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Abstract

In the last few years, stroke ranked as the second most common cause of death and is the third
most significant condition affecting disability-adjusted life years (DALY's) worldwide. Being
the most prevalent and quality of life impacting post-stroke symptoms, rehabilitation of motor
deficits, such as paresis or speech impairments, have concentrated most of the stroke
rehabilitation research. Nonetheless, approximatively 1 stroke survivor out of 4 will have to
deal with permanent Homonimous Hemianopia (HH), the loss of half of the visual field due to
postchiasmatic lesions.

This Thesis uses non-invasive brain stimulation techniques to unveil the electrophysiological
mechanisms underlying healthy human visual motion perception, and applies these new
insights for the development of a novel functional plasticity index and a new biologically-
inspired visual rehabilitation protocol. One of the clinically relevant pathways to study and
promote in this context, is the neural pathway connecting the ipsilesional middle temporal area
(MT) to the primary the visual cortex V1 that mediates motion perception and awareness. First,
to measure plasticity induction along this pathway, we tested the potential of cortico-cortical
paired associative stimulation (ccPAS) in enhancing spike-timing-dependent plasticity (STDP)
between MT and V1. By triggering one TMS pulse first on MT followed 20ms after by a second
TMS pulse over V1, we observed a significant connectivity increase in the MT-to-V1 inputs,
correlated with motion discrimination improvement. A similar relationship was reported in HH
stroke patients, but only in patients with sufficient structural or functional integrity between
V1 and MT. Next, we focused on the idea that exogenously modulating the well-reported
oscillatory interactions between the two areas would boost visual learning. We developed a
cross-frequency (Alpha and Gamma) dual-site transcranial alternate current stimulation (tACS)
protocol. We observed an increase in motion perception in the blind field after one tACS
session associated with an increase in V1-MT coupling in both healthy and HH stroke patients,
when tACS delivered Alpha oscillations over V1 and Gamma oscillations over MT.
Furthermore, applied repeatedly during 10 daily training sessions in HH patients, this tACS
condition enhanced motion discrimination in the blind field to similar extends to long-term
training studies. In line with the previous approach, patients who better responded to the
intervention were the ones with preserved structural integrity of the cortical motion pathway.

Importantly, improvement in motion discrimination was accompanied by an enlargement of



visual field borders assessed with kinetic perimetry, paving the way to a novel intervention for

visual field recovery.

In conclusion, this work deepens our understanding of MT-V1 motion discrimination pathway
properties and highlights a multimodal marker to index visual system structural and functional
integrity potentially predictive of treatment efficacy. Finally, it introduces the first steps
towards a promising approach for rehabilitating visual impairments in stroke patients. Further
improvements include a novel state-dependent version based on inter-areal coupling, aiming at

reducing the variability and increasing the efficacy.

Keywords: Stroke, Homonimous Hemianopia, Visual rehabilitation, Motion perception,
cortico-cortical Paired associative Stimulaiton (ccPAS), cross-frequency multisite transcranial
Alternate Current Stimulation (tACS), Phase-Amplitude Coupling (PAC).



Sinossi

Negli ultimi anni, I'ictus si e classificato come la seconda causa di morte piu comune e come
terza condizione in funzione dell’attesa di vita corretta per disabilita in tutto il mondo. Essendo
i deficit motori, come la paresi o i disturbi del linguaggio, i sintomi post-ictus piu diffusi e che
pit impattano sulla qualita della vita, la maggior parte delle ricerche sulla riabilitazione
dell'ictus si € concentrata su di essi. Tuttavia, circa 1 sopravvissuto su 4 all'ictus dovra
affrontare una permanente emianopsia omonima, ossia la perdita di meta del campo visivo a

causa di lesioni postchiasmatiche.

Questa tesi utilizza tecniche di stimolazione cerebrale non invasiva per indagare i meccanismi
elettrofisiologici alla base della percezione visiva del movimento negli individui sani e applica
queste nuove intuizioni per lo sviluppo di un nuovo indice di plasticita funzionale e di un nuovo
protocollo di riabilitazione visiva biologicamente ispirato. Uno dei sistemi cerebrali
clinicamente rilevanti da studiare e promuovere in questo contesto, € il sistema neurale che
collega I'area temporale media ipsilesionale (MT) alla corteccia visiva primaria V1, il quale
media la percezione e la consapevolezza del movimento. Prima di tutto, per misurare
I'induzione della plasticita su questo network, abbiamo testato I’efficacia della stimolazione
associativa cortico-corticale (ccPAS) nel potenziare la plasticita dipendente dal tempo di
attivazione (STDP) tra MT e V1. Scaricando prima un impulso TMS su MT seguito 20ms dopo
da un secondo impulso TMS su V1, abbiamo osservato un significativo aumento della
connettivita negli input da MT a V1, correlato con il miglioramento della discriminazione
visiva del movimento. Un effetto simile e stato osservato in pazienti emianopsici con ictus, ma
solo in pazienti con sufficiente integrita strutturale o funzionale tra V1 e MT. Successivamente,
ci siamo concentrati sull'idea che la modulazione esogena delle ben note interazioni oscillatorie
tra le due aree potrebbe potenziare I'apprendimento visivo. Abbiamo sviluppato un protocollo
di stimolazione a corrente alternata transcranica (tACS) cross-frequenza (Alpha e Gamma) su
due siti. Abbiamo osservato un aumento della percezione del movimento nel campo visivo
cieco dopo una sessione di tACS associata a un aumento dell’accoppiamento funzionale tra V1
e MT sia nei pazienti sani che in quelli con ictus, quando il tACS forniva oscillazioni Alpha su
V1 e Gamma su MT. Inoltre, applicato ripetutamente durante 10 sessioni di allenamento
giornaliere in pazienti emianposici, questa condizione di stimolazione ha migliorato la

discriminazione del movimento nel campo visivo cieco in misura simile a studi di allenamento



a lungo termine. In linea con l'approccio precedente, i pazienti che hanno risposto meglio
all'intervento erano quelli con integrita strutturale conservata del sistema corticale legato alla
percezione del movimento. Importantemente, il miglioramento nella discriminazione del
movimento € stato accompagnato da un allargamento dei confini del campo visivo valutato con
perimetria cinetica, aprendo la strada a un nuovo tipo di intervento per il recupero del campo

Visivo.

In conclusione, questo lavoro approfondisce la nostra comprensione delle proprieta del sistema
neurale di discriminazione del movimento MT-V1 ed evidenzia una misura multimodale per
indicizzare l'integrita strutturale e funzionale del sistema visivo potenzialmente predittiva
dell'efficacia del trattamento. Infine, introduce i primi passi verso un promettente approccio
verso la riabilitazione delle disabilita visive nei pazienti con ictus. Ulteriori miglioramenti
dell’intervento includono una nuova versione del protocollo dipendente dal momentaneo stato
cerebrale basata sulla sinronizzazione inter-areale, mirata a ridurre la variabilita dell’effetoo e

aumentare I'efficacia della stimolazione.

Parole chiave: Ictus, Emianopsia Omonima, Riabilitazione Visiva, Percezione del
Movimento, Stimolazione Associativa Cortico-Corticale (ccPAS), Stimolazione a Corrente
Alternata Transcranica Multisito Cross-Frequenza (tACS), Accoppiamento Fase-Amplitude
(PAC).
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Chapter 1 - Introduction

Stroke, also known as cerebrovascular accident (CVA), arises when the blood supply to part
of the brain is either interrupted or occluded, depriving brain tissue of essential oxygen and
nutrients. This event often leads to the death of brain cells and can result in permanent
neurological impairments. The majority of strokes are ischemic, caused by blockages often due
to blood clots, while hemorrhagic strokes occur from ruptured blood vessels (Kuriakose and
Xiao, 2020).

The damage caused by a stroke varies greatly, depending on its type, severity, and location
within the brain. Stroke can in fact lead to a wide range of disabilities, the most frequent being
motor deficits, affecting around 80% of stroke survivors. It's also common for patients to
experience multiple deficits simultaneously, which can hinder recovery and lead to prolonged
impairments well beyond hospital discharge. The impact of a stroke is thus profound, not just
in its immediate effects but also in the long-term health and quality of life of survivors (Tsao
etal., 2023).

1.1 The burden of stroke

The most recent report from the World Stroke Organization indicates that stroke ranks as the
second most common cause of death and is the third most significant condition affecting
disability-adjusted life years (DALYS) (Feigin et al., 2022; GBD 2019 Stroke Collaborators,
2021).

Over the 1990-2019 period, there was a significant increase in the absolute number of incidents,
survivors and in stroke-related DALY's. To report some epidemiologic numbers, in 2019, 63%
of stroke occurred in people younger than 70 years old, 12 million new stroke every year were
reported (1 every 3 seconds) and 101 million of stroke survivors were reported worldwide
(GBD 2019 Stroke Collaborators, 2021). Projections predict that 1 out of 4 living human being
will unfortunately experience stroke in the course of their life (GBD 2019 Stroke Collaborators,
2021). The developing countries are the most hit by the burden of stroke (75% of the worldwide
deaths from stroke and 81% of stroke-related DALYS). In the analyzed time period, the
contribution of stroke-related DALY in proportion to all diseases has increased of ~1% and



the contribution of the deaths of ~2%, also with a more significant trend in the developing

countries (Feigin et al., 2022).

Because of the high impact of stroke is linked to a slight general decrease in mortality,
especially in the high-income countries where the development and improvement of acute
stroke treatment interventions such as thrombolysis and thrombectomy (Winstein et al., 2016)
has been shown to be precious life-saving progresses, a huge increasing number of survivors
will experience serious life-changing deficits, even beyond the acute phase. Furthermore, the
societal impact of stroke is profoundly significant as well in economic terms: it amounts to 891
billion USD, which equates to 1.2% of the world's GDP (Anwer et al., 2022; Feigin et al.,
2022). For this reason, facing the challenge of improving and refining the knowledge and the
techniques of stroke neurorehabilitation is becoming of priority importance for the world health

system and, most importantly, for the quality of life of thousands of people.

As previously mentioned, more than 80% of stroke survivors presents with some form of
paresis, most often of the upper extremities (75.5%), although a majority reported paresis of
the face (54.6%) and legs (68.6%) (Rathore et al., 2002). This is followed by deficits in the
somatosensory domain (40-50%), attention (25-30%), language (20-25%), memory (15-25%),
and, importantly for the scope of this Thesis, visual impairments (15-20%) (Appelros, 2002;
Buxbaum et al., 2004; Nys et al., 2007; Ramsey et al., 2017). Furthermore, often not only one
domain but several are affected concomitantly. Being considered one of the most prevalent and
life-impairing consequences, scientific and medical research has been focused mainly on the
study, rehabilitation and restoration of the motor-related issues, such as hemiparesis and other

motor impairments.

Nevertheless, three quarters of stroke patients presents visual deficits: 56% with impaired
central vision, 40% eye movement abnormalities, 28% visual field loss, 27% visual inattention,
5% visual perceptual disorders (Rowe, 2017). One of the most common stroke signs on
presentation is hemianopia (Rathore et al., 2002). About 20% of patients admitted to the
hospital with complete Homonymous Hemianopia (HH) after focal stroke present chronic
persisting complete HH, while about the 20% recovered with partial HH (e.g., quadrantopia
and scotoma) still present a partial HH one month after the stroke. Furthermore, approximately
8-10% of the total stroke patients present permanent HH (Goodwin, 2014; Zhang et al., 2006).



1.1.1 Damages to the visual field

Homonymous Hemianopia implies loss of vision on the same side of the visual field of both
eyes. This specific type of visual field deficit indicates a lesion that affects the postchiasmatic
visual pathway (Figure 1.1). Consult Section 1.3 for a more detailed description of the

anatomo-functional features of the structures involved.

left visual field | right visual field

visual field
defects

1. Monocular Vision Loss .1@

2. Bitemporal Hemianopia D,('

3. Contralateral HH Oﬂ

4. Contralateral Superior Quadrantopia @@
5. Contralateral Inferior Quadrantopia GG
6. Contralateral HH with Macula Sparing OQ

4

#/~ optic nerve
optic chiasm

O optic tract

6 © Mayfield Clinic

Figure 1.1: Graphical representation of the visual retino-geniculate-striatal pathway, with the different visual
field deficits presented on the left according to the location of the damage on the visual pathway. The stroke
patients considered for this Thesis are presenting a postchiasmatic lesion of the visual pathway, with
corresponding visual field deficits showed in 3-6. Image adapted from UC Neuroscience Institute at University
Hospital of Cincinnati (https://www.uchealth.com/wp-content/uploads/2013/01/PE-VisualFieldTest_UCNI.pdf).

Between 52% and 70% of hemianopia cases are caused by stroke (Goodwin, 2014). HH can
severely impair the ability to read, walk in crowded areas, drive and perform basic daily life

tasks and may result in injuries due to falls or to the inability to avoid obstacles (Choi et al.,



2022). Worryingly, a large number of these HH stroke patients are not even completely aware
of their visual field defect and most are still driving (de Haan et al., 2015) representing a danger
for themselves and for the community. Despite the high occurrence of homonymous
hemianopia in stroke patients and its profound impact on their quality of life, it often goes
undiagnosed and untreated (Sand et al., 2012). This oversight is partly due to the focus on
concurring neuropsychological disorders socially considered as more disabling, such as motor
or speech impairments (Sand et al., 2013). Additionally, the extent of spontaneous visual
recovery is generally limited, with most patients regaining only a small portion of their visual
field. Complete recovery is rare, occurring in only about 5.3% of the patients (Zhang et al.,
2006) (See subchapter 1.3 for a more detailed overview on HH rehabilitation). Also for this
reason, most health professionals assume that complete recovery from this type of visual field
loss is close to impossible (Perez and Chokron, 2014).

However, these assumptions are not always accurate (Howard and Rowe, 2018). In the coming
years, the medical and scientific communities are required to recognize the need for effective
rehabilitation strategies for HH resulting from strokes to provide efficient rehabilitation
approaches for these patients. Understanding, identifying, managing and intervening on the
visual deficits caused by stroke’s HH can have a significant and tangible effect on patient’s
quality of life. Moreover, because of the actual size of the phenomena and its increasing trend,
discoveries in the field and novel therapeutic approaches will indirectly benefit the whole

worldwide healthcare system.

Before exploring more in detail where we stand in the understanding and in the application of
clinical care for HH, in the next sub-chapter I will introduce the human visual system from the
anatomical and functional point of view. | will focus specifically on the motion discrimination

network, crucial for the scope of the studies discussed in this Thesis.

1.2 The visual system

The brain requires an enormous amount of computational effort to process visual stimuli,
requiring highly hierarchically organized networks and extremely efficient neural
communication. Primates use more than half of their brain's cortex for visual processing (55%),
compared to a smaller part for feeling touch (11%) and even less for hearing (3%) (Felleman
and Van Essen, 1991). The different visual pathways have to receive, relay, and ultimately
process visual information. The structures involved in visual processing include the eye, optic

nerves, chiasm, tracts, lateral geniculate nucleus (LGN) of the thalamus, radiations, the primary

4



visual cortex (or striate cortex), and the secondary visual cortex (extrastriate cortex). Within

these structures, different receptors and cell types play crucial and function-specific roles.

First, in the retina, photoreceptors (rods and cones) are responsible for light detection, with
rods being more sensitive to low light and cones to colour and fine detail (Kolb, 2003). Bipolar
cells convey signals from photoreceptors to retinal ganglion cells, which travel until they reach
the optic chiasm, where they input from the eye on the opposite side. Beyond the chiasm, the
visual signal is transmitted along a pathway leading to the LGN in the Thalamus. From the
LGN, a direct pathway extends to the primary visual cortex (V1) (v. Monakow, 1895). The
LGN plays a crucial role in refining the topographical mapping initially conducted in the retina,
ensuring precise visual representation (Weyand, 2016). The visual system incorporates
additional pathways and structures beyond the primary and secondary visual cortex. One such
pathway involves the superior colliculus, a structure in the midbrain that plays a role in
orienting movements of the eyes, through saccades, and head towards visual stimuli. This
pathway is particularly important for processing motion and spatial orientation, and it integrates
visual information with auditory and somatosensory inputs driving reflexive behaviours (King,
1993).

