Figure 4.3).

Figure 4.3: Spinal cord analysis pipeline Depiction of the image processing pipeline for a
standardized analysis of the descending tracts in the spinal cord, both in the gray matter and
the white matter respectively (a) A graphical depiction of the analysis pipeline is displayed.
From the histological slices, a fiber mask is extracted using an artificial neural network based
pixel classifier. The resulting signal masks were then registered to the reference space of the
created spinal cord atlas. Group-wise analysis of both the terminations in the gray matter,
as well as the descending tracts in the white matter, were then performed. (b) Exemplary
representation of the registered termination in a C5 section. The descending fibers tracts of
M1 (red) are shown overlayed with the spinal laminas outlined in white. (c) A representation
of the summed termination signals (M1) at spinal level C5.

Lamina analysis

Using the exported annotations, the individual spinal cord sections were
registered to a labeled spinal cord atlas adapted from a M. mulata spinal
cord atlas (Sengul, 2012). The atlas was transferred to representative sec-
tions of M. fascicularis, by affine registration of the lamina annotations
of the original atlas using simpleITK (DoF: 12, (Lowekamp et al., 2013)).
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These sections were used as the reference images for further registration.
The further registration was performed likewise with the simple-ITK library
using the atlas as the fixed image, pairwise registering the individual sec-
tions. A rigid alignment was first performed and followed by a b-spline
transformation. The signal, grouped by the respective spinal cord segment
and analyzed the signal intensity in the general gray-matter as well as sep-
arately in each lamina, was summed. The signal was normalized by the
maximal amount of signal of the descending tract in the internal capsule
(Chapter 4.2.4)

White matter analysis

The projections in the white matter were analyzed using the previously
gray- and white-matter segmented images. The fibers were detected us-
ing a pixel-classifier, as previously described in Chapter 4.2.4, but with a
focus on more circular structures. Individual descending fibers were then
distinguished by applying a watershed algorithm. The number and loca-
tion of the descending fibers was calculated for each slice, and subsequently
summed per segment. The summed signals were then registered to the
adapted spinal cord atlas, as described in section 4.2.5.

4.2.6 Statistics
All data was reported as mean ± SD. Significance calculations were per-
formed using paired t-tests followed by post-hoc correction for multiple
comparisons.

4.3 Results

4.3.1 Tri-color tracing
The health and sparing of the descending corticospinal tracts after a stroke
is one of the core indicators of the expected recovery in patients. There-
fore, a detailed study of the descending tracts was conducted, focusing on
some of the most promising motor areas involved in regaining hand mo-
tor function after stroke: M1, PMv, and PMd (Riley et al., 2011; Schulz
et al., 2012). The three areas were labeled with anterograde neuronal trac-
ers, in healthy conditions (n = 4), as well as in individuals that previously
underwent subcortical lesioning (n = 8) (Figure 4.4). Before the tissue
was dissected and processed for the histological assessment, the brain was
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extracted and a high resolution post mortem DTI was acquired in collabo-
ration with the Center for Biomedical Imaging (CIBM, EPFL, Switzerland,
Methods 2.2.10). The brain tissue was then dissected and stained to illumi-
nate the non-autofluorescent traces (BDA). To enable the further analysis,
high resolution images of whole hemisphere sections were acquired using a
slide-scanner system (Figure 4.5).

Figure 4.4: Tri-color tracing: injection sites A depiction of the effective expression
volumes in the normalized atlas space (MNI Atlas, M. fascicularis, Frey et al. 2011). (a)
Overlapped expression in injection sites of the three injected motor cortical areas M1 (red),
PMv (cyan), and PMd (yellow). (b) The mean expression volumes of each injection site with
the individual animals broken down.

4.3.2 Histological assessment of tract interruption
As the neuronal tracts descend through the IC, some of them will interact
with the surrounding structures, such as the putamen or thalamus. These
neurons eventually branch off and reach their target at an angle towards the
general direction of the CST. Assuming the percentage of fibers innervating
surrounding structures and descending into the spinal cord is similar be-
tween animals in the healthy condition, the natural decrease in fiber density
throughout the internal capsule should be constant between animals. A de-
viation from this general decline, especially a decreased emerging neuronal
output, could therefore be largely attributed to a lesion situated in the IC,
thus allowing the quantification of the interruption of the CST, specifically.

From each animals CST tracts, the dominant descending tracts were nor-
malized by their maximal prevalence in the IC (Figure 4.6a). The remaining
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Figure 4.5: Tri-color tracing: descending tracts An exemplary depiction of the three
descending tracts of M1, PMv and PMd passing through the internal capsule (Mk-Le). (a)
Schematic representation of the descending tract with M1 fibers (red) stopping at the lesion
level, with PMd (yellow) as well as PMv (cyan) bypassing the lesion tissue and descending
into the spinal cord. (b) Coronal section of the lesioned hemisphere. The lesion is visible in
white (auto-fluorescence), with tracts from M1 above the lesion, and PMv and PMd below.
The sections outline (solid) and internal capsule adjacent structures (dashed) are outlined in
white. The injection sites of both M1 and Pmd are visible in the cortical area. (c-e) Close
up images with all three tracts as well as the lesion visible. The pre-motor cortex fibers
traverse dorsal to the M1 tracts. (d) The seperate tract of M1 is depicted in red and (e) the
intermingling tracts of PMd and PMv corticospinal tract.

CST below the maximal lesion extent was then taken to estimate the re-
maining fibers originating from each traced cortex, and descending into the
spinal cord (Figure 4.6b). In fibers originating in M1, a significant decrease
in fiber density was observed in the two of the lesioned animals, as com-
pared to the control group, with an estimated sparing of 24.9 ± 4.9% in
Mk-Le (p < 0.001) and 1.1 ± 1.2% in Mk-Jy (p < 0.001). This decrease
was non-significant in both Mk-Re and Mk-Pa. PMv fibers were signifi-
cantly reduced in two animals, with Mk-Re experiencing a full loss of fibers
(0.7±0.2%, p < 0.001), and Mk-Jy retaining 41.4±8.2% (p < 0.01) of fiber
density. In PMd, the fibers were fully spared in Mk-Le (99.5 ± 5.2%) when
compared to the control. The three remaining animals showed a significant
loss of 40% in Mk-Pa (p < 0.001), 80% in Mk-Jy(p < 0.001), and 70% in
Mk-Re (p < 0.05) (Figure 4.6c).