Mishkin and Ungerleider, (1982) identified two main functional parallel streams in the brain
for processing visual information. These streams are composed of multiple extrastriate visual
areas, each specialized in detecting specific visual features. The ventral stream is known for its
role in recognizing visual features to identify objects, often referred to as the "what" pathway.
Meanwhile, the dorsal stream focuses on understanding the spatial features of objects, named
the "where" pathway. Beyond visuospatial processing, the dorsal stream also plays a crucial
role in coordinating vision and movement, such as in actions like grasping and manipulating
objects (Goodale et al., 1991). The concepts of “what” and “where” pathways were
significantly advanced through lesion studies on macaques. These studies specifically focused
on observing the effects of targeted lesions in different areas of the brain on visual processing
abilities. For example, lesions in the inferior temporal cortex of macaques were found to cause
severe deficits in visual discrimination tasks. This included an impaired ability to identify
objects, colours, patterns, or shapes, which underscored the role of this area in object
recognition and categorization (Desimone and Ungerleider, 1989). Notably, these impairments
were observed without significant effects on the animals' visuospatial processing abilities,

which indicated a distinct neural pathway responsible for spatial processing. Similarly, lesions



in areas corresponding to the dorsal stream, particularly the posterior parietal cortex, resulted
in difficulties with spatial awareness and coordination. Macaques with such lesions exhibited
problems in assessing the spatial relationship between objects and their environment, affecting
their ability to navigate and interact physically with objects. However, their ability to recognize
and discriminate between these objects remained largely intact (Colby and Goldberg, 1999).
These lesion studies in macaques were important in demonstrating the functional dissociation
between the ventral and dorsal streams in the brain. They provided a foundation for
understanding how visual information is processed and segregated into different pathways for

object recognition and spatial localization.

Notably, this double processing stream (the “what” and the “where” processing streams) have
also been extended directly to the initial sensory input processing through the identification of
parvocellular cells (P-cells) and magnocellular cells (M-cells) in both the retina and the LGN
(Livingstone and Hubel, 1984). P-cells, which relay information from the bipolar cells in the
retina to layers III, IV, V and VI of the LGN and finally to layer IVCp of the primary visual
cortex, are characterized by their small receptive fields, sensitivity to colour (i.e., different
wavelengths), the ability to process high-spatial frequencies, medium conductance velocity,
and responses that last only as long as the stimulus is present. In contrast, M-cells, projecting
from the retina to layers I and II of the LGN to layer IVCa of V1, show larger receptive fields,
lack colour sensitivity, and demonstrate rapid conductance and transient responses, making
them integral to motion perception. Further primate research by Van Essen and Gallant
revealed a continuous interplay between these two streams. When attempting to isolate the
precortical path, they found evidence of significant interactions between the two routes,
suggesting an intricate network of connections (Van Essen and Gallant, 1994).

The present work focuses on the dorsal stream, which emerges in motion-sensitive components
of layer IVCa in area V1. From here, projections reach areas V2 and V3 (Shipp and Zeki,
1985). Subsequently, neurons in these regions project to the medial temporal area (MT or V5),
and finally these inputs reach higher-level brain areas (e.g., intraparietal cortex) and prefrontal
cortex and even in high-level cognitive areas encoding task rules and decision strategies (Gold
and Shadlen, 2007). Dorsal stream processes visual information faster than the ventral stream
(Schmolesky et al., 1998). This led to the concept of the "fast brain™ associated with the dorsal
stream. This quicker processing is partly due to the fact that the axons in the dorsal stream have

more myelin, a type of insulation, compared to those in the ventral stream (Nowak and Bullier,



1997). From an evolutionary perspective, the distinction between the dorsal and ventral streams
can be seen as an adaptation to different environmental and survival needs. The dorsal stream,
or “fast brain,” is crucial for rapid and efficient processing of spatial information and motion,
enabling quick responses to environmental changes. This rapid processing capability would
have been essential for survival tasks such as navigating through complex environments,
avoiding predators, and capturing prey. The increased myelination in this pathway is an
evolutionary adaptation that supports these time-critical functions by enabling faster neural
conduction (Goodale and Milner, 1992).

On the other hand, the ventral stream, characterized by a slower processing speed, is adapted
for tasks that require more detailed analysis, such as recognizing objects, faces, and colours.
This pathway supports fundamental evolutionary functions like identifying food sources,
recognizing individuals, and navigating social interactions, which may not require the same
immediacy as the spatial and motion processing of the dorsal stream but demand more detailed

visual analysis (Milner and Goodale, 2008).

See Figure 1.2 for a detailed schematic overview of the human visual system and of the two
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The evolutionary development of these distinct pathways reflects the different survival
strategies that primates, including humans, have had the need to adapt to. While the dorsal
stream evolved to prioritize speed for immediate environmental interaction, the ventral stream
developed to handle complex perceptual analyses essential for more intricate tasks (Kravitz et
al., 2011).

1.2.1 Visual Motion Perception

Historically, research on motion perception has been significantly advanced through studies on
cats. Initial work by Hubel and Wiesel, (1962) revealed that cats' primary visual cortex contain
neurons grouped, according to the topographical sensitivity, in cortical columns or “blobs”
specifically responsive to certain spatial motion features, such as direction, orientation and
position (Hubel and Wiesel, 1962; Livingstone and Hubel, 1984). It was then reported that
specific neurons in cats’ primary visual cortex were sensitive not only to the direction of motion
but also to the speed of moving stimuli, integrating the temporal component of motion
perception to the mere spatial one (DeAngelis et al., 1995, 1994). This neural feature provides
an essential mechanism for the cat's ability to track and respond to moving objects in its
environment. Furthermore, neurons in the cat's medial suprasylvian cortex activate to different
types of motion and showed to be particularly responsive to moving visual texture patterns
(Merabet et al., 2000), highlighting a complex and specialized motion processing system
involving the point of convergence between the geniculostriate and extrageniculostriate visual

pathways.

Motion perception in humans is a complex process that begins at the earliest stages of visual
processing. As described in the previous subchapter, before reaching V1 motion signals are
initially detected by the photoreceptors, rods and cones, in the retina. These signals are then
processed by retinal ganglion cells, which already play a crucial role in transmitting visual
information to the brain, setting the stage for more complex motion processing (Kim et al.,
2021; Rodieck, 1965). Motion perception process is thus initiated by the detection of movement
through changes in luminance or intensity patterns (first-order motion) and characteristics
beyond luminance, like texture, contrast or flicker (second-order motion) (Chubb and Sperling,
1989). First-order motion is directly linked to the activity of photoreceptors responding to
varying light intensities (Cavanagh and Mather, 1989). Second-order motion, instead, allows



us to detect movements even in the absence of clear luminance differences, through the

processing of more complex spatio-temporal features.

In the context of human studies, understanding how the visual system distinguishes and
integrates these motion features is important in the selection of a potential therapeutic substrate
for visual recovery. Initially, these visual signals are processed in parallel streams, and this
early-stage processing is essential for the accurate perception of motion in our dynamic visual
environment (Ledgeway and Smith, 1994). The neural substrates for first and second-order
motion detection involve different regions and mechanisms in the brain. First-order motion is
predominantly processed in the primary visual cortex and MT (Smith et al., 1998). Second-
order motion, sensitive to contrast changes, is represented in visual areas such as V3 (or VP,
ventral posterior area), with MT also contributing to this second-order motion processing. This
differentiation in processing mechanisms is supported by studies on brain lesions, functional
magnetic resonance imaging (fMRI), and neuronal recordings (Ashida et al., 2007). Further
along the visual processing hierarchy, these parallel streams converge, allowing for the
integration of first- and second-order motion information. Research has shown that both MT
and MST (medial superior temporal) areas exhibit responses to both first-order and second-
order motion, even if with different spatial/temporal tuning (Mareschal and Baker, 1998). This
integration is essential for the formation of a coherent motion perception (Albright, 1992;
Geesaman et al., 1997). Additionally, fMRI studies have also revealed varying degrees of
specialization and overlap in cortical responses to first- and second-order motion (Smith et al.,
1998).

Furthermore, the visual system's ability to process motion is closely linked to various sensory
inputs. This interplay involves not just the processing of visual stimuli but also the integration
of information from other sensory modalities, such as auditory somatosensory and tactile inputs
(Hagen et al., 2002; Zihl et al., 1983). Multisensory integration is also involved in the creation
of a comprehensive and accurate representation of the motion in the environment (Soto-Faraco
and Valjamée, 2012; Stein and Stanford, 2008).

As seen, the primary visual cortex plays a foundational role in processing visual motion, but it
is the higher-order areas, like MT and MST, that are crucial for interpreting complex motion
patterns. These higher cortical areas are tuned to complex motion cues, including global
expansion, rotation, and contraction. These motion types are particularly noteworthy as they

arise from the interplay between an observer and their surroundings. For instance, radial motion
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patterns like expansion and contraction are observed on the retina in response to objects moving
towards or away from the observer, respectively. Such motion can stem from the object itself,
the observer's head and body movements, or a combination of both. Similarly, rotational
motion patterns can result from either the observer's head tilt or the actual rotation of an object
in the environment. Neurons that are sensitive to these specific motion patterns are potentially
key for the navigation and interaction with the world around us (Gibson, 1950). MT and MST
are also responsible for integrating the motion information from V1 and projecting it to other
brain regions involved in perception and decision-making (1lg, 2008; Saproo and Serences,
2014). Between these areas, it is important to note the Intraparietal Sulcus (IPS), involved in
the integration of visual feaures supporting visual short-term memory of stimuli presenting
several complex attributes (Xu, 2007), in spatial attention (Chica et al., 2011), in eye saccadic
movements (Bourgeois et al., 2013) and in visual decision-making processes (Colby and
Goldberg, 1999; Grefkes and Fink, 2005). Moreover, the Frontal Eye Fields (FEF) is involved
in eye movement control, crucial for decision-making processes that guide eye movements in
response to visual stimuli (Hsu et al., 2021), and in conscious visuo-spatial attention (Chanes
et al., 2012). Another high order area crucial for coherent motion perception is the Inferior
Temporal Cortex (IT), involved in object recognition and in the higher-level processing and
interpretation of visual information, also contributing to complex decision-making tasks
(Christiansen, 2002; Desimone et al., 1984). Furthermore, some higher order visual areas’
functional activity, such as FEF and IPS (Bourgeois et al., 2013), has been reported to be
hemispheric-specific. In the FEF case, it is the area in the right hemisphere to be the one
typically associated with conscious visual perception (Chanes et al., 2012). Nonetheless, it has
been shown by modulating the left FEF through arryhmic non-frequeny-specific transcranial
magnetic stimulation that also this area could contribute to conscious visual perception
sensitivity but with different coding mechanisms compared to its contrahemispheric equivalent
(Chanes et al., 2015). See Vernet et al. (2014) for a comprehensive review on the role of FEF

in visual perception.

The evolutionary development of specialized motion perception mechanisms, such as first-and
second-order motion, is also relevant for understating the role of motion perception and
discrimination pathway in the attempt of defining a potential substrate for a visual rehabilitation
intervention. In fact, motion detection skills are believed to have evolved to meet specific

environmental and survival needs and the visual motion processing system, through its
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evolution, demonstrates a great degree of adaptation, observable in its ability to handle complex
and varied motion cues (Aaen-Stockdale et al., 2012; Price and Khan, 2017).

This evolutionary perspective is crucial for understanding the inherent flexibility and plasticity
of the visual motion processing system. In fact, global motion perception is usually not
persistently impaired by focal brain lesions. Large part of the injured patients still can perform
specific motion perception task (Huxlin, 2008) and they might show residual activity in the
visual motion network also soon after the lesion (Saionz et al., 2020). For what concerns this
Thesis, these concepts and findings are at the core of the rationale behind the decision of
targeting the MT-V1 motion discrimination pathway in the attempt of enhancing plasticity,
synchronize neural activation and partially restore visual abilities. See sub-chapter 1.3 for a

more detailed overview of existent clinical approaches and of how our approach relates to them.

1.2.2 Role of MT-V1 feedback pathway

Information processing relies not only on feedforward connections to higher visual areas (see
section 1.2) but also on reciprocal connections that drive the communication in the opposite
direction. These feedback connections, which are much more numerous than the feedforward
inputs coming from the LGN (Catani et al., 2003) , are thought to adjust, regulate and improve
the processing of incoming stimuli (Felleman and Van Essen, 1991; Salin and Bullier, 1995).
Even in V1, the neural responses do not exactly replicate retinal inputs; instead, they are

modulated by inputs from higher brain areas to form a unified and coherent visual perception.

Feedback mechanisms within the visual system also allow for the refinement and adjustment
of motion processing, contributing to the system's plasticity (Briggs, 2020; Kafaligonul et al.,
2015). They enable the brain to modify its responses based on past experiences and contextual
information, enhancing the accuracy and efficiency of motion detection and interpretation
(Gilbert and Li, 2013; Kveraga et al., 2007). Indeed, the neural correlates of motion adaptation
highlight the visual system's capacity for change and learning, evident in the brain's response
to sustained exposure to motion stimuli, where changes in neural activity can lead to alterations
in motion perception (Merabet et al., 1998; Villeneuve et al., 2005). The complete
understanding of these adaptation processes is also important for developing strategies to

enhance visual plasticity, particularly in rehabilitation contexts.
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The anatomical and functional connection, synchronization and the interaction between visual
areas V1 and MT has been thoroughly investigated in the past years (Bressler, 1996; Bullier,
2003; Hinds et al., 2009; Thomas Yeo et al., 2011). These first studies showed that the
synchronization between the areas depends on the integrity of the cortico-cortical connections
and that the onset and offset of the synchrony between group of neurons is related to fast
synaptic changes occurring in reentrant fibres from area MT to area V1, highlighting thus the

role of higher inputs in the coherent signal processing of the visual area.

One of the first computer model for the simulation of dynamic integration in the visual system
and the important role of feedback connections between the visual areas in motion perception
processing was proposed by Tononi et al., (1992). The model reported that the main function
of the system of reentrant connections in the visual cortex is to generate integrative function
within and between functionally segregated areas, and that such cooperative effects between
areas are the basis for information categorization and integration. Thus, neural responses
related to the detection of motion coherence may be depending on the re-entrant projections

from area MT to area V1.

A study on an animal model performed by Marcar and Cowey, (1992), in which nine macaques
were trained with a behavioural task to discriminate between randomly moving dots and a
proportion of dots moving coherently either towards the right or towards the left, confirmed
the importance of the feedback and integrative mechanisms between areas MT and V1 in the
ability to discriminate motion coherence. Indeed, after MT area was surgically removed from
two macaques, the latter lost their ability to discriminate coherently moving dots, while their
performance was in line with the control group before the surgery. Positron Emission
Topography (PET) combined with Magnetic Resonance Imaging (MRI) study performed on

human, confirmed the role of area MT in motion discrimination tasks (Watson et al., 1993).

In Transcranial Magnetic Stimulation (TMS), a brief (around 100 ps (Toft et al., 1990)) but
intense electrical current is sent through a coil. This creates a magnetic field around the coil,
which, when positioned on a person's scalp, induces electrical currents in the brain's cortical
neurons, primarily affecting fibres aligned perpendicularly to the magnetic field. See Valero-
Cabre etal. (2017) for a review on TMS mechanism and applications. For instance, when TMS
is applied to the visual cortex, the rapid fluctuation of the magnetic field generates electrical
gradients, triggering action potentials in the underlying neurons (Goetz and Deng, 2017). A

human study of Pascual-Leone and Walsh, (2001), using TMS to probe the timing and feedback
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from visual areas MT to V1, confirmed the rapid and crucial role of the feedback back-
projections for the awareness of visual motion. In this study indeed, moving phosphenes (quick
flashes of light that might appear in the visual field after stimulating visual areas with TMS
(Cowey and Walsh, 2000)), usually perceived in response to a suprathreshold TMS pulse over
MT, were not perceived by the subjects, or perceived but just as a static phosphene, in case the
pulse over MT was followed by a 10 to 40ms later subthreshold TMS pulse over V1. This result
showed how masking with a precisely timed TMS pulse the visual feedback inputs coming
from MT to V1 back-projections might disrupt a coherent perceptual interpretation of motion.
Another human study performed by Silvanto et al. (2009) showed that back-projections from
extrastriate cortex influence information content in V1, but it is V1 that determines whether

that information reaches awareness.

After this introduction on the visual system, visual motion processing and the importance of
the feedback connections in a healthy brain, I will present the idea behind our approach to the

problem of rehabilitation of the visual field in HH after a stroke.

1.3 Rehabilitation strategies to treat Homonymous
Hemianopia (HH)

Spontaneous recovery from HH is possible, but the probability of this event to happen is
proportional to the time passed since the stroke event. Recovery rate has been reported in a
range from 7% to 86% (Sabel and Kasten, 2000). Spontaneous recovery in HH patients has
been analyzed by Zhang et al. (2006) in a 15-years longitudinal study: in a period of 6 months
after the lesion (after which the HH is considered chronic), spontaneous recovery was observed
in about the 38.4% of the patients. Recovery in most cases is very limited, only few degrees of
the visual field have been regained in most of the patients, while only 5.3% of all patients

showed a complete recovery.

Because of the poor rate of spontaneous recovery from HH, three categories of rehabilitation
programs have been proposed and classified according to their goals and approaches to the
visual field deficit: substitution, compensation and restoration (Perez and Chokron, 2014).

Substitution rehabilitation programs are based on the use of optic and prosthetic devices, or

environmental redesign techniques, to present objects and stimuli presented in the blind
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hemifield to the intact ipsilesional visual hemifield (Grunda et al., 2013). One of the first
substitution techniques, nowadays considered obsolete, involved the use of optical aids as
mirrors or Fresnel prisms (Véronneau-Troutman, 1978) to translate the visual information from
the blind to the intact visual hemifield. Anyway, not only this approach gave scarce and not
reliable results, but such devices were reported in some cases to cause diminished acuity,
confusion and diplopia (Apfelbaum and Peli, 2015; Apfelbaum et al., 2013).

Compensation techniques are based on the idea that often complete recovery from a very severe
visual deficit can be difficult or impossible to obtain. Thus, they aim to exploit the residual
capacities of the patient to bypass the impairment or to make it less burdening. They involve
the use of the ipsilesional visual hemifield (or central visual field) to compensate for the blind
hemifield. One type of compensation techniques is based on a top-down mechanism, since they
aim to train the patient to focus their attention on the blind hemifield, for example by
researching a visual stimulus presented in the latter one and responding to it as quick as possible
(Zihl and Werth, 1984). Conversely, a second category of compensation techniques is based
on a bottom-up strategy, involving multisensory stimulation and integration. This approach
allows to bypass the attention level of the patient, that could be impaired by the lesion, and
exploit the capacity of a fully functioning sense (e.g. hearing) to be transferred and integrated

to the impaired one (e.g. vision) (Bolognini et al., 2005).

Although compensation techniques have reported overall good results in improving patients’
quality of life, their efficacy is still moderated. They still do not restore the damaged pathways
or reorganize the impaired network; thus, they cannot induce any significant reversal of visual
deficits caused by the cortical damage. For this reason, compensation techniques need to be
considered as a valid second step for hemianopia treatment when restoration therapies are not

available.

Restoration techniques are therefore based on the direct retraining of impaired functions, in
order to restore part of the lost functions. This last category is based on intensive visual training
aiming at strengthening residual visual structures by repetitively activating them through the
repetition of a customized precise visual protocol, leading to the enhancement of synaptic

transmission (Dundon et al., 2015), similarly to long term potentiation (LTP) mechanisms.

Today, behavioral training effects in patient with primary visual pathway lesion are obtained
either by strengthening the function of partially damaged regions located at the visual field

border or by training pathways left intact after the damage which project directly or indirectly
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to higher cortical regions (for example the one involved in blindsight (Sanders et al., 1974), the
phenomenon describing the ability of some patients with striate lesions to unconsciously

perceive and discriminate moving stimuli presented in the scotoma (Huxlin, 2008, 2004)).

Visual perceptual learning is the general term describing the improvement in visual task
performance with practice or training (Sagi, 2011) and triggers plasticity in the visual system
(Huxlin et al., 2009b). Substantial improvements in visual task performance can usually occur
in adults whose cortical organization and function are developmentally mature, defining a
stable architecture of the visual system and in absence of major injuries and reorganization
(Wandell and Smirnakis, 2009). Nevertheless, a few studies reported spared perceptual
relearning of complex visual abilities also in brains presenting damage primary visual network.
For example, studies training patients to direct saccades towards the borders of their blind
visual field in order to increase the size of the isolated patches of residual vision in the blind
hemifield, reported slight increase in the visual stimuli detection (3.8%) (Kasten et al., 2006).
From a different perspective, Huxlin, (2004) trained animals (cats) and patients (Huxlin, 2008)
at a motion detection task, through the repeated presentation of an array of moving dots in the
blind hemifield. While mainly targeting extrastriate pathways that connect directly to the MT
area, either through the LGN or via the tectal/pulvinar route, they discovered that both in
animals and in HH patients presenting V1 lesions there was still potential for enhancement in
movement percetpion. Additionally, in a subsequent human study, Das et al. (2014) found that
with consistent and targeted double training with moving and static stimuli, patients could
improve their motion perception in the blind fields and, importantly, that the visual system in
cases of cortical blindness is capable of relearning a broader range of visual tasks than what is
typically suggested by the phenomenon of blindsight.

Following these insights, more recent studies have paved the way towards the possibility that
restoration techniques involving visual training could benefit beyond the sole recruitment of
intact extrageniculate pathways, which exploit the blindsight phenomenon. For example,
Barbot et al. (2021) showed through an fMRI visual training study on cortical blind stroke
patients that spared V1 activity is directly related to the amount of training-induced recovery
of luminance detection sensitivity. Their training protocol induced also an enlargement of
population receptive fields in perilesional V1, which increases blind-field restoration.
Furthermore, Cavanaugh and Huxlin, (2017) highlighted the plastic potential of the blind field
border in adults with chronic cortical visual impairment. The recruitment of the blind border
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by the mean of gaze-controlled visual discrimination training showed the potential to directly
expand the visible field. It has also been recently assessed the importance of intervening with
visual training techniques already in the early acute post-stroke phase, since this initial period
seems to be characterized by gradual loss of visual processing, and the visual training can stop
the degradation (Saionz et al., 2020).

Thus, perceptual relearning of complex visual motion processing is possible without an intact
V1 but only when specific behavioral training is administered in the blind field. However, the
efficacy of these approaches involving only visual task training is moderate, and cannot be
considered by its own satisfying in respect to their goal of restoring lost visual functions
(Grunda et al., 2013). Furthermore, these strategies present several shortcomings impacting not
only their efficacy but also the involvement level of the patients: they are usually very long (
lasting months), training is very intensive (at least 1 hour every day), it requires an high level
of resilience (sometimes even impaired by the stroke) and strictness on the protocol setup. In
consequence, a better understanding of brain correlates of visual processing and plasticity
mechanisms underlying recovery is critical to better consider the burden of HH and build

innovative treatments.

1.4 Properties of the intact and lesioned visual system

1.4.1 Oscillatory activity

The brain's spontaneous electrical activity is characterized by rhythmic patterns reflecting the
periodic oscillatory behavior underlying the local neural processing and the interactions among
different interconnected and communicating brain regions (Singer, 2018). Neural oscillations
can in fact be seen as the product of synchronized inter-membrane cellular ion exchanges
(Llinds and Yarom, 1986) or rhythmic action potentials activity (Azouz and Gray, 2000),
occurring at both local and wider brain network levels and representing the intrinsic
electrophysiological signature of the specific networks’ activity in the frequency domain
(Buzséaki, 2006; Buzsaki and Draguhn, 2004). This oscillatory-tuned nature, influenced by
networks of neurons synchronously engaging in excitatory and inhibitory dynamics, is at the
base of the processing, inter-areal transmission and -very importantly- coherent integration of

neural information. It has also been shown to be directly related to behavioral outcomes
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involving cognitive (Fries, 2005; Wang, 2010) and perceptual functions (Cabral-Calderin and
Wilke, 2020; Chanes et al., 2013).

As introduced in subchapter 1.2, Hubel and Wiesel's pioneering studies on cats revealed
oscillatory activities in the visual cortex, observing synchronized neural firing patterns
correlated to specific orientation and speed of moving visual stimuli (Hubel and Wiesel, 1962).
Further research by Gray and Singer, (1989) showed the importance of synchronized
oscillations in encoding visual information. Neurons in different cortical columns
communicate through synchronized firing, influenced by stimulus features such as orientation
and direction (Gray and Singer, 1989; Singer, 1999). Two primary mechanisms have initially
been proposed for this inter-areal synchronized oscillations: neural coherence (Fries, 2005),
where neuronal clusters activate in unison, and gating by inhibition, which utilizes lower
frequency oscillations to regulate irrelevant brain regions (Jensen and Mazaheri, 2010).
Specifically, neural coherence is achieved when neuronal pools belonging to two different
interconnected areas oscillate at a similar frequency and maintain a consistent phase difference.
This synchronization enables the neurons in the receiving area to be targeted by synaptic input
from the connected one during their simultaneous excitable phase, allowing inter-areal
communication. Conversely, if neurons in the network’s clusters are out of phase,
communication can be disrupted by the desynchronization in excitability level, reducing the
synaptic influence of the first area on the second one. Fries (2009) further explored this concept,
suggesting that oscillations in one neuronal pool can entrain those in another to synchronize at
a higher gamma (>30 Hz) frequency. This entrainment strengthens the functional connectivity
between the synchronized areas while diminishing the influence of other connected areas not
involved in that specific moment in communication and information binding. The gating by
inhibition hypothesis, instead, suggests that the control of information flow between different
brain regions is achieved by selectively suppressing pathways that are not necessary for the
current task. This model proposes that alpha brainwave activity (8-12 Hz) is indicative of
targeted regional inhibition: higher levels of alpha activity are associated with more intense
inhibition. This idea is corroborated by numerous studies that have found elevated alpha
activity in areas of the brain not engaged in the task at hand (Capilla et al., 2014; Haegens et
al., 2010; Snyder and Foxe, 2010), as well as in specific groups of neurons within a non-task
relevant brain region (van Kerkoerle et al., 2014). Additionally, a decrease in alpha power in
connected brain regions correlates with an increase in gamma power within these areas,

facilitating the transmission of information. A third more recent model proposed a unified
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framework based on nested oscillations (Bonnefond et al., 2017), trying to merge the basic
concepts of neural coherence and gating by inhibition. In this updated model, the alpha-band
synchronization creates a functional link between two connected regions, facilitating the flow
of gamma band activity, representing neuronal firing related specific information transmission.
Communication blockage between non-communicating but connected region is accomplished
through elevated alpha power in the suppressed area, coupled with a lack of synchrony between
clusters. Thus, both the modulation of alpha-band power, as seen in gating by inhibition, and
the phase synchronization across regions, as observed in the communication through coherence
model, play crucial roles in directing the flow of information between different brain regions.
It's important to note that the synchronization is hypothesized to occur in the alpha band, while

the actual transfer of specific information is represented by activity in the gamma band.

Focusing on the visual activity, to understand the intricate properties observed in a moving
visual stimulus the brain relies on a process of binding and synchronizing neural columns that
each process different visual features (Gray et al., 1989). This concept involves the
coordination of neural activities across different cortical areas, allowing for the integration of
diverse pieces of visual information. The perceptual binding process, when examined over
time, serves as a mechanism for combining information from different stages of cortical
processing, leading to a comprehensive understanding of the visual input (Engel et al., 1997,
Singer and Gray, 1995). As seen, the coherent oscillatory activity of neurons is key in this
process, providing a quick and efficient mean to encode the perception of motion. This is
because various aspects of motion perception, such as orientation, direction and speed, are
associated with distinct resonant frequencies (ranging from 35-85 Hz) within the organized
neural columns (Eckhorn et al., 1988; Fries et al., 2001). Specifically, alpha and gamma
rhythms are the most prominent in terms of local feature processing and inter-areal information
coherent exchange. Alpha rhythms not only consistently emerge in response to visual stimuli
characteristics like flicker and direction (Childers and Perry, 1971; Varela et al., 1981), but,
together with beta (14-30 Hz), are also implicated in different aspects of perceptual binding.
Beta oscillations are mainly associated to temporal binding, integral for memory retrieval and
retaining event continuity (Hanslmayr et al., 2012; Waldhauser et al., 2012), while alpha
oscillations are usually more linked to spatial attention and selection, crucial for navigation and
environmental interaction (Foster and Awh, 2019; Waldhauser et al., 2012). Furhtermore, in a
TMS study, high-beta oscillatory activity in the FEF has been reported to be causally related
to conscious visual detection (Vernet et al., 2019). Gamma rhythms (35-55 Hz) are instead
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essential in encoding the different visual stimulus features and ensuring synchronization
between neuron clusters in the visual cortex (Eckhorn et al., 1988; Fries, 2009). Moreover,
intracortical studies on the visual cortex illustrated how feedforward and feedback
communications occur at different frequency ranges. Feedforward communication happens
predominantly in the gamma range, while feedback occurs in the beta or alpha ranges (Bastos
et al., 2015; Michalareas et al., 2016; van Kerkoerle et al., 2014). Researches on motion
discrimination showed specific low-frequency delta (0.5-4 Hz) and alpha oscillations in brain
areas V1 and MT correlate with movement characteristics and timings (Héandel et al., 2007).
Additionally, experiments on primates demonstrated precise timings in cross-frequency

interactions between feedforward and feedback signals (Richter et al., 2017).

In the context of this Thesis, it is important to point out that a stroke can disrupt visual neural
pathways, causing significant impairments in network’s oscillatory activity synchronization
and mutual cross-frequency information exchange and integration (Guggisberg et al., 2019;
Rowe et al., 2022). Interestingly, as exposed in section 1.3, patients with stroke-induced visual
field defects often retain some motion discrimination abilities, making this a promising target
for new treatment strategies. Bifocal non-invasive stimulation can be effective in enhancing
long-range cortico-cortical connectivity (Vosskuhl et al., 2018), particularly through the
potentiation of cross-frequency interactions in the visual system, which can help in re-
establishing functional communication between V1 and MT, crucial for motion perception.
This idea supports the potential of a bifocal non-invasive electrical stimulation protocols, like
transcranial alternating current stimulation (tACS) (See subchapters 1.6.2 and 1.7.2), which
can mimic the network’s natural endogenous brain oscillations, to facilitate inter-areal
information processing in healthy individuals and motion perception recovery and network

reorganization in stroke HH patient.
1.4.2 Plasticity

A recent study on human of Fahrenthold et al. (2021), showed that the process of trans-synaptic
retrograde degeneration caused by V1 damages becomes detectable with MRI as optic tract
shrinkage index by 7 months poststroke. In adult mammals, when neurons in the visual cortex
lose their input from the retinas, they have the ability to develop new receptive fields by altering
the efficiency of the aready existing intrinsic connections, a mechanism at the foundation of

topographic map reorganization. In addition, early studies on adult cats whose striate cortex
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was silenced in correspondence of precise retinal lesions have shown that the affected cortex
became responsive again, thanks to the intrinsic cortical connections’ reorganization with
adjacent visual area immediately outside the scotoma’s area. This finding supports the idea that
intracortical axonal sprouting mediates long-term reorganization of cortical functional
architecture (Darian-Smith and Gilbert, 1994).