4.3.3 Registration of histology to MRI-atlas
Understanding the lesion impact on the descending tracts and the resulting
phenotype, partially relies on having an understanding of the relative posi-
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Figure 4.6: Lesion induced fiber loss of the corticospinal tract The density of the
corticospinal tracts throughout the internal capsule (IC) are displayed with the estimated
tract sparing compared to intact controls. The data for each injected cortical area: M1,
PMv and PMd are shown in columns 1 to 3 respectively. (a) Depiction of the density
evolution throughout the IC, normalized by the respective maximal density. The tracts are
displayed with the most dorsal aspect of the IC as 0 and the most ventral part at 100,
corresponding to the most dorsal aspect of the substantia nigra. The maximal lesion extent
is indicated by the dashed red lines (b) Density evolution below the maximal lesion extent
used to approximate the remaining fibers below the lesion level. (c) The estimated Fiber
sparing, calculated according to the remaining density below the lesion, normalized by the
control animals designated as C (Mk-Va, Mk-Me and Mk-05). The significance towards the
control is indicated above the individual bars (***: p ≤ 0.001, **: p ≤ 0.01, *:p ≤ 0.05,
paired t-test, post-hoc corrected)
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tioning of said structures. However, macaque brains can vary considerably
in both size and shape, thus creating variances in the localization of sub-
structures and tracts. In order to obtain a more unified readout and keep
the precision obtained by the histological analysis, the histological slices
were registered to an MRI atlas. A three step procedure was implemented
to overcome this challenge: (1) forming a volume from the analyzed histo-
logical slices, (2) aligning the histological volumes to the post-mortem MRI
scans, and (3) aligning the post-mortem scan to an MRI atlas (Figure 4.2).

Only the medial part of the injected or lesioned hemispheres were used in
the histological analysis. To obtain a histological volume that could be used
for registration with the post-mortemMRI, one histological image series was
used per animal. In a pre-processing pipeline, imaging artifacts and non-
tissue areas were removed, and the images were downscaled to match the
MRI resolution. The obtained images were then recursively aligned to each
other, by applying two pairwise registration methods in sequence: a rigid
followed by a b-spline registration. The resulting volume was then saved
in the NIFTI-file format in order to be used with standard MRI-alignment
programs and pipelines.

The histological volume was then aligned to the individual post-mortem
structural MRIs. As only one hemisphere could be histologically processed
and imaged, the alignment was done masking the unused hemisphere. The
alignment was achieved, by employing FSLs linear FLIRT alignment algo-
rithm (Woolrich et al., 2009).

As a final alignment, the individual post-mortem MRIs were then regis-
tered to a common MRI atlas: the M. fascicularis atlas of the Montreal
Neurological Institute (MNI, Frey et al. (2011)). Adequate alignment was
achieved using FLIRT after skull-stripping the atlas.

The transformations received from each of the three steps were then con-
catenated and applied to all the data and masks collected in the histological
analysis: the lesions, descending fiber tracts, injection sites, and marked
brain structures. This data-set was then used for the further group analysis
in a unified atlas space (Figure 4.7a).

The descending tracts showed clear overlap within the same tracts, while
having a distinct topography while descending through the IC, with M1
descending rostrally to the PM fibers. However, the relative position of
the ventral and dorsal parts of the PM varied between animals with Mk-
Le and MK-Pa showing almost complete overlap, and others such as Mk
Jy showing a clear separation. The position in the IC tends to correlate
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Figure 4.7: Corticospinal tracts in the MNI Atlas The corticospinal tracts of M1 (red),
PMv (cyan) and PMd (yellow) registered to the reference MNI M. fascicularis atlas (Frey
et al., 2011). The (a) intact cortico spinal tracts and the (b) interrupted tracts shown in
Mk-Le. The axial series of the descending tracts in the (c) intact, (d) mild and (e) moderate
groups, in descending order from dorsal to ventral. The lesions are displayed in dark red. (f)
Atlas based analysis of the intact descending fibers in coronal (top) and the sagital plane
(middle), as well as their volumetric overlap of PMv and M1 (bottom) in atlas space. The
normalized lesion plan is indicated by the crossed lines.
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with the relative position of the cortical areas in the rostro-caudal direction
(Figure 4.7c-e).

The path of M1 and PMv were analyzed in the control animals, to gain
insight into the effects of the lesion position. In this study, the position was
determined by the extrapolation of data in M. mulata (Morecraft et al.,
2002). This position could be confirmed and refined, using the normalized
atlas space. A lesion placement 7mm posterior to the anterior commis-
sure, and 8mm lateral of the midline at AC-PC level is likely to produce a
maximal lesion of the descending M1 fibers. The amount of lesioned PM
cortex CST is then determined by the depth along the dorso-ventral direc-
tion, with a more ventral lesion producing a more profound impact on both
areas’ CSTs (Figure 4.7 f).

4.3.4 Remaining connections in the spinal cord
The descending upper motor tracts ultimately terminate in the spinal cord.
The innervation amount and pattern of the remaining tracts post lesion
plays a key role in the expected clinical outcome. To investigate these tracts
the spinal cord analysis was split into two parts: (1) the descending tracts in
the white matter and (2) the termination pattern in the gray matter. Both
kinds of analysis were proceeded by a registration of the spinal cord images
to a common spinal cord atlas, to cope with the variances in individual
anatomy.

At the time, no species-specific atlas of the spinal cord in M. fascicularis
has been published. To overcome this problem, an atlas of the closely
related M. mulata was taken and manually reformed to fit a representative
section of Mk-Va at each spinal segment, ranging from C1 to T2. The
obtained segmentation maps were then used as a template for all further
analysis. In order to fit the spinal cord images of all animals to the obtained
template, they were automatically segmented into gray- and white-matter.
The segmented images then underwent a pairwise affine registration process
to the atlas (Figure 4.8a,b).