To understand which specific brain regions contribute to recovery from damage to the visual
cortex, additional research was conducted using animal models. In one of the early studies
involving cats, Baumann and Spear (1977) first let the animals heal from a lesion in the visual
cortex and then they removed additional brain areas. They found that when the lateral parts of
the suprasylvian gyrus were removed, the animals completely lost their ability to recover,
emphasiing the critical role of this brain area in the recovery process. Other studies on animal
models reported that other brain areas, such as pretectum, might be crucial for recovery after a
postchiasmatic focal lesion (Fischman and Meikle, 1965). Furthermore, it was shown that
recovery was no longer possible only in the case of simultaneous damage to all alternative
pathways of the visual system. After these initial observations, more recent studies on animals
have focused on two key aspects: the electrophysiological indicators of cortical reorganization
and the behavioral aspects of vision restoration and reorganization after cortical
deafferentation. These include investigations into both total and partial spontaneous recovery
of vision following damage to the cortex (Weerd et al., 1993), or to the optic tract (Jacobson
etal., 1979).

Recent scientific works have reported the potential of exploiting residual neuroplasticity to
increase the outcomes of rehabilitation protocols, although with significant constraints.
(Maniglia et al., 2016), one of those being the time passed from the stroke event. For example,
a functional imaging study performed on a single subject with cortical blindness showed
hyperactivation in V1/V2, V3, and hMT+ of the intact hemisphere before visual training, with
no measurable activity on the damaged side. After intensive global direction discrimination
training of the blind field, this hyperactivation was reduced toward control levels, while a
recovered activation pattern was seen in regions of on the lesioned side, including perilesional
tissue (V1/V2), V3a and hMT+ (Martin et al., 2009).

In sum, while postchiasmatic injuries were traditionally considered to result in complete and
permanent visual loss in the topographically related area of the visual field (Holmes, 1918),

there are often intact alternative pathways supporting recovery of visual functions. The residual
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visual function associated with spared, perilesional V1 regions, such as MT, might thus enable
some plastic changes supporting partial recovery of vision. This effect might even be boosted

when combined with non-invasive brain stimulation.

1.5 Non-invasive brain stimulation approaches of the
lesioned visual network

Only a few non-invasive brain stimulation (NIBS) protocols have been tested on stroke patients
in the context of visual field defects and consist largely in transcranial electrical stimulation
(tES) studies (Alber et al., 2017; Kraft et al., 2010; Olma et al., 2013).

As one of these cases, transorbital alternate current stimulation has been shown in a 7-Tesla
MRI to have the potential to increase BOLD activity, potentially explained by more coherent
activation and lower variability in the activation or by direct increase of neural activity (Sabel
et al., 2020).

Furthermore, the study of Matteo et al. (2017) reports one of the first attempts to integrate
tDCS (transcranial Direct Current Stimulation) over the parieto-occipital cortex with blindsight
behavioural training treatment in the rehabilitation of the HH. In their two-subjects case report
study, tDCS stimulation with anode placed over the parieto-occipital cortex of the affected
hemisphere and the cathode placed in the contralateral supraorbital position showed a
modulation of the effects induced by blindsight hemianopia training treatment alone. In the
session with tDCS, patients showed better scores in clinical-instrumental, functional and
ecological assessments. In another study on two patients with hemianopia after occipital stroke
performed by Plow et al. (2011), occipital cortical tDCS was performed only on one of the two
patients in combination with traditional VRT (Vision Restoration Therapy), while the other
underwent only the traditional VRT rehabilitation protocol. High-resolution perimetry revealed
a greater shift in visual field border for the patient that underwent both VRT and tDCS protocol.
The same patient also showed greater recovery of function in activities of daily living. This
visual function recovery was associated with functional magnetic resonance imaging activity
in surviving peri-lesional and bilateral higher-order visual areas. Also, this study reported that
occipital cortical tDCS may enhance recovery of visual function associated with concurrent

VRT through visual cortical reorganization.
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Transcranial Random Noise Stimulation (tRNS) has also shown effects combined with visual
training techniques, both in healthy and in cortical blind subjects. In fact, in the study of
Herpich et al. (2019), tRNS applied over visual areas paired with visual training enhanced
visual learning twice faster and significantly longer in a healthy cohort compared to control.
Furthermore, when applied to chronic cortical blind patients, this intervention led to visual
motion perception improvements after only 10 days, a notably short period compared to studies

using only VRT, without electrical stimulation (Das et al., 2014; Huxlin et al., 2009b).

These first proof of principle studies suggests that NIBS, might be a promising add-on approach
for neurorehabilitation of visual field deficits (see Raffin et al., 2020, for a review). However,
the mechanisms of these transcranial electrical stimulation studies appear to be not specific.
The neural bases of motion discrimination have been extensively studied. Therefore, more
specific protocols targeting in a physiology-inspired way on the pathway of interest might

provide more efficient results.

1.6 Other opportunities to modulate the cortical motion
network

1.6.1 ccPAS

Although it had never been applied to the lesioned visual system, a potential tool to enhance
synaptic plasticity between two cortical areas is cortico-cortical Paired Associative Stimulation
(ccPAS) (Chiappini et al., 2018). From Hebbian Learning theory, it is known that pairing of
subthreshold synaptic stimulation and action potential trains can induce LTP (Long-Term
Potentiation): if the presynaptic spike occurs before the postsynaptic spike (“pre-before-post”),
the synapse is strengthened (Magee, 1997). In vivo whole-cell recording from developing frog
tectal neurons shows that convergent retinotectal synapses undergo activity-dependent
cooperation and competition following correlated pre- and postsynaptic spiking within a
narrow time window (Zhang et al., 1998). Also, human studies showed that two minutes of 5
Hz repetitive PAS with a delay of 25ms between motor cortex and medial nerve produce a
long-lasting and somatotopically specific increase in corticospinal excitability because of
sensorimotor disinhibition (Quartarone et al., 2006). Thus, PAS can induce spike-timing-

dependent plasticity (STPD) synapses are strengthened or weakened according to the temporal
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order and precise millisecond-scale interval between presynaptic and postsynaptic spiking

activity (Caporale and Dan, 2008).

These Hebbian principles extend beyond early sensory and motor processing, revealing the
intricate nature of sensorimotor and crossmodal networks. PAS-induced changes consistently
exhibit timing dependence, input specificity, persistence, and reversibility, suggesting a shared
neurophysiological basis underlying diverse PAS protocols (Carson and Kennedy, 2013; Suppa
etal., 2017).

The timing of stimuli and the structural and functional connectivity within cortical networks
form the basis of PAS protocols. Timing precision is needed, with the Inter-Stimulus Interval
(1SI) as an essential determinant of PAS efficacy. Within-system PAS, such as S1-PAS and
M1-PAS, capitalize on well-understood sensory pathway conduction times to select optimal
ISIs (Allison et al., 1989; Stefan, 2000). Cross-systems PAS, particularly those targeting long-
range connectivity, has to face the challenge of determining effective ISIs (Gavaret et al., 2018;
Guidali et al., 2021; Suppa et al., 2013). Temporal windows, reflecting the asymmetrical STDP
window, are prevalent in most within-system PAS and cortico-cortical PAS studies (Koch et
al., 2013; Wolters et al., 2005). However, only selected cross-systems PAS protocols have
achieved both LTP and LTD induction, hinting at variations in STDP-like mechanisms in

complex brain systems.

Also metaplasticity, shaped by prior neural activity, influences PAS outcomes. PAS studies
have delved into homeostatic and non-homeostatic properties of sensorimotor systems,
highlighting the dynamic nature of plasticity during PAS interventions (Bliem et al., 2008;
Pdotter-Nerger et al., 2009; Suppa et al., 2015). Brain state-dependency additionally affects PAS
effects, with disparate outcomes when protocols are administered during different brain states
(Buch et al., 2011; Chiappini et al., 2018). The study conducted by Buch et al. (2011) focused
on how cortical excitability and the phase of neural oscillatory activity at the time of PAS
application could alter its effects. When PAS was applied during a phase of high cortical
excitability and specific oscillatory activity phases, it resulted in a more pronounced induction
of synaptic plasticity compared to when applied during low excitability phases.

Furthermore, high variability in PAS outcomes among individuals showed the need for the
identification of "PAS responders™ to mitigate this inconsistency (Kloppel et al., 2015; Ldpez-

Alonso et al., 2014). Individual factors, including attention, age, and gender, contribute to this
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variability. For this reason, precision in being consistent to PAS protocols is essential, as even
slight modifications to stimulation parameters can impact efficacy (Gorgoni et al., 2015;
Tamura et al., 2009).

1.6.1.1 ccPAS on the motion discrimination network

The rationale behind the idea of performing ccPAS to enhance MT-V1 back-projections is that
a first TMS pulse over MT will activate the functionally connected V1 region, that will be
stimulated at the exact same moment of the activation by a V1 pulse in that same region. These
repeated paired stimulations should then strengthen MT-V1 back-projections thanks to LTP
mechanisms. In support of this idea, recently Romei et al. (2016) performed a study on healthy
subjects using TMS in a MT-V1 ccPAS protocol to target reentrant connectivity from MT to
V1 and to assess the effect of the intervention on the synaptic plasticity between the two areas
and on the motion discrimination performance by mean of a motion coherence discrimination
task. They found that only ccPAS aimed at strengthening reentrant connectivity from MT to
V1, thus with the first pulse delivered over MT and the second one over V1, and with an optimal
time delay of 20ms between the first and the second pulse, enhanced the human ability to
perceive coherent visual motion. No significant changes in the motion discrimination
performance was observable in the control groups in which the paired pulses were delivered in
the opposite sequence (first V1, then MT) o the two pulses were delivered synchronously over
the two areas instead of with the optimal time delay of 20ms between the pulses. This
perceptual enhancement followed the temporal profile of Hebbian plasticity (Caporale and
Dan, 2008). Furthermore, the highest changes in motion coherence discrimination performance
were seen between 30 and 60 minutes after the ccPAS intervention, following the temporal
effect of LTP. The experiment of Romei et al. (2016) on healthy subjects thus showed not only
the importance and the role of MT-V1 back-projections in the visual discrimination network,
but also that plastic connectivity changes in the network may be triggered and enhanced by
ccPAS intervention performed with the correct timing and direction, resulting in LTP

increasing motion coherence discrimination.

Based on these concepts and findings, in the first part of this Thesis (Chapter 2 and 3) we
exploited the potential of MT-V1 ccPAS paired with EEG recording, in order not only to
replicate the behavioural results reported in literature (e.g. Romei, 2016), but also to gain
insights on the electrophysiological mechanisms underlying ccPAS intervention on the motion

perception network.
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1.6.2 tACS

Transcranial alternating current stimulation (tACS) modulates brain activity and elicits
electrophysiological responses linked to changes in cortical excitability, neural plasticity, and
specific behavioral changes. This technique works by emitting low-power sinusoidal current at
specific frequencies to replicate natural endogenous brain activity, offering a versatile tool for

research in areas like motion perception (Antal and Paulus, 2013; Castellano et al., 2017).

tACS provides a novel approach to study oscillatory activities and their causal role in
perceptual binding (Antal and Paulus, 2013). For instance, applying tACS at alpha frequencies
has been shown to alter temporal integration and segregation, suggesting a causal link between
alpha oscillations and temporal binding (Battaglini et al., 2020a; Ronconi et al., 2020).
Multimodal brain stimulation and imaging techniques such as combined tACS and
electroencephalography (EEG) demonstrate how tACS-induced modulations in one frequency
band can affect other frequencies (Bergmann et al., 2016). tACS shows varying effects on
visual perception across different behavioral tasks. In a two-flash fusion task, alpha tACS over
extrastriate areas decreased the ability to distinguish between two flashes, suggesting that alpha
tACS can modulate (and possibly hinder) visual perception (Battaglini et al., 2020a). In
contrast, applying 4Hz tACS to the parietal cortex improved visual working memory, but
stimulating the prefrontal cortex did not produce the same effect (Bender et al., 2019).
Furthermore, some studies found no significant influence of individualized alpha tACS on
accuracy in segregation and integration tasks, emphasizing the importance of precise tACS

placement on the scalp (Brignani et al., 2013).

In relation to motion perception, Helfrich et al. (2014) applied bilateral tACS over the occipital
cortex in two different phase synchronization conditions. They discovered that In-Phase
stimulation enhanced interhemispheric connectivity and altered motion perception,
accompanied by a reduction in Alpha oscillations and an increase in Gamma patterns. Another
study of Kar and Krekelberg, (2014) showed that 10 Hz tACS over the MT area increased
motion direction sensitivity and reduced motion adaptation during stimulus presentation.
Furthermore, 60 Hz Gamma tACS over the primary visual cortex influenced attention in a
contrast discrimination task, indicating specific frequencies' roles related to distinct perceptual

processes (Laczo et al., 2012).
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These studies collectively suggest that tACS has the potential to modulate brain oscillatory
activity and, consequently, visual-related behavioral performance. Successful modulation
depends on precise targeting, specific frequencies, and phase relationships between brain areas
(Bender et al., 2019; Helfrich et al., 2014; Lacz0 et al., 2012).

Thus, tACS, and specifically multi-site cross-frequency tACS, emerges as a promising tool for
externally stimulating the V1-MT pathway in order to influence the processing and integration
of moving stimuli, with potentially a strong impact on visual rehabilitation strategies for HH
stroke patients. Still, arguments remain about the optimal parameters for tACS, such as, for
example, which is the most effective inter-areal frequency coupling for cross-frequency
stimulation. We will give an answer to this question in Chapter 4 and Chapter 5.

1.7 Aim of the work

1.7.1 Part |

Motivated by the findings described in the previous chapters (see specifically subchapter 1.6.1),
the first part of this Thesis (Chapter 2 and 3) is based on the use of a cortico-cortical Paired
Associative Stimulation protocol between the visual areas V1 and MT, combined with EEG
recordings and a motion coherence discrimination task as readouts to determine the
electrophysiological and behavioural effect of ccPAS on healthy participants and stroke
patients. Furthermore, we investigate the potential of this technique as a tool to extract indexes

of the network’s integrity.

Specifically, the first study on healthy participants (Chapter 2), “Pathway and directional
specificity of Hebbian plasticity in the cortical visual motion processing network”, aimed
to investigate the STDP inducing effect of the paired associative stimulation intervention (MT-
to-V1 versus V1-to-MT, controlled for directionality) on an integer visual network, in order to
assess potential benefits on the motion discrimination ability and electrophysiological
correlates of the behavioural effect. This allowed us to have a better mechanistic understanding
of the effect of ccPAS on the healthy visual network and specifically on the MT-V1 back-
projections. The same protocol has then been applied to stroke patients suffering from HH
(Chapter 3), “Hebbian plasticity induction indexes the integrity of cortical motion
processing in stroke patients”, in order to define and extract measures that could index the
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integrity of the lesioned visual system according to individual responsiveness to ccPAS. These
new insights into ccPAS effects on the visual motion network and its translation into motion
discrimination ability changes have the potential to be used as a personalized biomarker of the
integrity state of each patient’s visual network, towards an accurate prognostic tool of recovery.
Furthermore, this information could be essential for a future definition of more personalized

subject-specific therapies.