For the white-matter analysis, the descending fibers were automatically seg-
mented using intensity thresholding and then averaged per spinal segment.
As expected, there was a visible decline in spinal projections correlating
with the disruption seen at the IC level. However, when analyzing the
white matter alone, there was no distinction in innervation pattern but, in-
stead, a proportional decrease over the whole length of innervation (Figure
4.8c).
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Figure 4.8: Corticospinal tracts in spinal cord The descending corticospinal tract’s density
in the white matter and the spinal laminas of the gray matter are displayed. Density maps of
(a) M1 and (b) PMv projections in the spinal atlas series of are displayed for the intact (gray),
mild (cyan) and moderate (yellow) lesion groups. The summed and normalized densities in
each segment are displayed. (c) Quantification of the projections of M1 throughout the white
contra-lesional white matter, normalized by the spared fiber density in the internal capsule.
(d) Normalized density of the axonal terminations in the intermediary zone (spinal laminas
V-VII), where mostly di-synaptic connections are made. (e) Normalized density of the axonal
terminations in spinal lamina IX, where mono-synaptic connections are prevalent.
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To cope with the high auto-fluorescence observed in the gray matter of mon-
keys, the fluorescent signal of the viral stains was further amplified using a
fluorophore specific histological assay (Methods 4.2.3). The neurons on the
resulting images were then automatically segmented using pixel classifiers
(Methods 4.2.5), before the sections were registered to the atlas and aver-
aged between the spinal segments. The terminations in each lamina were
then calculated within each lamina mask provided by the reference atlas.
In the intact animal (Mk-Va and Mk-Me), the M1 projections showed a
pronounced innervation increase in the intermediary zone of the gray mat-
ter, at the spinal levels C5 to T1. Lamina IX showed a similar pattern
albeit only starting at C6 and peaking at C7 and C8, the spinal level in-
nervating the hand. The animals in the mild lesion group showed a marked
but even decline in innervation at the intermediate laminas compared to
the control. In the mono-synaptic lamina IX the termination density was
better retained, and still showed an increased density at segments C7 and
C8. Corresponding to the fiber loss in the internal capsule of the moderate
group, there were very little to no terminations to be found in the Spinal
segments C1 to T2 (Figure 4.8d,e).
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4.4 Discussion
To determine the anatomical impact of lesions or interventions in a clinical
setting, a wide array of techniques is employed, ranging from MRI and com-
puter tomography to intraoperative electrical stimulation. These practices
have led to a deep insight into the state of the health of the investigation’s
subjects, and have often been the starting point for new interventions that
are now routinely in use. However, when it comes to these imaging tech-
niques, many of them lack in resolution that can be achieved. The search
for clinical markers which reliably predict the functional recovery potential
of subcortical stroke patients has been an active field of study for many
decades, but has nevertheless only brought limited improvements to the
amelioration of patients motor function recovery processes (Hayward et al.,
2016; Krakauer and Carmichael, 2017). An increase in imaging resolution
might be the solution to finding such predictive markers, by piecing apart
the contribution of different neuronal tracts affected by such a lesion, paving
the way for future interventions.

In this chapter an analysis of the impact of a subcortical stroke on the
descending tracts of three motor cortical areas (M1, PMv and PMd) was
described. On the following pages the merits and challenges of multi color
tracing in non-human primates are discussed, followed by a brief evaluation
of the fiber quantification methods, as well as the procedure of histological
slice registration to an MRI atlas

4.4.1 Tri-color staining in lesioned and implanted non-
human primates

In this chapter, a histologic approach of tracing three likely candidates
in determining the recovery potential after a subcortical stroke, was de-
scribed (Liu and Rouiller, 1999b; Schulz et al., 2017a). M1, PMv and PMd,
were injected with anterograde neuronal tracers in order to determine the
remaining connectivity after a lesion in the internal capsule. The tracer in-
jections took place after the completion of the kinematic assessment period
(Chapter 3).

In order to trace three different structures in a single animal, tracers with
different chemical binding sites or fluorescent properties have to be intro-
duced. In this study, two viruses (AAV-8-CAG-drComet and AAV-5-CAG-
gComet) as well as BDA, were used. Chemical tracers and viruses func-
tion fundamentally differently from one another in both uptake and mode
of amplification, making accurate quantitative comparisons between them
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difficult to impossible (Petrosyan et al., 2014; Watakabe et al., 2015). The
viruses were chosen for their exceptionally good elucidation of axons. How-
ever, at the time, the green and red color variants existed only in two dif-
ferent viral substrains: adeno asociated virus (AAV) 5 and 8. These strains
are known to have different transfection efficiencies in specific cell types
and species (Petrosyan et al., 2014; Watakabe et al., 2015). This differ-
ence is further amplified by the different fluorophores, and their associated
fluorescence pattern (Piatkevich and Verkhusha, 2011). Taken together,
making quantitative comparisons between the tracers would be dubious at
best. As for the employed anatomical location and relative, within-tracer
analysis, the combination of multiple sources of fluorescence was thought
to be adequate.

During the histological assessment, a relatively high variance in expression
volume, not accounted for by the variance in injected tracer became appar-
ent. There are two main factors that might play a role in this finding: The
previous explantation of cortical arrays, and the lesion-induced cell death of
the interrupted fibers. As the animals were previously implanted with corti-
cal micro-electrode arrays (Utah Array, Blackrock, USA), the interventions
were scheduled on the same day as the explantation procedure. During
this procedure, great stress is put on the cortical tissue as the shanks are
extracted from it, in some cases severely damaging or extracting tissue at
the implantation site (Woeppel et al., 2021). In such cases, the injections
were administered at more shallow injection depth and around the implan-
tation site. Nevertheless, the change in cellular integrity, and especially
the reduction of cortical volume, is likely to have a major impact on the
absorption and expression of the viral and chemical tracers (Wang et al.,
2014). The lesion itself could also account for some of the experienced
inconsistency, as the white matter stroke is likely to induce an amount of
retrograde degeneration processes, leading to cell death in the cortical areas
of the affected neurons (Wei et al., 2019). The weight of these processes,
in the presented case remains unknown. In case of future investigations,
where similar experimental paradigms are applied, the trade-off in histolog-
ical reliability gained by injecting non-implanted tissue and the acquisition
of cortical data must be duly considered.

4.4.2 Brain atlas based analysis of the corticospinal tract
Mammals such as humans and primates are gyrencephalic, meaning their
brain has a complex folded structure in order to vastly increase the cortical
surface and, thus, computational power (Sun and Hevner, 2014). As these
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structures progressively grow until reaching adulthood, their general layout
stays the same, however, there remain relatively large variations between
individuals of the same species. In order to compare functional as well as
pathological characteristics between individuals, these variances must be
taken into account. In the case of MRI acquisitions commonly used in
clinical settings, these challenges have been addressed by linear and non-
linear registration techniques, aligning similar structures to another image
series or an averaged atlas brain. In order to obtain accurate results, these
techniques heavily rely on the 3-dimensional contrasts that MRI imaging
supplies. In the case of a traditional histological approach of sectioning
tissue into thin slices, staining, and ultimately quantifying the target of
inquiry, the alignment in the 3rd dimension is lost. The realignment of
the analyzed slices has long posed a challenge that has recently seen very
promising advances, resulting in automated tools for registration in smooth
brained rodents (Xiong et al. 2018, ABBA pipeline (unpublished)). In
primates, on the other hand, no such tools have yet been published. Inter
animal comparisons are either done by the expert-based interpretation of
the structures, or manual realignment of the acquired images. As part
of this study, a semi-automated tool for the realignment of histological
slices, and the subsequent registration to a species specific MRI atlas was
developed. The described method is further able to achieve this registration
with partial sections of the brain. In the case of this study, the slices of
15% of a single hemisphere were needed to achieve good registration results.