1.7.2 Part 11

Inspired by the results and concepts exposed in Subchapters 1.4.1 and 1.6.2, in the second part
of this Thesis (Chapter 4 and 5) we developed a novel bifocal cross frequency tACS (cf-tACS)
interventional strategy that allows to modulate interregional oscillatory activity. It has been
illustrated indeed how the endogenous cross-frequency synchronization between clusters has
an essential role in inter-areal information transmission and integration. We aimed through bio-
inspired exogenous cross-frequency modulation to boost motion discrimination pathway’s
efficient information exchange during motion discrimination visual training, with the goal of
increasing behavioural performance and proposing a novel more effective rehabilitation

protocol for HH stroke patients.

cf-tACS was applied over V1 and MT (V1lapha-MTgamma Versus V1lgamma-MTaipha) and EEG,
structural (sMRI) and functional MRI (fMRI) recordings were used as readouts of the
modulatory and connectivity-inducing potential of cf-tACS. Cf-tACS was applied concurrently
to the same motion direction discrimination task. Static and dynamic perimetries in HH stroke
patients (the same cohort as of Chapter 3) were recorded to assess if our intervention on the

motion discrimination pathway MT-V1 will affect the size of the visual field deficit.

Specifically, in the first study (Chapter 4), “Single session cross-frequency bifocal tACS
modulates visual motion network activity in young healthy and stroke patients”, we
targeted healthy and HH stroke participants undergoing only one session of tACS stimulation,
to study the acute, short-term, effect of our intervention and compare its efficacy between
young health subjects (considered by us as “benchmark” population for functional and
structural integrity) and on older stroke patients. In the second study (Chapter 5), “Re-
orchestrating cross-frequency visual oscillatory activity to enhance visual training
efficacy in occipital stroke patients”, we instead focused only on the HH patient cohort (the
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same of study reported in Chapter 4) to assess the neurophysiological, behavioural and visual
field recovery effect of a long-term (10 days) daily treatment composed by specific bifocal
cross frequency tACS simulation and visual motion discrimination training. The results of these
studies will broaden our understanding on the effects of cross-frequency bifocal tACS on
motion discrimination processing, whether it can boost the ability to detect motion in young
healthy participants and in stroke patients and on the possibility to use this specialized motion
network as a target to enhance visual field recovery. These studies are also an important step
to pave the way towards a more personalized, home based, patient-specific visual rehabilitation
therapy.
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2.1 Abstract

Cortico-cortical paired associative stimulation (ccPAS), which repeatedly pairs single pulse
transcranial Magnetic Stimulation (TMS) over two distant brain regions, is thought to modulate
synaptic plasticity. We explored its spatial selectivity (pathway and direction specificity) and
its nature (oscillatory signature and perceptual consequences) when applied along the
ascending (Forward) and descending (Backward) motion discrimination pathway. We found
unspecific connectivity increases in bottom-up inputs in the low Gamma band, probably
reflecting visual task exposure. A clear distinction in information transfer occurred in the re-
entrant Alpha signals, which were only modulated by Backward ccPAS, and predictive of
visual improvements in healthy participants. These results suggest a causal involvement of the
re-entrant MT to V1 low frequency inputs in motion discrimination and integration in healthy
participants. Modulating re-entrant input activity could provide single-subject prediction
scenarios for visual recovery. Visual recovery might indeed partly rely on these residual inputs

projecting to spared V1 neurons.
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2.2 Introduction

Visual processing represents a massive computational task for the brain, requiring highly
organized and efficient neural systems to achieve accurate perception. In primates,
approximately 55% of the cortex contributes to visual processing (compared to 11% for
somatosensory processing or 3% for auditory processing) (Felleman and Van Essen, 1991).
Multiple components of the visual system receive, relay, and ultimately process visual
information. These structures include the eye, retina, optic nerves, chiasm, tracts, lateral
geniculate nucleus (LGN) of the thalamus, the superior colliculus, optic radiations, the primary
visual (or striate, V1) cortex, and multiple extrastriate visual cortical areas. Information
processing relies not only on forward connections from lower to higher-level visual areas, but
also on connections that transfer information in the opposite direction. These backward
connections, which are much more numerous than the forward inputs coming from the LGN
(Catani et al., 2003) and from the lower-level visual areas V1 and V2, are thought to adjust,
regulate and improve the processing of incoming stimuli (Antal et al., 2004; Bressler et al.,
2008; Reynolds and Desimone, 2003). Therefore, neural responses in V1 do not mirror retinal
inputs precisely, but are modified by higher inputs to support a coherent perceptual

interpretation.

One of the most studied cortical visual processing pathways is the one specialized in decoding
motion stimuli (Mikami et al., 1986). The very early stage involves the primary visual cortex
(V1). Early single unit recordings in macaque and cats showed that a subset of cells in V1 are
highly direction selective (Gizzi et al., 1990; Hubel and Wiesel, 1968; Maunsell and VVan Essen,
1983). These direction sensitive cells then project onto the medial temporal area (MT °), where
all neurons appear to be directionally selective (Albright et al., 1984; Maunsell and Van, 1983;
Mikami et al., 1986), with activity well-correlated with behavioral performance on motion
tasks (Britten et al., 1996). The information reaches the higher motion areas (MT, MST and
V6) also through indirect projection through V2 and VV3a areas (Gamberini et al., 2016; Pitzalis
et al., 2010). More precisely, MT neurons are capable of coding the direction and speed of the
image motion (Felleman and Van Essen, 1987; Lagae et al., 1993; Perrone and Thiele, 2001;
Rodman and Albright, 1987). As such, lesions to primate V1 (Das et al., 2014; Huxlin et al.,
2009b; Pasternak and Merigan, 1994) or MT (Marcar and Cowey, 1992; Newsome and Pare,
1988; Pasternak and Merigan, 1994; Rudolph, 1999) will both cause deficits in visual motion
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perception. Transcranial magnetic stimulation (TMS) studies in humans provide further
evidence supporting the role of both areas in motion discrimination (Cowey and Walsh, 2001;
Ellison et al., 2003). The majority of humans and macaques’ studies have concentrated on the
capacity of MT cells to register motion in the fronto-parallel plane and on their directional
properties and speed preferences (Krug et al., 2013; Maunsell and VVan Essen, 1983; Newsome
and Pare, 1988; Rodman and Albright, 1987). In this regard, Ruzzoli and colleagues (Ruzzoli
etal., 2010) studied the effect of a TMS perturbation on the shape of the psychometric function
in a visual motion discrimination task, showing a decrement in motion discrimination
performance when TMS was applied over MT concomitantly with the motion stimulus.
Furthermore, the authors found that TMS specifically affected the perceptual ability to
discriminate motion direction rather than higher cognitive processes such as perceptual

consciousness, decision-making, or response selection and execution.

The interaction and synchronization between visual areas have been previously modelled. One
of the first computational models that simulated dynamic integration in the visual system and
the pivotal role of backward connections between visual areas in motion perception processing
was proposed by Tononi et al. (1992). The model suggested that re-entrant connections in the
visual cortex are mostly integrative, i.e., they facilitate the coordination of neuronal firing in
anatomically and functionally segregated cortical areas. Thus, neural responses related to the
detection of motion coherence may depend on re-entrant projections from area MT to area V1,
which have been found to be mostly excitatory (Pan et al., 2021). The timing of the backward
inputs from MT to V1 has been studied in humans using visual masking stimuli , visually-
evoked potentials (Wibral et al., 2009) or by TMS perturbation (Laycock et al., 2007; Pascual-
Leone and Walsh, 2001; Silvanto, 2015). TMS studies targeting MT have consistently shown
two periods of disruption, suggestive of forward/backward processes (Laycock et al., 2007).
Furthermore, paired-pulse TMS protocols can estimate the time delay for information transfer
along the pathway. For instance, Pascual-Leone and Walsh, (2001) showed significant
impairments of coherent perceptual interpretation of motion when a MT pulse was given 10 to
30 ms before a V1 pulse. Importantly, this processing channel possesses characteristic
oscillatory activity that has been linked to the transfer of specific stimulus features or
endogenous variables within the pathway. Indeed, backward projections have been found to be
mediated by low frequency Alpha/Beta oscillations while forward connections are thought to
be supported by high frequency Gamma oscillations, in both monkeys (Bastos et al., 2015; van
Kerkoerle et al., 2014) and humans (Michalareas et al., 2016).
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A more direct approach to non-invasively test the role of backward projections in motion
discrimination is to causally manipulate the synaptic strength of top-down MT-to-V1
connections. This is possible through the use of cortico-cortical Paired Associative Stimulation
(ccPAS) (Casarotto et al., 2022; Chiappini et al., 2018; Di Luzio et al., 2022; Fiori et al., 2018;
Rizzo et al., 2009; Turrini et al., 2022), an approach that relies on Hebbian Learning theory,
which states that the pairing of subthreshold synaptic stimulation and action potential trains
can induce Long-Term Potentiation (LTP) (Magee, 1997). More precisely, the induction of
LTP requires activation of the presynaptic input milliseconds before the backpropagating
action potential in the postsynaptic dendrite. The first human applications performed by Stefan
et al. (Stefan, 2000) showed that low-frequency TMS over the primary motor cortex following
peripheral stimulation of the median nerve induced plastic changes in the human motor system
when using timings relevant for spike-timing-dependent plasticity (STPD) (Caporale and Dan,
2008).

This concept has been applied to cortico-cortical connections — e.g., between frontal and
parietal areas (Koch, 2020), or between the cerebellum and M1 (Spampinato et al., 2017).
ccPAS has also been applied to the V1-MT pathway (Romei et al., 2016). These authors
compared different versions of ccPAS between V1 and MT in healthy subjects and found that
only ccPAS targeting the re-entrant connection from MT to V1 with an optimal time delay of

20ms was effective in boosting motion discrimination capacities up to 90 minutes.

In the present study, we applied ccPAS to the V1-MT pathway to compare the effects of
enhancing forward or ascending versus backward or descending projections on motion
discrimination and visual network activity (Forward-ccPAS versus Backward-ccPAS). We
used EEG, and spectral Granger Causality-based network analyses to investigate pathway
specificity and directional specificity of ccPAS, as well as the spectral content of the induced
changes. The combination of spectral Granger Causality and single pulse TMS over V1 and
MT allowed us to distinguish output connectivity from re-entrant connectivity (Keil et al.,
2009). In line with the prior study by Romei et al. (2016), we hypothesized that enhancing
backward projections would induce larger behavioural improvements and would be associated
with a specific increase in connectivity restricted to the re-entrant backward MT to V1 inputs,
especially in the Alpha band. Conversely, we hypothesized that enhancing forward inputs
would induce non-specific changes in bottom-up direct output connections, not necessarily

relevant for motion perception.
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2.3 Methods

Experimental model and subject details

16 healthy subjects (9 F, 7M, mean + SD age: 274 years) participated in the study. All
participants provided informed, written consent prior the experiment and none of them met the
MRI or TMS exclusion criteria (Rossi et al., 2021). This study was approved by the local Swiss

Ethics Committee (2017-01761) and performed in accordance with the Declaration of Helsinki.

General procedures

This double-blinded and cross-over study involved two sessions of 3 hours each, only differing
by the type of ccPAS intervention applied to the participants. The two sessions were performed
at least one month apart and the order was randomized and counter-balanced between
participants. Each session comprised a familiarization phase including 3 blocks of 20 trials
each, to ensure that the subjects understood the visual discrimination task and reached stable
performance. After EEG cap preparation, TMS sites and intensities were defined (see below
for more details). Task performances and EEG responses to single pulses over V1 and MT
were measured at baseline, followed by one of the two ccPAS interventions. Ten minutes after
the end of the ccPAS, task performances and single pulse TMS-EEG over V1 and MT were
measured again. During the whole experiment, the participants sat on a chair, with the head
leaning on the chinrest, in front of a computer screen, centred 47 cm far from the eyes. Every
subject was asked to fill in a short questionnaire related to eventual issues and inconveniences

caused by the single pulse TMS or ccPAS intervention at the end of both sessions.

Single pulse TMS

For single-pulse TMS over V1 and MT, biphasic TMS pulses inducing an antero-posterior
followed by postero-anterior current in the brain (AP-PA) were sent through a MC-B65-HO
butterfly coil (MagVenture A/S, Denmark) plugged in a MagPro XP TMS stimulator
(MagVenture A/S, Denmark). Pulses duration was 200 us for MagPro 100 and 300 ps for the
MagPro XP, delivered through continuous neuronavigation monitoring using the Localite

neuronavigation software (Localite GmbH, Germany).
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To determine stimulation intensities, we evaluated the phosphene threshold (Gerwig et al.,
2003) on both V1 and MT. If the participants reported phosphenes (9/16 for V1 and 5/16 for
MT), we set the stimulation intensity at 90% of the phosphene’s threshold. If no phosphenes
could be evoked, we used 65 % of the maximal stimulator’s output (MSO) in all participants
to maximize signal-to-noise ratio and comfort during the exam. Because of discomfort related
to the fact that MT is located close to the ear, we decreased the intensity to 60% MSO. The
mean stimulation intensity for V1 was 66+6 % MSO and for MT 61+4 % MSO. On each area,
90 TMS pulses were performed with an inter-pulse interval of 4+1s. Stimulation intensities

were re-evaluated at the beginning of the second session and adjusted if needed.

To precisely target individual V1 and MT areas, we used a standard fMRI MT localizer task
performed prior the TMS-EEG session (Figure 2.1A). During the functional localizer, the
screen displayed radially moving dots alternating with stationary dots (see e.g. Sack et al.,
2007). A block design alternated six 15 s blocks of radial motion with six blocks featuring
stationary white dots in a circular region on a black background. This region subtended 25°
visual angle, with 0.5 dots per square degree. Each dot was 0.36° diameter. In the motion
condition the dots repeatedly moved radially inward for 2.5 s and outward for 2.5 s, with 100%
coherence, at 20°/s measured at 15° from the center. Participants were passively looking at the
screen and were asked to focus on a fixation point located in the middle of the screen. The
resulting activation map and the individual T1 image were entered into the neuro-navigation
software to define the coil positions (Figure 2.1A). The mean coil positions for V1 were -16+9,
-8618, -5+22 and for MT were 66£9, -55+9, -7+17 (coordinates X, y z, MNI space). The coil
was held tangentially to the scalp with the handle pointing upwards and laterally at 45° angle

to the sagittal plane.

ccPAS interventions

ccPAS was delivered via two independent TMS stimulators externally triggered with Signal
(Digitimer, Cambridge Electronic Design, Cambridge, UK). MT was stimulated using the same
stimulator/coil combination than for single pulse TMS-EEG recordings, i.e., with a
MagVenture MagPro XP stimulator (MagVenture A/S, Denmark) connected to a MC-B65-HO
coil. The right MT area was stimulated with a MagVenture MagPro X100 stimulator connected
to a smaller coil to allow precise anatomical targeting, i.e., the MC-B35 coil. The same coil
positions used for single TMS were applied for the ccPAS procedure, with both coils being

neuronavigated (Figure 2.1A). The same intensities were used for MT. For V1, since we used
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a different coil, we recalibrated the stimulation intensity to match the single pulse TMS
condition. 90 pairs of biphasic stimuli were continuously delivered at a rate of 0.1 Hz for 15
min. The coil handle for MT was held tangentially to the scalp and pointed downwards at an
angle of 120°+5 clockwise.

Because our goal was to explore direction-specificity effects of ccPAS in the motion processing
network, we compared two types of ccPAS, differing by the order of the two pulses. In the
backward MT-V1 ccPAS condition (Backward-ccPAS), the first TMS pulse was applied to MT
followed by a pulse to V1. In the forward V1-MT ccPAS condition (Forward-ccPAS), the TMS
pulses order was reversed; the first pulse was administered to V1 and the second to MT. The
inter-stimulus interval (ISI) was set at 20ms for both ccPAS conditions, because it corresponds
to the time delays of MT-V1 back projections (Pascual-Leone and Walsh, 2001; Silvanto et al.,
2005a). This timing is critical to create sequential presynaptic and postsynaptic activity in the
network, and to generate the occurrence of STDP (Caporale and Dan, 2008; Jackson et al.,
2006).

Behavioural task

We wused a well-established 2-alternative, forced-choice, left-right, global direction
discrimination and integration task (150 trials in total), as previously described (Huxlin et al.,
2009b; Martin et al., 2010; Raffin et al., 2021; Saionz et al., 2020; Salamanca-Giron et al.,
2021). Subjects were asked to discriminate the left-right direction of motion of random-dot
stimuli. They performed 150 trials, with each trial initiated by fixation of a small spot of light
within an electronic window 2 x 2° in size. Steady fixation of this target for 1000 ms resulted
in a tone signaling the onset of stimulus presentation during which subjects were required to
maintain fixation. A break in fixation during stimulus presentation produced a loud, 1 s tone
and the termination of the trial. After 500 ms, the stimulus and fixation spot disappeared, and
the subjects were required to indicate whether they perceived the global direction of motion of
the stimulus to be toward the right or the left by pressing the right or left arrow key on a
computer keyboard placed in front of them. Correct and incorrect responses were signaled by
different computer-generated tones, so that the subjects instantly knew whether they performed
correctly or not. The sequence of presentation of rightward and leftward drifting stimuli was
randomized. The degree of difficulty or direction range was increased with task performance

by increasing the range of dot directions within the stimulus using a 3:1 staircase design. For
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every 3 consecutive correct trials, direction range increased by 40°, while for every incorrect

response, it decreased by 40°.

Stimuli consisted of a group of black dots moving globally left- or rightwards, with a density
of 2.6 dots/deg? in a 5°-diameter circular aperture centred at cartesian coordinates [-5°, 5°]
(i.e., the bottom left quadrant of the visual field, relative to central fixation. The dots moved
at a speed of 10 °/s for a lifetime of 250 ms (half the stimulus duration). Self-confidence was
rated (low/medium/high) after each trial. After each trial, auditory feedback indicated whether

the response was correct or incorrect.

The task was implemented in Matlab 2019b (Version 1.8, The MathWorks Inc., USA) coupled
with an EyeLink 1000 Plus Eye Tracking System (SR Research Ltd., Canada) sampling at a
frequency of 1000 Hz to control gaze and pupil movements in real time. The task was projected
onto a mid-grey background LCD projector (1024 x 768 Hz, 144 Hz). Participants used the
left-right arrows of the keyboard to respond with their right hand; they pressed “a”, “s” or “d”

to indicate low/medium/high confidence respectively, on a trial-by-trial basis.

Response 1
Response 2

Fig.2.1: A: Example of an individual functional localizer, online neuronavigation and coil positioning; B: The
motion direction discrimination and integration task used before and after the ccPAS interventions.

EEG recordings

EEG was recorded using a 64-channels, TMS-compatible system (BrainAmp DC amplifiers
and BrainCap EEG cap, Brain Products GmbH, Germany) with the ground electrode at Fpz,
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the reference electrode at Cz, and the Iz electrode added to the international standard 10-20
layout. Electrode impedances were adjusted and kept under 5 kOhms using conduction gel.
The impedance levels were checked throughout the experiment and corrected if needed during
breaks between the recordings. The signal was recorded using DC mode, filtered with an 500
Hz anti-aliasing low-pass filter, and digitalized at 5 kHz sampling frequency. Channel
coordinates were individually assessed using the neuro-navigation software at the end of the
experiment. We used active noise cancellation intra-auricular earphones (Bose QC 20, USA)
to mask the TMS click susceptible to evoked auditory responses on the ongoing EEG activity.
The sound level was adjusted for each subject, so that the TMS click delivered became barely
audible without any discomfort for the participant. A thin layer of soft plastic was placed on

the coil surface to dampen both sensory and auditory feedback to the subjects.

TMS-EEG pre-processing

EEG analysis was performed on the EEG recordings of the 90 single pulses sessions over V1
and MT. Pre-processing was computed in MATLAB, using the EEGLAB toolbox, the open
source TMS-EEG Signal Analyser (TESA) plugin (Rogasch et al., 2017) and the Brainstorm
plugin (Tadel et al., 2011).

Detection of bad channels was performed using the EEGLAB built-in function. Then, the raw
EEG signal was epoched in a window of [-0.2, 0.8]s around the stimulation pulse onset, and
demeaned. Afterwards, a window of [-5, 25]ms around the pulse onset was removed, to remove
the TMS artefact, and the missing data was interpolated using a cubic function by considering
the data 5ms before and after the removed TMS artefact window. EEG data were then down-
sampled from 5000Hz to 1000Hz, and bad epochs (huge rubbing artefacts or undefined,
significant noise) were removed by visual inspection. On average, 13 epochs out of 90 were
removed per recording. Interpolated data in the TMS artefact window were removed gain, in
order to compute the first round of Independent Component Analysis (ICA), aiming at
eliminating components of the pulse artefact. This first ICA was computed by first performing
a PCA compression using the TESA built-in function, and by then performing a symmetric
fast-ICA with hyperbolic tangent as contrast function. The artefact components were removed
manually by visual inspection. On average, 7 (+3) components out of 64 were removed. The
EEG signal was re-interpolated in the removed window as described previously, and frequency

filtered with a bandpass filter between 1 and 80Hz, with a 4th degree Butterworth notch filter
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between 48 and 52Hz to remove the power line noise. Data belonging to the artefact window
were removed once more as described earlier, and a second round of fast-ICA was computed
to remove other types of artefacts, such as eye movement, blinking, acoustic artefacts and small
head movement (Rogasch et al., 2017). On average, 4 (x1) components out of 64 were
removed. Finally, the EEG signal was spatially filtered using a Common Average Reference
(CAR) filter.

TMS-EEG Local/Remote Source Activity (L/RSA)

Source reconstruction for each TEP was performed following the default procedure proposed
in the Brainstorm (version 23-Mar-2022) software (Tadel et al., 2011) together with the
OpenMEEG Boundary Element Method (BEM) plugins. First, to each individual was assigned
a default head model (ICBM152), with cortex and head meshes (15,000 and 10,000 vertices
respectively). The forward model was then computed using the symmetric BEM developed in
the OpenMEEG freeware, using default values for conductivity and layer thickness (Gramfort
etal., 2010). The locations of the electrodes were individually co-registered on the head model.
For each of the single pulse TMS selected epochs, the source level activation was computed
using a minimum norm imaging linear method with SLORETA as the inverse model. The
dipole orientation of the source model was defined as unconstrained to the cortex surface.
Source orientation was kept orthogonal to the cortical surface and source amplitude was
estimated using the default values of the Brainstorm implementation of the whitened and depth-

weighted linear L2-minimum norm solution.

In order to extract local and remote source activity (L/RSA) power, two ROIs were created on
each individual anatomy using the individual TMS coordinates for V1 and MT (see above,
section “Single-pulse TMS”), covering about 195 vertices of cortical mesh for V1 and 320 for
MT. LSA and RSA power was then computed for each cortical target by averaging the absolute,
smoothed (using a spatial smoothing filter with full width at half maximum of 5 mm) and
normalized (z-score against baseline) source activity within its corresponding ROI. LSA
consisted in the matched condition where local source activity was extracted. RSA consisted
in the same procedure but extracting source activity of the non-stimulated area (unmatched
condition). Grand average L/RSA power was finally calculated for each stimulation site and
ccPAS condition by averaging L/RSA power across subjects. Note that LSA refers to the

matched condition (source activity extracted locally) and RSA refers to the unmatched
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condition (source activity extracted from the other region). The focus of the study was on LSA

and RSA early components (<200ms after the onset).

TMS-EEG Connectivity Analysis

We explored effective connectivity at different frequency ranges using spectral Granger
Causality, which is a metric of directed interareal influence (Friston et al., 2014) in a broader
visual network known to be involved in motion direction discrimination (Pascual-Leone and
Walsh, 2001). Local source activity was extracted from two areas in addition to V1 and MT:

the inferior parietal sulcus (IPS, ~120 vertices) and the Frontal Eye Field (FEF, ~140 vertices).

Granger causality is a measure of linear dependence, which tests whether the variance of error
for a linear auto-regressive (AR) model estimation of a signal x(t) can be reduced when adding
a linear model estimation of a second signal y(t). If this is true, signal y(t) has a Granger causal
effect on the first signal x(t), i.e., independent information of the past of ¥ ) improves the
prediction of x(t) above and beyond the information contained in the past of x(t) alone. The
term independent is emphasized because it creates some interesting properties for Granger
Causality, such as that it is invariant under rescaling of the signals, as well as the addition of a
multiple of x(t) to y(t). The measure of Granger Causality is non-negative, and zero when there
is no Granger causality. According to the original formulation of Granger Causality, the

measure of Granger Causality from y(t) to x(t) is defined as:

_ Var(e,)
Fyox =1In ( Var(e,) >

Which is 0 for Var(e1) = Var(ez) and a non-negative value for Var(e1) > Var(ez). Note that
Var(e1) > Var(ez) always holds, as the model can only improve when adding new information.
Under fairly general conditions, F,_,,, can be decomposed by frequency if the two AR models

in time domain are specified as:

p
XO = ) [ x(t =) + A, y(E = 0]+ oy
k=1

p
YO = Y [,y =0+ A,y =] + oy
k=1
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In each equation the reduced model can be defined when each signal is an AR model of only
its own past, with error terms a,, and a,,,. We can then define the variance-covariance matrix

of the whole system as:

z _ [Zxx ny]
Zyx Zyy
Where Y, = Var(o,,), etc. Applying a Fourier transform to these equations, they can be

expressed as:

<Axx (w) Axy (w)> (x(w)) _ (51 (w))
Ayx (w) Ayy (w) ) \y(w) & (w)

Rewriting this as:

() <Hxx<w) ny(w)> ()

y(w) B ny((‘)) Hyy((‘)) 82((‘))

Where H(w) is the transfer matrix, the spectral matrix is then defined as:

S(w) = H(w)z H* ()

b
.

Finally, assuming independence of the signals rand ¥, and “=» = Y= = U, we can define the

spectral Granger Causality as:

Sxx(®) )

Fyax(w) =In ( Hxx(m)zxxH;x((D)

Granger Causality was then computed between the four clusters (V1, MT, IPS and FEF), in a
frequency range of 1-45 Hz and with a definition of 3 Hz, in order to explore the role of
different rhythms in the causal connectivity between brain regions. Note that the use of Granger
causality on source-projected EEG data reduces the problem of signal mixing and volume

conduction, probably because Granger causality reflects causal, i.e. time-delayed, interactions,
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and explicitly discards instantaneous interactions resulting from signal mixing (Bastos et al.,
2015; Michalareas et al., 2016; West, 2020). Importantly, we computed Granger Causality on
the EEG signals in response to single pulse TMS. This combination allowed us to distinguish
direct output signals from re-entrant signals. In the manuscript, we used the term “output
connectivity” to refer to the condition where single-pulse TMS was applied to the first area
(e.g., TMS over V1, Granger Causality from V1 to MT). In contrast, we refer to “re-entrant
connectivity” for the condition when TMS was applied to the second area (e.g., TMS over MT
and Granger Causality from V1 to MT).

Quantification and statistical analysis

Behavioural data:

We computed direction range thresholds by fitting a Weibull function to the percentage correct
resulting in 75% correct performance. This criterion was selected because it lays halfway
between chance (50% correct) and 100% correct on this two-alternative task (Huxlin et al.,
2009b). Direction range thresholds were then normalized by the maximum range (360) to
produce the Normalized Direction Ratio (NDR) (e.g., Sailonz et al., 2010) using the following
formula:

(360° — WeibullfittedDR) _
360

NDRthreshold(%) = * 100

NDR values were entered into a mixed ANOVA that included Time (Pre vs Post) and ccPAS
type (Forward versus Backward) as within-subject factor and ccPAS order (first Forward
versus first Backward) as between-subject factor. Post hoc t-tests were performed when
appropriate and significance was defined for p values <0.05.

EEG data: Significant differences in L/RSA curves as well as in connectivity
strength/frequency-resolved Granger Causality were evaluated within-subjects through a non-
parametric, cluster-based, corrected, permutation testing, excluding frequency-wise outliers
(>2SD) (Agustin Lage-Castellanos et al., 2009).

Behavior and EEG: Individual NDR values were then computed as a ratio expressing the
change between pre- and post-tests, and entered into forward stepwise regressions to determine
which neural pathway modulation(s) (V1-to-MT or MT-to-V1) and which frequencies best

predicted changes in motion direction discrimination.
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2.4 Results

16 healthy subjects participated in a double-blinded and cross-over study, involving two
sessions of 3 hours each, only differing by the type of ccPAS intervention applied to the
participants (Forward-ccPAS, strengthening V1-to-MT connexion or Backward-ccPAS,
strengthening MT-to-V1 connexion, Figure 2.2A). The two sessions were performed at least
one month apart and the order was randomized and counter-balanced between participants.
Each session comprised a familiarization phase to ensure that subjects understood the visual
discrimination task and reached stable performance. After EEG cap preparation, TMS sites and
intensities were defined (see methods details). Task performances were extracted at baseline,
and after ccPAS using normalized direction range thresholds (NDR) as classically used in
signal theory (Huxlin et al., 2009b). EEG responses to single-pulse TMS over V1 and MT were
also recorded at baseline and after ccPAS. During the whole experiment, the participants sat
on a chair, with the head leaning on the chinrest, in front of a computer screen, centred 47 cm
far from the eyes. The two sessions were equally rated in terms of discomfort and sensations.
One participant dropped out, resulting in 16 datasets for Forward-ccPAS and 15 datasets for
Backward-ccPAS.

Local and Remote Source activity (LSA & RSA) from single pulse TMS

We used the local EEG source activity to measure the local responses to single pulse TMS and
the remote EEG source activity to infer about long-range effects (Figure 2.2B). On the local
source activity, we observed a decrease over V1 (from 15ms to 100ms), only significant for
the Backward-ccPAS (Figure 2.2C, left column). In contrast, Forward-ccPAS induced an
increase in local MT activity (30-150ms). Note that a significant decrease was also found in
the late components (> 200ms) in local V1 after Forward ccPAS When source activity was
extracted from the opposite area, Forward ccPAS decreased remote MT activity in response to
TMS over V1 (from 45ms to 100ms) (Figure 2.2C, second box) while Backward ccPAS
showed the opposite effects (from 45ms to 60ms and from 110ms to 130ms). When TMS was
applied to V1, Forward ccPAS showed a transient decrease in MT (80-100ms) while

Backward-ccPAS showed a decrease (60-75ms).
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Figure 2.2: Local and Remote Source Activity in the regions of interest. A: lllustration of the Backward
and Forward ccPAS interventions as well as the four regions of interest; B: Illustration of the main EEG
outcomes, local and remote source activity (LSA and RSA), output and re-entrant Granger Causality
connectivity between V1 and MT; C: Right panel: LSA profiles in response to single pulse TMS over V1
(top) and TMS over MT (bottom) for Forward-ccPAS (left) and Backward-ccPAS (right). Left panel: RSA
profiles in response to single pulse TMS over V1 (top) and TMS over MT (bottom) for Forward-ccPAS
(left) and Backward-ccPAS (right). The blue and red lines and shaded areas represent mean and
standard error of the mean of LSA power z-scored against baseline. Black bars indicate periods of
significant difference between PRE and POST using non-parametric, cluster-based, corrected,

permutation tests.

Connectivity changes in response to single pulse TMS

We explored effective connectivity at different frequency ranges using spectral Granger
Causality, which reflects directed interareal influence (Friston et al., 2014) in a broader visual
network known to be involved in motion direction discrimination (Pascual-Leone and Walsh,
2001). Combining single pulse TMS with Granger Causality, we dissociated Output
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Connectivity from Re-entrant Connectivity (Figure 2.2B). The results showed that Forward-
ccPAS (Figure 2.3, left column) caused a significant increase in the bottom-up V1-to-IPS
connectivity in the gamma band (35-45 Hz), when V1 was stimulated. When MT was
stimulated, the VV1-to-IPS connectivity was also upregulated in the theta-alpha band (5-12 Hz),
while the top-down MT-to-V1 inputs were significantly inhibited in the alpha and gamma

bands.