The obtained registration results allowed for a robust comparison between
the descending tracts of the motor cortex and their topography within the
IC, in both the intact and lesioned state. The results confirm that the gen-
eral findings previously published by Morecraft et al. (2002) also hold true
in M. fascicularis. As the previous study only reported descending tracts
from the dorsal PM regions, the variations in descending topography and
their varying rostro-caudal arrangement could not be corroborated. It can
be speculated that observed positional reversal mirrors the rostro-caudal
separation of the dorsal and ventral PMs in the cortex, however, with the
current number of animals this could not be confirmed. The presence of
variable positioning in the IC of these tracts however, indicate that a lesion
in the location of the IC’s genu is likely to affect the general projections
of the PM, without a clear separation of the cortical areas. The intermin-
gling tracts of PM seem to correlate findings in human tractography studies
reporting either close to full overlap between the two areas (Schulz et al.,
2012) or a clear separation between their descending tracts in the IC (Boc-
cuni et al., 2019), suggesting the observed variance is also present in other

102



4.4. Discussion

species. Furthermore, the shape of the IC, and the coalescence of the tracts
within, make even small lesions in its ventral part likely to ablate both M1
and PM projections, leading to profound motor deficits (Chapter 3).

4.4.3 Remaining motor corticospinal tract after a subcor-
tical stroke

The internal capsule forms the most direct bridge between many cortical
areas and the spinal cord. In the dorsal aspect, it functions not unlike a
funnel, collecting the descending fibers and forming a topologically orga-
nized conduit. It then travels further ventrally, in an oblique orientation to
the axial plane. In the case of the motor cortical CST, it traverses around
8mm in the rostro-caudal direction, between entering and exiting the IC
(Morecraft et al., 2002). Thus, if traditional coronal or sagittal histological
preparations are used, the tract analysis must include at least 1cm worth
of tissue to yield reliable results. In order to estimate the impact of the in-
duced subcortical lesions on the remaining corticospinal tracts originating
from M1, PMv and PMd, a relative analysis of the decline in fiber density,
as they pass through the internal capsule was developed. As there are many
subcortical structures surrounding the internal capsule, some of their inner-
vating fibers partially descend through the internal capsule. Furthermore,
CST fibers form collateral branches which interface with these structures
as well. Thus, to estimate the number of fibers being interrupted by the
induced lesion, a simple in-take and out-put analysis proves inadequate, as
there is an innate decline in fiber density, even in intact subjects. As a
solution to this problem, a relative approach was considered, taking into
account the rate of density change as well as the fraction between the max-
imal fiber density and the ’density plateau’ observed in the lower parts of
the IC. To further diminish the change in density fluctuations, a direction
based clustering method was implemented. The goal of this method was
to consider only neurons following the local directionality of the CST in
the analysis, while excluding deviating neurons. By combining these two
concepts, a robust and noise resistant method for the estimation of fiber
loss throughout the internal capsule was achieved.

The analysis of the spared fibers confirmed that the interruption of M1
tracts have the most profound impact on the initial impairment and de-
lay to recovery. Whereas individuals with significant but incomplete loss
in fiber density showed a delayed functional recovery and the reliance on
compensatory strategies, the complete loss of M1 fibers observed in the
severe group led to a permanent disability (chapter 3.3.2). This apparent
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hard threshold on CST integrity has also been widely reported in human
studies (Schulz et al., 2012; Byblow et al., 2015; Feng et al., 2015). On
the other side of the spectrum, Mk-Re with a non-significant change in M1
integrity showed a quick functional recovery within the first weeks, as well
as no discernible alteration in movement quality analysis (chapter 3.3.4).
The monkey had a profound decrease in PMv fibers as well as a decrease
in PMd density, accompanied by a lesion size inside the IC comparable to
the other, more impaired individuals, which should conceptually result in
similar CST integrity. This discrepancy between CST integrity and func-
tional recovery further highlights the need for highly resolved biomarkers in
order to have the chance of resolving mild and moderate impairments with
recovery predicting imaging techniques (Prabhakaran et al., 2008; Schulz
et al., 2012; Winters et al., 2015; Feng et al., 2015).

The observed, proportional loss in termination density in the spinal cord
then correlated with both the density loss observed in the IC, as well as
the observed recovery. When it comes to individual spinal lamina density,
the decline in connections is consistent with the loss of terminations in the
white matter. Similar decreases in white matter integrity, after a white mat-
ter ablation, have previously been reported in rhesus monkeys (Terashima,
1981). From the CST descending fibers around 80 − 90% of the connec-
tions in the spinal cord innervate interneurons in the medial zone (spinal
lamina V,VI and VII), and only 10 − 20% represent cortico-motorneuronal
connections (Lemon, 2019). There was no discernible spinal lamina expe-
riencing an above average decline in connections. In the intact and the
mild group an increased termination density in segments C5 to T1 was ob-
served, consistent with previous tracing studies in NHP (Dum and Strick,
1991, 1996). The loss of hand dexterity was strongly correlated with the
decrease in termination density in lamina IX in the spinal segments C7 and
C8, the termination area for mono-synaptic CST terminations controlling
the hand (Witham et al., 2016) Generally these results in combination with
the general kinematic analysis (Chapter 3) correlate well with the previ-
ous assessment of the main marker for stroke recovery being CST damage
(Favre et al., 2014). The results further suggest that the lesion location,
and the resulting interruption of different sub-CSTs, is the deciding factor
for recovery potential. While major interruptions of PM fibers do in fact
cause a decline in performance, their interruption seems to have a minor
effect when compared to M1 interruptions (Mk-Re, Chapter 3).
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4.5 Limitations
In this study the variance of tracer efficiency was substantial, varying with
both chemical as well as viral substances. As discussed (Section 4.4.1), the
variance likely originates from a combination of lesion induced cell death
and cortical trauma after the cortical array explanation. Due the variabil-
ity in both the lesion severity and the amount of cortical damage in each
animal, on top of the low number of animals in this study, the separation of
these effects is challenging at best. Further studies, examining the impact
of IC lesions on the upstream effect on cortical areas should therefore be
conducted with less invasive recording techniques.