Backward-ccPAS (Figure 2.3, right column) also significantly increased direct bottom-up
inputs (V1-to-MT and V1-to-IPS) in the alpha band when V1 was stimulated. Interestingly the
re-entrant MT-to-V1 pathway was also increased in the alpha range (MT-to-V1). When MT
was stimulated, the re-entrant V1-to-MT inputs significantly decreased in the alpha band.
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Figure 2.3: Changes in functional connectivity patterns. A: Spectral Granger Causality of the visual
network after single pulse TMS on V1 (upper row) and MT (bottom row) for Forward-ccPAS; B: Spectral
Granger Causality of the visual network after single pulse TMS on V1 (upper row) and MT (bottom row)
for Backward-ccPAS condition. Spectral plots displaying significant changes in Granger Causality in the
frequency domain are displayed for the V1-MT pathway on the right. The blue and red lines and shaded
areas represent the mean and the standard error of the mean PRE and POST ccPAS respectively. Black

bars indicate periods of significant differences between PRE and POST using non-parametric, cluster-

based, corrected, permutation tests.
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Behavioral results

To examine whether the changes in EEG activity and inter-areal connectivity translated into
perceptual changes, we used a 2-alternative, forced-choice, left-right, global direction
discrimination and integration task, as previously described (Huxlin et al., 2009b; Martin et al.,
2010; Raffin et al., 2021; Saionz et al., 2020; Salamanca-Giron et al., 2021). Subjects were
asked to discriminate the left-right direction of motion of random-dot stimuli centred at
cartesian coordinates [-5°, 5°] (i.e., the bottom left quadrant of the visual field, relative to
central fixation). Self-confidence was rated (low/medium/high) after each trial. Auditory
feedback indicated whether the response was correct or incorrect. To measure changes in
performance, we computed direction range thresholds by fitting a Weibull function to the
percentage correct performance at each stimulus level and computed the stimulus value (i.e.,
direction range), resulting in 75% correct performance. Direction range thresholds were then
normalized by the maximum range (360) to produce the Normalized Direction Ratio (NDR)
(Das et al., 2014) (see the 2.3 Method section for more details).

A mixed ANOVA on the NDR values showed a main effect of Time (F(1,11=13.3, p=0.004)
and a significant ccPAS type x Time (F(,11)=5.37, p=0.04). The post-hoc comparisons showed
that the pre-post difference was only significant in the Backward-ccPAS condition (Backward-
CCPAS: 113=3.95, p=0.002, Forward-ccPAS: t14=1.43, p=0.17, paired t tests) (see Figure 2.4A
for group results and Figure 2.4B and 2.4C for individual data related to Forward-ccPAS and
Backward-ccPAS, respectively). The order effect was not significant (F,11=1.21, p=0.29).
Confidence ratings also showed a significant Time x ccPAS type interaction (F,14=4390,
p<0.001), reflecting the specific increase in ratings for the Backward-ccPAS group (Backward-
CCPAS: 114=1.6, p=0.783; Forward-ccPAS: t15=22, p<0.001, post hoc within group

comparisons).

In order to relate the EEG changes described above (local source activity and Granger Causality
connectivity strength involving V1 and MT) to these differences in motion direction
discrimination after the two interventions, we designed two forward stepwise regression
models, the first one with baseline-corrected NDR values belonging to the Forward-ccPAS
session and the second with baseline-corrected NDR values belonging to the Backward-ccPAS
session as dependent variables. The results showed that the first model (Forward-ccPAS) was
not significant, suggesting that none of the connectivity changes could explain changes in NDR

in this ccPAS condition. For the second model (Backward-ccPAS), the model was significant
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and the retained variable was the re-entrant MT-to-V1 pathway (see Table 2.1 and Figure
2.4D). These results showed that the significant improvement in behaviour found after
Backward-ccPAS could be explained by the increase in top-down inputs from MT-to-V1. All
the results are summarized in Figure 2.4E.

Models Significant Predictors

Adj. r2 F Df p Variable Beta p
Model 1: FW ccPAS 0.0 2.05. 1 0.17 - - -
Model 2: BW ccPAS 0.28 5.68. 1 0.036  Re-entrant MT-V1 (TMS over V1) 0.58 (SD=0.24) 0.036

Table 2.1: Multiple regression analyses
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Figure 2.4: Behavioural results. A: Group-level changes in NDR thresholds for the two ccPAS conditions; B:
Individual data and post hoc within group comparison for Forward-ccPAS; C: Individual data and post hoc
within group comparison for Backward-ccPAS; D: Correlational plot between the changes in MT-V1
connectivity strength and the changes in NDR threshold for the Backward-ccPAS illustrating the results of the

forward stepward regression model; E: Summary of the connectivity and behavioural results.
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2.5 Discussion

In the present study, we used a combined TMS-EEG-behavioral paradigm to investigate
whether cortico-cortical paired associative stimulation (ccPAS) between V1 and MT can
modulate direction-specific network plasticity and improve motion direction discrimination in

young, healthy participants.

Strengthening MT-to-V1 feedback inputs improves global motion

processing and awareness

The intervention of interest tested in this study aimed at strengthening synaptic plasticity of
MT to V1 feedback projections. V1 receives inputs from neighbouring area V2 and from a
number of higher-level cortical areas (including MT, IPS and FEF), transmitting the outcomes
of many cognitive operations such as attention, expectation or imagination. As a matter of fact,
V1 receives considerably more feedback and lateral inputs than forward thalamic afferents
(Budd, 1998). V1 is therefore a processing and integrative centre and part of a complex cortical
processing cascade. Those modulatory, backward projections from higher visual areas or
associative areas are thought to control the gain of thalamocortical inputs to V1 through the
activation of glutamatergic receptors, among others (Ekstrom et al., 2008; Hupé et al., 2001;
Muckli and Petro, 2013).

Evidence from macaques (Lamme et al., 1998) and humans (Pascual-Leone and Walsh, 2001,
Silvanto et al., 2005a) has shown that back-projections from extrastriate areas to V1 are crucial
for motion discrimination. In an earlier study, Romei and colleagues (2016) applied MT-V1
ccPAS (Backward-ccPAS) in healthy subjects and found improved motion coherence
discrimination, suggesting plastic changes within this pathway. We provided further evidence
for this finding, with a significant enhancement of motion direction discrimination only after
Backward-ccPAS and not Forward-ccPAS. Furthermore, Backward-ccPAS significantly
improved motion awareness, as evidenced by increased, metacognitive confidence rating,
confirming the role of this pathway for motion awareness (Pascual-Leone and Walsh, 2001,
Silvanto et al., 2005a). Of note, confidence ratings have been shown to influence visual
discrimination (Bonder and Gopher, 2019). Therefore, we cannot infer whether ccPAS exerted
its effects directly on motion perception, which then impacted confidence ratings or the

opposite. Interestingly, previous research has found that the macaque lateral intraparietal area
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(LIP), homologue of the human intraparietal sulcus (IPS) plays a crucial role in forming
confidence in perceptual decision-making (Di Luzio et al., 2022; Huk et al., 2017; Pasternak
and Tadin, 2020). Granger Causality results did reveal an increase in V1-to-IPS connectivity
for both conditions, therefore strengthening the MT-V1 pathway might also support the neural
circuitry of metacognitive judgements of perceptual decision-making, but future studies should
be performed to understand how these two brain functions interact with each other (Di Luzio
etal., 2022).

However, modulating the reciprocal forward projections did not further boost motion direction
discrimination or motion awareness. The Forward-ccPAS only showed a small, non-significant
improvement that might be related to a well-reported gradual improvement through practice at
motion direction discrimination (Gibson, 1963; Sagi, 2011). Importantly, the absence of
significant improvements justifies the absence of a Sham comparison in this study, and is partly
supported by anatomical studies, showing a mixing of early parallel pathways within V1 that
result in an apparent lack of compartmentalization in outputs from V1 to extrastriate cortical
areas (Sincich et al., 2004; Xiao and Felleman, 2004). Some researchers have even provided
evidence against parallel-processing models of the primate visual system. Furthermore, the fact
that the ccPAS protocol was applied at rest might prevent the possibility of a functional routing
through specific cortical circuits relevant to motion processing. Finally, neurons projecting
directly from V1 to MT are located within layer 4B, closer to the layer 4Ca border, deeper than
neurons projecting to other visual areas such as V2 or V3 (Nassi and Callaway, 2007) and
deeper than MT-projecting neurons to V1, which are mostly located within layer 1 (Blasdel
and Lund, 1983). This combination of factors (fibres’ density and cortical depth) could explain
why the forward inputs are less sensitive to TMS.

Neural correlates of ccPAS

The network-based interventions showed slight local changes in early EEG source activity in
response to single pulse TMS, especially when measured remotely from the stimulation site.
We interpret these results as reflecting changes in signal propagation from the stimulated region
to the recorded region. In line with the directionality of ccPAS, Forward-ccPAS increased
source activity in MT when V1 was stimulated and decreased V1 source activity when MT was
stimulated. Similarly, Backward-ccPAS increased source activity in V1 when MT was
stimulated, and induced a short window of inhibition of MT source activity in response to

single pulse over V1. The Granger Causality results provided additional insights on synaptic
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transmission and information flow within the cortical motion network. While the source
activity profiles are computed from a mixture of signals from all frequency bands, we used
spectrally resolved Granger Causality (Chicharro, 2011) to test hypotheses on specific
oscillatory channels mediating backward and forward inputs (Bastos et al., 2015; van Kerkoerle
et al., 2014). Crucially, the combination of Granger Causality measures with single pulse TMS
allowed us to distinguish between direct output signal diffusion from re-entering signal
transmission (Winkler et al., 2015). This distinction was particularly relevant to Backward-
ccPAS, where the re-entrant top-down MT-to-V1 connection was significantly increased in the
Alpha range (8-12Hz), in proportion with enhanced motion direction discrimination. In turn,
the bottom-up, re-entrant V1-to-MT pathway was decreased in Alpha, suggesting that the
Backward-ccPAS protocol is highly sensitive to and primarily acts on re-entrant fibers. These
findings are in accordance with animal and human electrophysiological studies: Alpha
oscillations in the visual cortex have been shown to characterize backward processing while
Gamma waves are thought to mediate forward connectivity (Michalareas et al., 2016; Richter
et al., 2018; van Kerkoerle et al., 2014). The changes in inter-areal coupling we report in the
present study might support the hypothesis of a better local and specialized processing after the
Backward-ccPAS protocol. Note that the connectivity analysis also revealed a slight but
significant decrease in connectivity between MT and V1 after Forward ccPAS and between V1
and MT in the Backward ccPAS, suggesting that there might be an associated LTD-like effect
that occurs concomitantly to the LTP-like effect on the other direction. Interestingly, this was
more prominent when the networks were probed with TMS over MT. We can speculate that
V1 is more roust to plastic changes while MT shows more flexible patterns of activity as
demonstrated earlier (Raffin et al., 2021).

Limitations of the study

A limitation of our study is the small sample size. While we have addressed this limitation by
ensuring the features of interest (NDR and GC based connectivity) have very good test-ret-test
sensitivity levels (Franciotti and Falasca, 2018; Kirit et al., 2021). There is an increasing
awareness of the importance of both reliability and reproducibility in brain stimulation studies
(Bikson et al., 2018; Héroux et al., 2017). Therefore, future work should use an independently
collected and larger sample to validate our findings. Another limitation is the absence of direct
comparison of our bifocal ccPAS stimulation with monofocal V1 or MT stimulation. While we
think that this condition was not as relevant for pathway-specific neuromodulation, a few

studies have found a modulation of motion discrimination with monofocal stimulation

51



(Thompson et al., 2016);(Waterston and Pack, 2010) but no studies reported any changes in
functional connectivity. A last bifocal condition could have been simultaneous V1 and MT
stimulation. This control condition has been tested previously and has been shown to have no
effect on performances (Romei et al., 2016). Finally, it is likely that the effect and magnitude
of ccPAS over the MT-to-V1 back projections, potentially mediated by STDP, might be subject
to state-dependent shifts in neocortical excitability (Chao et al., 2015; Fehér et al., 2017; Koch
et al., 2013). These different excitability states could be indexed or indirectly read out using
EEG-derived phases of neocortical oscillations, in particular during the Alpha cycle (Fehér et
al., 2017). Therefore, to further improve the effects of the Backward-ccPAS intervention, one
could implement it in a neocortical-excitability state-dependent framework. Future studies
should test whether phase information extracted through online EEG recordings could be used
to trigger the paired pulse TMS over MT and V1, either to control the onset of the paired pulse
or the time delay between the conditioning and test pulse (MT and V1 pulse) to ultimately

boost its effects.

2.6 Conclusion

This study reports the first evidence of pathway specific plasticity modulation in humans using
a causal probe of effective connectivity via the combination of single pulse TMS and EEG
derived Granger Causality. Fundamentally, these results provide evidence that such focality
can be achieved non-invasively in humans. Additionally, these results pave the way to new
applications in patients. Manipulating top-down signals in the visual system through
Backward-ccPAS, could be used to quantify the acute capacity of the visual system to
reorganize and from this index, extract a predictor for visual recovery potential in pathological
states. The “amount” of induced plasticity in hemianopic stroke patients for instance, could
reveal precious information about the functional state of their visual system, and predict
whether an individual’s brain is able to recruit backward projecting neurons to the spared V1

population to support recovery (Barbot et al., 2021).
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3.1 Abstract

Homonymous Hemianopia (HH), a common visual deficit resulting from occipital lobe lesions,
affects approximately 30% of stroke survivors. Intensive perceptual training can promote
recovery, possibly by enhancing surviving visual pathways. This study used bi-directional
cortico-cortical paired associative stimulation (ccPAS) to test associative plasticity induction
in the residual, bottom-up or top-down V1-MT fibres in stroke patients. To determine its
efficacy, we applied Hebbian principles of spike-timing-dependent plasticity in the cortical
motion processing pathway in order to enhance visual motion discrimination through increased
ipsilesional re-entrant MT-to-V1 inputs. 16 stroke patients exhibiting an occipital damage were
recruited in a double-blinded, cross-over study comparing bidirectional ccPAS effects (V1-to-
MT or MT-to-V1) on motion discrimination and EEG-Granger Causality. Additionally, we
examined potential multimodal sources of inter-individual variability. Results demonstrated
that promoting the re-entrant MT-to-V1 connectivity (Backward-ccPAS), significantly
improved motion direction discrimination. However, the expected increase in top-down MT-
to-V1 inputs was only visible in responders and in the high-beta band. These good-responders
also displayed enhanced whole-brain functional coupling and ipsilesional V1-MT structural
integrity. More precisely, larger increases in motion discrimination in the blind field were
associated with stronger high-beta MT-to-V1 connectivity and preserved V1-MT structural
integrity. These findings suggest that targeted ccPAS can effectively engage residual visual
pathways in stroke-affected brains, potentially offering new avenues for patients’ stratification

and even for visual recovery strategies.
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3.2 Introduction

Stroke is the second-leading cause of death and the third-leading cause of death and disability
combined (as expressed by disability-adjusted life-years lost — DALYS) in the world (Feigin et
al., 2022). Among the survivors, 30% of them will suffer from a visual deficit. The most
common form, Homonymous Hemianopia (HH), implies loss of vision on the same side of the
visual field of both eyes, secondary to occipital lobe lesions (45% of the patients). Spontaneous
recovery from HH is possible in the first 3 to 6 months, but only 15% of stroke survivors will
fully recover their initial visual field (Zhang et al., 2006; Zihl, 2010).