The registration between two images or volumes, especially in the case
of different modalities, depends on a correlation of contrasts between the
two series. As structural MRI produces contrast between white and gray
matter areas, a similar or inverse intensity is required to be present in the
histological preparations. While the employed DAPI stain worked very
well for this purpose, other histological assays, such as DAB or pure tracing
assays, would prove far more challenging for alignment. In this case, only
the outline of the cortex could be reliably used for an alignment, resulting
in a devastating loss in detail. Registration would be further complicated
by the large tissue distortions often seen in the cortical areas, due to the
lack of structural integrity in areas of sulci and gyri. A non-compatible
staining assay could still be employed, if adjacent sections with a compatible
modality are available. The highly similar sections could first be aligned to
each other, and then ported to MRI space in a subsequent step.

4.6 Future perspective

4.6.1 Integration of atlas registered histological data within
a standardized framework

Comparison and reproducibility of findings between studies and laborato-
ries is notoriously problematic (Baker, 2016; Miyakawa, 2020). While this
crisis has been attributed to factors ranging from lack of statistical power
to scientific misconduct, one of the deciding factors is a lack of accessibility
to the raw and processed data the studies are based on. In the case where
these data are available, they come in various formats, often incompatible
with the currently employed pipelines. A move to storing the used raw and
processed data as well as appropriate conversion tools to create a standard-
ized frame work, such as the MNI brain atlas, might prove to be a first
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step in the direction of improved reproducibility. Especially in the field of
primate research, where animal numbers are very low and labs are sparse,
this could provide an invaluable resource for field overreaching assessments.

4.6.2 Development of predictive tract interruption
As described in previous chapters, MRI guided lesion planning provides a
personalized surgery plan to help optimize consistent placement of the le-
sion, or similar interventions. However, inter-individual differences in the
local anatomy provide a challenge for the consistent targeting of struc-
tures(Miocinovic et al., 2007; Ose et al., 2022). The combination of the
presented data of the intact descending tracts, as well as the tract interrup-
tion and lesion location, allows for the development of a lesion simulation
tool. Such a tool would simulate multiple lesion position and their in-
tersection with each of the traced tracts, and thus provide a pre-surgical
estimation of the tract interruption. As the appropriate lesion location for
the current research question is found, the standardized planning can then
be transformed into the personal MRI of each subject, providing a way of
automating and optimizing the surgical planning. The potential gain in
reproducibility could thus led to more homogeneous cohorts and possibly
reduce the number of animals needed and the processing time.

4.7 Conclusion
Within this chapter, the corticospinal tracts originating in three motor cor-
tical areas were investigated in both intact as well as after a subcortical
lesion. A method to selectively quantify the internal capsule traversing
tracts was developed and used to quantify the tract specific loss of fiber
density induced by the lesion. The remaining tracts were followed into the
spinal cord, where their residual termination pattern was investigated. Fur-
thermore, a semi-automated tool for the registration of partial histological
brain sections into a unified MRI space was devised, providing a solid ba-
sis for atlas-based analysis and the incorporation in DTI and fMRI based
studies, by providing microscopy level resolution and detail for the relatively
large and varied non-human primate brain.
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Chapter 5

Discussion and Perspectives

The work presented in this thesis provides a novel clinically relevant model
of a unilateral sub-cortical stroke in non-human primates (NHP). The model
permits the precise, MRI guided induction of a focal lesion in the internal
capsule, interrupting the descending motor corticospinal tract, and specifi-
cally impairing the upper limb.

To achieve the necessary precision, a maxillary retention system was devel-
oped. A personalized maxillary mold was used to augment the traditional
stereotactic frame, locking the animal into the same exact position dur-
ing imaging and surgical interventions. With the implementation of this
system, the placement precision could be restricted to sub-millimeter vari-
ance between interventions taking place even months apart (chapter 2.3.1).
This frame work provided a robust platform, allowing the implementation
of complex, longitudinal studies, including non-MRI compatible, chronic,
neuronal and muscular recording systems.

Combining personalized MRI guided surgical planning with the maxillary
retention framework, a unilateral thermo-coagulation lesion was induced
in the internal capsule. The lesion targeting the descending corticospinal
tract (CST, Morecraft et al. 2007) of the primary motor cortex (M1, hand
area), produced distinct impairment in the animals’ reaching and grasping
abilities (chapter 3.3.2).

107



5. Discussion and Perspectives

The functional recovery was analyzed with an array of six upper limb perfor-
mance assessments; revealing three distinct levels of impairment, mirroring
deficits seen in human stroke patients (Cheung et al., 2016; Krakauer and
Carmichael, 2017). The mild impairment group showed functional recovery
within the first month and regained dexterous movement control, allowing
them to perform a precision grip. The moderately impaired group only re-
gained the general grasping control, having permanently lost the ability to
perform dexterous hand movements. No functional recovery was observed
in the severely impaired group. However, flexor-synergy like movements
could be observed, mirroring symptoms seen in severe stroke patients, but
not previously described in animal models (Cheung et al., 2016).

By analyzing the underlying kinematic strategies during and after the recov-
ery period, it could be shown that even in mildly lesioned animals showing
full functional recovery, a significant shift in movement patterns occurred.
This provides evidence for the major role of compensatory strategies in the
reported functional recovery ().

For the histologic analysis of the anatomical changes induced by the lesion,
the corticospinal tracts originating in M1, as well as the ventral (PMv)
and dorsal (PMd) pre-motor cortices, were traced. To gain insight into the
relative location of the lesions and the CSTs, a semi-automated tool for
the registration of the histological sections into the MNI standard space for
M.fascicularis was developed. The combined space allowed insight into the
relative positioning of the induced lesions and could confirm the relative
location of the descending tracts, with M1 projections traversing caudal
to both PMv and PMd (Morecraft et al., 2002). As the fibers descending
through the internal capsule form many collateral connections and further
connect to IC adjacent structures, an algorithm specifically quantifying the
CST fibers was devised. The resulting data showed that the observed im-
pairment grossly correlated with the degree of lost density in M1 fibers,
while PMd and PMv damage played a minor but important role, confirm-
ing prior findings of tractography studies in stroke patients (Riley et al.,
2011; Schulz et al., 2015, 2017a; Boccuni et al., 2019). The remaining tracts
were followed into the spinal cord and their residual termination patterns
were investigated, revealing a proportional decline in axonal density in the
white matter and gray matter terminations, providing evidence for an even
decline in both mono- and di-synaptic connections in the spinal cord. The
loss of terminations in the lower cervical level also correlated with the loss
of functional control.

In summary, with the provided model, the basis for a mechanistic inves-
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tigation of the fundamental changes in cortical activation and recovery
mechanisms have been laid. Future avenues for their investigation and the
application of the findings will be discussed in the following paragraphs.

5.1 Neural correlates after sub-cortical stroke

Changes in cortical activity following stroke have been widely reported in
humans (Traversa et al., 1997; Grefkes and Fink, 2011) and animal models
(Ramanathan et al., 2018). Where in smaller cortical lesions, the ipsi-
lesional areas are reported to be hyper-activated, larger lesions tend to pro-
duce bi-hemispheric up-regulation (Grefkes and Fink, 2014). The reversal
to normal activation levels with time, supports the idea of lesion initiated
plastic changes in the brain (Ward et al., 2015). Further, in the case of
subcortical stroke, the integrity of cortico-cortical connections between PM
and M1 have been shown to be positively correlated with recovery rates
(Schulz et al., 2015; Boccuni et al., 2019). The exact mechanisms and the
manner of cortical interaction, as well as the functional relevance of the
reported regulated states remain enigmatic. In the current lesion model,
the implantation of intra-cortical micro-electrode arrays (Figure 5.1a) in
5 cortical areas (ipsi-lesional: M1, PMv, PMd, contra-lesional: M1, PMv;
Methods in appendix 5.3) attempted to elucidate parts of these questions.
The findings of the multi-unit analysis correlated with previous reports in
humans: an ipsi-lesional up-regulation in cortical activity, combined with
an enhanced functional connectivity and cortico-kinematic correlation could
be reported in the mild impairment group. In the group with moderate im-
pairment, a shift towards contra-lesional control was seen (Figure 5.1a,b).
This data suggests that the increase in cortical activity seen in patients is
indeed of a functional nature rather than a pathological byproduct (Gre-
fkes and Ward, 2014). Further evidence for the existence of a highly plastic
phase was found in the pronounced hyperactivity and hyper connectivity
during the acute phase, which receded and settled into specific, up-regulated
cortico-cortical connections. A correlation between the reported neuronal
changes and the kinematic impairment was present as early as the first
day post-lesion. This correlation persisted throughout the chronic phase
as well (Figure 5.1c). Moreover, the regional cortical changes were signifi-
cantly correlated with the remaining CST fiber quantified in the presented
histological assessment.
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Figure 5.1: Neural correlates after subcortical stroke A summary of the observed changes
in activation and connectivity after subcortical stroke. (a) Depiction of the healthy cortical
control and activation contrasted with the connective changes observed in mildly and mod-
erately impaired animals. The amplitude of connective change is depicted by the increase
in saturation and size of the connective arrows. (b) Depiction of the time-resolved cortical
changes, displayed as the difference between ipsi- and contra-lateral activity. (c) Depiction of
the tuning curves and neuronal spiking correlations in Mk-Pa. Figures adapted from cortical
analysis by Dr. Shiqi Sun.
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5.2 Mechanistic approaches to elucidate primary
brain regions driving recovery

The pre-motor areas in the recovery process after subcortical stroke have
been suggested as primary candidates in aiding the recovery of motor func-
tion after stroke (Liu and Rouiller, 1999a; Riley et al., 2011; Schulz et al.,
2015, 2017a; Boccuni et al., 2019). However, the degree of their functional
involvement remains unknown. In the past, re-lesioning experiments have
been used to assess exactly this question (Rouiller and Olivier, 2004). In
a typical re-lesion experiment, the animals are lesioned and then left to
recover until they reach a behavioral plateau. A second lesion is then in-
troduced, where the researchers determine the likely origin for the observed
recovery. Ultimately, quantifying whether the secondary lesion reverted the
observed functional gain. There are, however, two major drawbacks to this
approach: (1) irreversibility and (2) off-target effects. With the induction of
a secondary lesion, only one area of interest can be targeted, as the resulting
lesion will permanently alter the underlying anatomy. The second major
concern with inducing a second lesion is that it might actually boost the
recovery. Multiple studies have shown that the induction of a secondary le-
sion ’re-opens’ the window of plasticity, allowing the brain to adapt to both
the second as well as the first induced lesion (Kapur, 1996; Zeiler et al.,
2016).

A possible solution to both of these concerns is the introduction of transient
inhibition methods, which are nor without their own inherent challenges,
but which may be overall more beneficial than re-lesioning studies.

For cortical inhibition, one of the most prevalently used pharmacologic
agents is Muscimol. The GABA receptor agonist (Eugster and Takemoto,
1967; Johnston, 2014) has the ability to transiently reduce the cortical out-
put by activating the inhibitory GABA-ergic sub-population of neurons
(Martin, 1991; Yamauchi et al., 2000). It has been used in various studies
in NHPs to assess the effects of transient inhibition in both healthy (Ma-
son et al., 1998; Brochier et al., 1999; Matsumura et al., 1991; Kurata and
Hoffman, 1994) and in lesioned states (Liu and Rouiller, 1999a; Hoogewoud
et al., 2013). Due to the transient nature, it allows the screening of multiple
candidate areas over the course of subsequent days to allow for an adequate
flush-out period. The fact that Muscimol is injected intra-cortically to
achieve its effect is, on one hand, phenomenal for precise targeting of the
target structures but, on the other hand, requires the cortex to be exposed.
The prolonged exposure can be mitigated by implantation of an injection
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chamber which in itself may pose a constant risk of infection.

As part of this project, a Muscimol inhibition pilot study targeting M1,
PMv, and PMd before and after stroke was launched with the collaborating
laboratory in Beijing. Unfortunately this was just as the pandemic shook
the world, and was thus postponed until further notice.

Figure 5.2: Mechanistic insight into subcortical stroke using inhibitory focused ul-
trasound stimulation A summary of the planned focused ultra-sound stimulation paradigm.
(a) Schematic depiction of the focused ultra-sound stimulation setup during a robotic object
presentation task. The stimulation area in the brain is indicated in red. (b) Depiction of the
targeted inhibition sites: primary motor cortex (red), ventral pre-motor cortex (cyan), and
dorsal pre-motor cortex (yellow). The blue line indicates the location of the sagittal secion
shown in (c) A simulation of the predicted inhibition focal area, using CT and MRI data to
estimate the corresponding skull and brain attenuation. The focal area is depicted in green.
Figures adapted material provided by Dr. Charles Latchoumane and Ruijia Wang.

A major drawback of many interventions used to inhibit cortical activity is
their need for invasive procures. Over recent years a new technology for non-
invasive cortical inhibition has been evolving (Fishman and Frenkel, 2017).
Focused ultrasound stimulation (FUS) has been shown, on the one hand, to
have the ability to transiently activate or inhibit neuronal tissue depending
on the chosen frequency and power (King et al., 2013), and on the other,
to produce lesions in deep structures without the need for invasive access.
The technology has thus found applications in the clinical environment
ranging from thermo-coagulation for thalamotomy (Elias et al., 2018) and
treatment of essential tremor in Parkinson’s disease (Magara et al., 2014), to
transiently opening the blood brain barrier in Alzheimer’s disease patients
(Lipsman et al., 2018).

As it’s effect size can be tuned to achieve a relatively small effect size this
method has been proposed as a promising candidate for mechanistic studies
in NHP models (Zhang et al., 2021). Indeed, as the method does not require
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invasive procedures to transiently inhibit or activate the cortical regions,
this would make an optimal candidate for a longitudinal mechanistic study
(Verhagen et al., 2019; Yang et al., 2021).

As a follow up to the current project, such a study has been launched.
With the goal of transiently inhibiting the core cortical regions investigated
during the presented stroke study. As in the presented project, the animals
will be trained in multiple reach and grasp tasks, before a moderate impair-
ment subcortical stroke is applied (Figure 5.2a). When the animals reach
their recovery plateau, the actual mechanistic investigation will commence.
M1, PMv and PMd will be transiently inhibited using the appropriate in-
hibitory stimulation sequence (Figure 5.2b). With the preliminary data
collection, the simulations of the inhibition effects (Figure 5.2c), and the
animal training well on their way, the prospects of quantifying the contri-
bution of pre-motor areas to the observed recovery are promising.

5.3 Neuro-prosthetics to restore movement
As possible targets for rehabilitative targets are uncovered, the question
arises how these now findings should be addressed in a therapeutic man-
ner. In recent years, a diverse array of therapeutic interventions have been
proposed and tested, ranging from rehabilitative interventions such as con-
straint induced movement therapy (Taub and Uswatte, 2003; Taub et al.,
2013), and robot-assisted movement therapies (Lo et al., 2010; Bertani et al.,
2017), to pharmacological (Chollet et al., 2011; Cramer, 2015) and stem cell
based treatments (Kalladka et al., 2016; Steinberg et al., 2016). In addition
to these interventions, multiple promising approaches using neuroprosthetic
interventions might play a key role in finding efficient therapy models able
to restore upper limb function after stroke. A few of these prospective
avenues will be briefly discussed.

Guiding the plasticity phase through cortical modulation is an enticing
prospect for stroke treatment. The concept is based on the hypothesis that
stimulation of appropriate spared motor areas, in combination with the acti-
vation of their target muscles or brain areas, would lead to an enhancement
of their connectivity through Hebbian learning, ultimately enhancing the
synaptic density (Adkins-Muir and Jones, 2003; Plautz et al., 2003; Kleim
et al., 2004). Various animal studies have reported an increased functional
recovery, resulting from the combination of rehabilitative training with cor-
tical stimulation in the peri-infarct zone (Adkins-Muir and Jones, 2003;
Plautz et al., 2003; Cheng et al., 2014) as well as the contra-lesional hemi-
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sphere (Teskey et al., 2003; Wahl et al., 2017). The direct translation of
these findings into a therapeutic approach for stroke patients, however,
yielded disappointing results, as clinical trials showed no differences in re-
covery between the treatment and control group four weeks after stroke
(Levy et al., 2016). Despite the supportive stimulation before and during
rehabilitative trains seeming only to have a minor effect on the functional
outcomes in patients, there has recently been evidence for a possible al-
ternate path of intervention by Jackson et al. (2006) and Nishimura et al.
(2013). Instead of activating the termination target by voluntary move-
ment production, these studies demonstrate plasticity increases by concur-
rent stimulation of both origin and endpoint, forming a bi-directional neural
interface (Edwardson et al., 2013; Fetz, 2015). There is potential for these
technologies to improve recovery after stroke in both cortico-cortical as well
as corticospinal stimulation paradigms. As the integrity of cortico-cortical
connections have been shown to have a positive correlation with the ex-
pected functional outcome after stroke (Bosnell et al., 2011; Schulz et al.,
2012; Koch et al., 2016), the additional strengthening of these circuits via
bidirectional stimulation might enhance the brain’s innate recovery mech-
anisms. Likewise, the integrity of the corticospinal connections is pivotal
to recovery. Additionally, a strengthening of connectivity at the location
could be beneficial (Nishimura et al., 2013; Urbin et al., 2017; Liu et al.,
2020; Urbin et al., 2021).

While subcortical strokes affecting the CST have been shown to cause a
non-negligible amount of dieback in the interrupted neurons (Wei et al.,
2019), the cortical regions remain functional (Grefkes et al., 2008; Grefkes
and Fink, 2014). This leaves the potential for decoding neuronal activa-
tion in the disconnected brain regions to inform targeted and time-resolved
stimulation of the spinal cord, peripheral nerves, or muscles, directly. In-
deed, brain actuated functional electrical stimulation has been shown to
improve the restoration of arm function in stroke patients (Biasiucci et al.,
2018). Similar improvements could be seen with spinal cord stimulation,
after spinal cord injury in rats (Bonizzato et al., 2018), and in paraplegic
patients (Shokur et al., 2018). The stimulation of the cervical spinal cord
has further been shown to be able to induce arm movement after spinal
cord injury both in rodents (Sunshine et al., 2013) and primates (Barra
et al., 2021). While cervical stimulation has only been shown to be feasi-
ble in producing coordinated arm movement, Badi et al. (2021) presented
an intrafascicular peripheral nerve simulation paradigm, with the ability to
evoke dexterous finger movements in non-human primates.

In combining the neuronal decoding at the disconnected cortical areas and
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the movement restoring stimulation paradigms, a real opportunity to bypass
the lost corticospinal tracts and restore functional control via brain-spine
or brain-peripheral nerve interfaces is created.
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Kinematic analysis
The calculation key for the utilized angles (Table 1) as well as the loading
factors for both the BBT (Table 4) and the spherical ROP (Table 5) tasks
are presented on the next pages. Further, the grasping rate for the modified
Brinkman board is shown.
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Table 1: Angle calculations The list of angle calculation vectors utilized for the kinematic
analysis. Continued on the next page.
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Table 2: Static feature list: BBT A list of the static features used in the kinematic analysis
for the BBT.

150



Kinematic analysis

Table 3: Static feature list: ROP A list of the static features used in the kinematic analysis
for the spherical ROP.
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Table 4: Loading factors for principal component analysis: BBT The list of the loading
factors and their individual contributions to the 1st to the 3rd principal component in the
BBT analysis.

152



Kinematic analysis

Table 5: Loading factors for principal component analysis: ROP The list of the loading
factors and their individual contributions to the 1st to the 3rd principal component in the
spherical ROP analysis.
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Figure 1: Grasping rate modified Brinkman Board The grasping rate in the modified
Brinkman board task is shown. The intact performance is shown in gray, with acute (light),
subacute (medium) and chronic (saturated) time points shown.
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Surgeries

Utah array implantation
Implantation planning

Each monkey was implanted with multiple micro-electrode arrays (UTAH
array, Blackrock microsystems, USA) in the motor, pre-motor, and sensory
cortices. Mk-RE was implanted with five arrays, and the three other mon-
keys (Mk-PA, Mk-LE and Mk-JY) received six arrays each (Figure 2). The
array signals were read out over an interface pedestal (Cereport, Blackrock
microsystems, USA) implanted on the skull of the animal. Whereas Mk-
RE and Mk-LE were implanted with two pedestals, Mk-PA and Mk-JY
received only one. Depending on the pedestal technology employed, a ti-
tanium mesh (TiMesh, Medtronic, USA), in combination with a foot-plate
(Buri SA, La Chaux-de-Fonds, Switzerland), was used to aid in anchoring
and force distribution along the skull. The foot-plate was custom designed
to fit the dimensions of the Blackrock Cereport pedestals, and form a quick
and reliable link using M1.6 titanium screws (Buri SA, La Chaux-de-Fonds,
Switzerland) during the surgical intervention. Individual 3D models of the
brain and skull were used to plan the optimal placement of the UTAH ar-
rays and the minimal craniotomy size needed for access. The pedestals
were arranged on the remaining skull surface, ensuring optimal stability
and spacing between the arrays. For pedestals requiring a titanium mesh,
we shaped the mesh around the skull model. The mesh was then cut into
the smallest possible shape to still able to provide stable anchoring while
allowing access to the planned craniotomies. Sharp edges were sanded down
to lessen tissue irritation after implantation. The mesh of Mk-RE was then
coated with hydroxyapatite (Medicoat AG, Zürich, Switzerland), to pro-
mote ossointegration. Hydroxyapatite coating was avoided in subsequent
animals, as the ossointegration precludes possible explantation procedures.
After shaping, the mesh and foot-plates were assembled and sterilized with
low temperature (55°C) vaporized H2O2 (PlazMax Line P50, Tuttnauer,
Switzerland).

Implantation surgery

The animals were prepared for surgery and sedated as described in chapters
2.2.2 and 2.2.2.

The skin was incised in either a straight line or in a Y-shape along the
mid-line, depending on whether one or two pedestals were to be implanted.
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The skin was bluntly dissected and pulled aside. The connective tissue was
then removed from the exposed skull. The location of the craniotomies
and pedestals was drawn onto the skull according to the implantation plan
(Chapter 5.3). The craniotomies were conducted and the two extracted
bone flaps were stored in ringer-lactate solution until re-implantation. The
assembled and sterilized mesh and base-plates were then placed on the skull
and secured using self-drilling screws (1.6x3.5mm, TiMesh, Medtronic, Ire-
land). The pedestals and the corresponding arrays were then implanted in
sequence. The pedestal was fastened to the base-plate using 8 M1.6 tita-
nium screws (Buri SA, La Chaux-de-Fonds, Switzerland). The dura mater
of the hemispheres to be implanted was incised and folded back onto the
skull, where it was kept moisturized using saline solution. The Utah arrays
were then correctly positioned and inserted using a pneumatic inserter sys-
tem (Blackrock Microsystems, USA). The wires were further sutured to the
dura mater adjacent to the implantation site. After all Utah arrays were
successfully implanted, the dura mater was put back in place and sutured.
The craniotomies were closed using their respective bone-flap fastened in
place with 4x1 titanium mesh pieces (TiMesh, Medtronic, Ireland) and self-
drilling screws (1.6x3.5mm,TiMesh, Medtronic, Ireland). Gaps between the
bone were filled using artificial extracellular matrix (Spongostan™, John-
son&Johnson Medical, Belgium). The skin was then sutured and antisep-
tically treated.

Post-operative care was administered as described in chapter 2.2.2.

EMG implantation
For EMG recordings we used the fully implantable Grapevine EMG sys-
tem (Ripple Neuro, USA). To account for the decreased body size of our
subjects, we used custom wiring (38 AWG Cooner wires, Omnetics Cor-
poration, USA) to connect to the implantable EMG signal transceiver (16
channels, 24-bit, 7.5kHz). The signal transceiver was then sealed using sil-
icone (Dowsil, 734 flowable sealant), minimizing the risk of infection and
signal deterioration. The 32 wires were then paired up and sorted into
the corresponding channels and labeled according to the muscles to be im-
planted.

The animals were prepared for surgery and sedated as described in chapters
2.2.2 and 2.2.2. In addition to the customary head shaving, the animals’
upper torsos and arms were shaved as well.

Incisions were made above the abdomen, lateral to the side of the implanta-
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Figure 2: Utah array implantation sites Schematic depiction of the Utah array implanta-
tion sites in Mks Re, Pa, Le, and Jy. The approximate implantation sites are indicated by
the colored outlines.
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tion. Secondary incisions were placed above the left shoulder blade, above
the deltoid, in the middle of the upper arm, as well as on the medial and
distal side of the lower arm. Sub-dermal channels were laid, connecting
the incisions. The signal transceiver was then placed onto the abdomen
and sutured into place, before the EMG-wires were tunneled through the
sub-dermal channels up to the shoulder blade incision. The skin above the
signal transceiver was then cleaned and sutured. According to the implan-
tation plan, wires were then pulled to their implantation site (Table 6). The
correct muscles and optimal EMG placement therein were determined by
electronically evoked muscle potentials. Where needed, the muscles were
exposed by blunt dissection. We used bent 23G syringe tips for channeling
and wire insertion. Before insertion, the wires were locally stripped using a
scalpel blade. The wires were then inserted, and the needles retracted. To
keep the wires secured, a suture-knot or a surgical staple was placed. The
surrounding tissue was then antiseptically treated with Betadine solution
(Mundipharma, Switzerland) before suturing.

Post-operative care was administered as described in chapter 2.2.2.

Table 6: List of EMG implanted musclesThe list of implanted muscles in Mk-Pa and
Mk-Le
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