Although most of the clinical options are compensatory, some degrees of recovery can be
obtained using intensive perceptual training (Bergsma and van der Wildt, 2010; Bergsma and
Van der Wildt, 2008; Das et al., 2014; Huxlin et al., 2009b; Poggel et al., 2004). This restorative
approach is thought to rely on 1) the function of surviving islands in the primary visual cortex
(V1), having their receptive fields located close to the visual field border or/and 2) in alternative
pathways left intact after the stroke, which project directly or indirectly to higher cortical visual
regions (Bergsmaetal., 2012; Elshout et al., 2016; Papageorgiou et al., 2014). These alternative
pathways explain why despite the absence of conscious visual perception, humans and
monkeys with V1 lesions remain able to respond to moving or to flickering visual stimuli
within the scotomas (Barbur et al., 1993; Kliver, 1941, 1937; Poppel et al., 1973; Riddoch,
1917; Sanders et al., 1974; Weiskrantz, 1996). The likely candidate of the residual ability is
the extra-striate medio-temporal (MT) area, which in intact brains, receives most of its input
from V1 (Palmer and Rosa, 2006), but also from the the lateral geniculate nucleus (LGN) (Kaas
and Lyon, 2007; Sincich et al., 2004; Stepniewska et al., 2000; Warner et al., 2010) and other
cortical areas (Palmer and Rosa, 2006; Schmid et al., 2013; Weller et al., 1984). Some weeks
after V1 lesions, animal and human studies have shown that MT neurons still respond in a
direction selective way to oriented gratings and bars located inside the scotoma (Azzopardi et
al., 2003; Cowey et al., 2008; Rodman et al., 1989; Rosa et al., 2000).

Many neurons of the LGN that belong to the lesion projection zone, degenerate in the first
months after V1 lesions (Atapour et al., 2017). However, LGN projections to MT appear to be
preserved (Ajina et al., 2015; Bridge et al., 2008). Robust responses have been recorded from
all layers of the LGN after V1 lesion (Yu et al., 2018), suggesting that this archaic direct

pathway might be involved in residual vision, but only when specific behavioural stimuli are
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administered in the blind field (i.e., involving stimuli with specific spatio-temporal features,
see Das et al. (2012)). Some authors have hypothesized that blindsight capacities could be
improved through training (Sahraie et al., 2006) and that unconscious vision might translate
into conscious vision (Ro and Rafal, 2006). In contrast, we rather posit that the residual visual
function enabled by spared, perilesional V1 islands might enable some plastic changes
supporting partial recovery of vision through cortico-cortical pathways, for several reasons.
First, the lateral excitatory projections in MT that initially received afferent connections from
the lesioned V1 have been found to dramatically increase in density after a V1 lesion (Barnes
et al., 2017). This local reorganization mechanism occurring in MT is thought to cause the
receptive fields of cells inside the lesion projection zone to shift outwards, toward the border
of the scotoma (YYamahachi et al., 2009). This suggests that although fewer, the residual
connections between V1 and MT might be more excitable. In line with this, Hagan and
colleagues (Hagan et al., 2020) found changes in the strength of connectivity units in MT,
probably contributing to reinforcing the weight of the residual inputs from V1 to MT and of
the feedback drives from MT to residual neurons in V1. Additionally, long-term potentiation
appears to be strengthened near the lesion border after V1 lesions (Barmashenko et al., 2003;
Mittmann and Eysel, 2001), suggesting that cortico-cortical connections are prone to
reorganize (Guzzetta et al., 2010; Klinge et al., 2010). In contrast, the capacity to develop new
thalamo-cortical connections able to bypass the lesion is very limited in adults (Guzzetta et al.,
2010; Seghier et al., 2005). Finally, from a psychophysics point of view, the V1-MT pathway
covers a larger spectrum of visual stimuli whereas the extrastriate pathway only processes a
very limited portion of the spatiotemporal range exhibited by normal (intact) vision (Das et al.,
2014).

For all these reasons, we investigated the possibility of triggering plasticity in the V1-MT
pathway to transiently modulate direction discrimination performance in the blind field of
stroke patients. To do so, we employed cortico-cortical paired associative stimulation (ccPAS)
to promote associative plasticity between V1 and MT, exploiting the Hebbian principle of
spike-timing-dependent plasticity (STDP). The ccPAS technique, involving the repeated
administration of transcranial magnetic stimulation (TMS) pulse pairs to two interconnected
cerebral regions, utilizes an optimal interstimulus interval (ISI) between pulses (Hernandez-
Pavon et al., 2023). This protocol aims to synchronize the activation of pre-synaptic neurons
in one site with the stimulation of post-synaptic neurons in the other, enhancing or diminishing

the neural pathway's strength between these areas (Sjostrém et al., 2008). This approach is
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grounded in the Hebbian principle, where the associative coupling of pre- and post-synaptic
activity is crucial for STDP, contributing to the modification of functional and effective
connectivity within the targeted networks (Caporale and Dan, 2008; Turrini et al., 2022).
Applied to the cortical motion processing pathway, participants receive Forward-ccPAS (a first
TMS pulse is administered over V1, second over MT) or Backward-ccPAS (the first TMS pulse
is administered over MT, the second over V1). Results on healthy participants consistently
showed that only Backward-ccPAS boosts performances (Romei et al., 2016), in proportion
with increased top-down MT to V1 connectivity (Bevilacqua et al., 2023). In this study, we
investigated whether the same applies to patients with lesions affecting V1. We measured
motion direction discrimination of stimuli individually located in the blind field of patients and
recorded EEG activity in response to TMS over V1 and MT before and after the two ccPAS
protocols. Because of the crucial role of feedbacker-entrant MT-to-V1 projections, we
anticipated beneficial effects of Backward-ccPAS on motion performances and that the
strength of the effect would scale with the functional reactivity of the MT-to-V1 inputs to
Backward-ccPAS. Additionally, we investigated whether the level of residual structural
connectivity between V1 and MT would be associated to the induced effects. The individual
response to Backward-ccPAS has the potential to index the capacity for pathway-specific
cortical reorganization in each individual patient, enabling to distinguish patients who would

likely benefit from long-term visual retraining paradigms from the ones who won’t.

3.3 Methods

General procedures

This double-blinded and cross-over study involved two sessions of 3 hours each, only differing
by the type of ccPAS intervention applied to the patients. Seven patients were tested at Biotech
Campus (Geneva, Switzerland) and another subgroup of nine patients were tested at the
Clinique Romande de Réadaptation (Sion, Switzerland) using exactly the same setup. Prior the
first experimental session, patients were familiarized and tested at the motion direction
discrimination task to ensure that the subjects understood the task and reached stable

performances at baseline. Additionally, patients underwent an MRI session encompassing a
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functional MT localizer, the motion direction and discrimination task and some structural scans

(T1 weighted image and diffusion weighted imaging).

The two experimental sessions were performed at least one month apart and the order was
randomized and counter-balanced between patients. After EEG cap preparation, TMS sites and
intensities were defined (see below for more details). Task performances and EEG responses
to single pulse TMS over V1 and MT were measured at baseline, followed by one of the two
ccPAS interventions. Ten minutes after the end of the ccPAS, task performances and single
pulse TMS-EEG over V1 and MT were measured again. During the whole experiment, the
participants sat on a chair, with the head leaning on the chinrest, in front of a computer screen,
centred 47 cm far from the eyes. Every patient was asked to fill in a short questionnaire related
to eventual issues and inconveniences caused by the single pulse TMS or by the ccPAS
intervention at the end of both sessions. After the ccPAS experiment, these patients were
enrolled in a long-term visual training protocol involving other brain stimulation modalities.

These data will be reported in a separate manuscript.

Patients

Sixteen adult patients were enrolled at least one week after a stroke-induced occipital damage
(verified using structural MRIs), with reliable 24-2 Humphrey Visual Field (HVF) perimetry.
Mean time since stroke was 12.5 months (range: 1-60 months). Exclusion criteria were
unreliable HVFs, neglect, neurologic disease unrelated to occipital stroke, use of neuroactive
drugs, and any contra-indication to MRI or to TMS (Rossi et al., 2021). Mean (SD) age was
59.93 (11.2) years, range (34—74); 18.75% were female, 81.25% male. Seven patients had left-
sided homonymous visual field loss and nine right-sided homonymous visual field loss (see

Table 3.1 for patients’ characteristics and demographics).
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TIME

AGE LESION SINCE
ID SEX LESION MSE
(years) SIDE STROKE
(months)

P101 34 f cort left 12 27

P102 62 m cort right 12 28

P103 74 m cort left 60 25

P104 62 m cort right 12 27
cort +

P105 66 m right 30 27
subcort

P106 68 m cort right 8 29

P107 53 m cort left 2 30
cort +

P201 69 m left 28 25
subcort

P202 40 f cort left 11 28

P203 59 m cort right 4 28

P204 63 m cort right 4 29

P205 51 m cort left 3 30

P206 56 m cort right 11 30

A201 55 m cort right 1 29

A203 66 m cort left 1.5 29

Table 3.1: Patients’ characteristics and demographics

All patients provided informed, written consent prior the experiment. This study belongs to a

registered trial (ClinicalTrials.gov: NCT05220449) and was approved by the local Swiss Ethics

Committee (2017-01761) and performed in accordance with the Declaration of Helsinki.

Behavioural task

We used a well-established 2-alternative, forced-choice, global direction discrimination and

integration task (150 trials in total), as previously described (Huxlin et al., 2009b; Martin et
al., 2010; Raffin et al., 2021; Saionz et al., 2020; Salamanca-Giron et al., 2021). Subjects were

asked to discriminate the left-right direction of the motion of random-dot stimuli (Figure

3.1C). They performed 150 trials, with each trial initiated by fixation of a small spot of light

within an electronic window 2 x 2° in size. Steady fixation of this target for 1000 ms resulted
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in a tone signaling the onset of stimulus presentation during which subjects were required to
maintain fixation. A break in fixation during stimulus presentation produced a loud, 1 s tone
and the termination of the trial. After 500 ms, the stimulus and fixation spot disappeared, and
the subjects were required to indicate whether they perceived the global direction of motion
of the stimulus to be toward the right or the left by pressing the right or left arrow key on a
computer keyboard placed in front of them. Correct and incorrect responses were signaled by
different computer-generated tones, so that the subjects instantly knew whether they
performed correctly or not. The sequence of presentation of rightward and leftward drifting
stimuli was randomized. The degree of difficulty or direction range was increased with task
performance by increasing the range of dot directions within the stimulus using a 3:1 staircase
design. For every 3 consecutive correct trials, direction range increased by 40°, while for every

incorrect response, it decreased by 40°.

Stimuli consisted of a group of black dots with a density of 2.6 dots/deg2 in a 5°-diameter
circular aperture, moving at a speed of 10 °/s for a lifetime of 250 ms (half the stimulus
duration). Self-confidence was rated (low/medium/high) after each trial. The stimuli were
individually placed at the border of the scotoma (see Figure 3.1D) so that performances
dropped close to chance level initially (approx. 60% (+/-5.6) accuracy). We ensured stable
performance by comparing their behavioral score measured on the actual day of the
experiment to the score measured one day before.

The task was implemented in Matlab 2019b (Version 1.8, The MathWorks Inc., USA) coupled
with an EyeLink 1000 Plus Eye Tracking System (SR Research Ltd., Canada) sampling at a
frequency of 1000 Hz to control gaze and pupil movements in real time. The task was

projected onto a mid-grey background LCD projector (1024 x 768 Hz, 144 Hz).

Behavioural analyses

We computed direction range thresholds by fitting a Weibull function to the percentage correct
performance at each stimulus level and computed the stimulus value (i.e., direction range),
resulting in 75% correct performance. This criterion was selected because it lays halfway
between chance (50% correct) and 100% correct on this two-alternative task (Huxlin et al.,

2009b). Direction range thresholds were then normalized by the maximum range (360) to
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produce the Normalized Direction Ratio (NDR) (e.g., (Saionz et al., 2020) using the following
formula:

(360° — WeibullfittedDR) _

NDRthreshold (%) = 360

* 100

Single pulse Transcranial Magnetic Stimulation (TMS)

Biphasic single-pulse TMS over V1 and MT were sent with an antero-posterior followed by
postero-anterior current in the brain (AP-PA) through a MC-B65-HO butterfly coil
(MagVenture A/S, Denmark) plugged in a MagPro XP TMS stimulator (MagVenture A/S,
Denmark). Pulses duration was 300 ps, delivered through continuous neuronavigation
monitoring using the Localite neuronavigation software (Localite GmbH, Germany). At both

sites the set-up was identical.

To determine stimulation intensities, we evaluated the phosphene threshold (Gerwig et al.,
2003) on both V1 and MT. If the participants reported phosphenes (4/16 for V1 and 2/16 for
MT), we set the stimulation intensity at 90% of the phosphene’s threshold. If no phosphenes
could be evoked, we used 65 % of the maximal stimulator’s output (MSO) in all participants
to maximize signal-to-noise ratio and comfort during the exam. Because of discomfort related
to the fact that MT is located close to the ear, we decreased the intensity to 60% MSO. The
mean stimulation intensity for V1 was 67+8 % MSO and for MT 59+6 % MSO. On each area,
90 TMS pulses were performed with an inter-pulse interval of 4+1s. Stimulation intensities

were re-evaluated at the beginning of the second session and adjusted if needed.

To precisely target individual V1 and MT areas, we used a standard fMRI MT localizer task
performed prior the TMS-EEG session (Figure 3.1A). During the functional localizer, the
screen displayed radially moving dots alternating with stationary dots (see e.g. Sack et al.,
2007). A block design alternated six 15 s blocks of radial motion with six blocks featuring
stationary white dots in a circular region on a black background. This region subtended 25°
visual angle, with 0.5 dots per square degree. Each dot was 0.36° diameter. In the motion
condition the dots repeatedly moved radially inward for 2.5 s and outward for 2.5 s, with 100%
coherence, at 20°/s measured at 15° from the center. Participants were passively looking at the
screen and were asked to focus on a fixation point located in the middle of the screen. The

resulting activation map and the individual T1 image were entered into the neuro-navigation
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software to define the coil positions (Figure 3.1A, bottom left panel). The mean coil positions
for V1 were -16+9, -86+8, -5+22 and for MT were 6619, -55£9, -7£17 (coordinates X, Yy z,
MNI space). The coil was held tangentially to the scalp with the handle pointing upwards and
laterally at 45° angle to the sagittal plane.

ccPAS interventions

ccPAS was delivered via two independent TMS stimulators externally triggered with Signal
(Digitimer, Cambridge Electronic Design, Cambridge, UK). V1 was stimulated using the same
stimulator/coil combination of single pulse TMS-EEG recordings, i.e., with a MagVenture
MagPro XP stimulator (MagVenture A/S, Denmark) connected to a MC-B65-HO coil. The
ipsilesional MT area was stimulated with a MagVenture MagPro X100 stimulator
(MagVenture A/S, Denmark), pulse duration 400 ps, biphasic, connected to a smaller coil to
allow precise anatomical targeting, i.e., the MC-B35 coil. In Sion, the TMS stimulator used to
target MT during ccPAS was a Magstim Rapid? (The Magstim Company Ltd, Whitland, UK),
pulse duration 400 ps, biphasic. The rest of the setup was exactly the same between the two

sites.

The same coil positions used for single TMS were applied for the ccPAS procedure, with both
coils being neuronavigated (Figure 3.1C, bottom left panel). The same intensities were used
for MT. For V1, since we used a different coil, we recalibrated the stimulation intensity to
match the single pulse TMS condition. 90 pairs of biphasic stimuli were continuously delivered
at a rate of 0.1 Hz for 15 min. The coil handle for MT was held tangentially to the scalp and
pointed downwards at an angle of 120°+5 clockwise.

Because one of our main goals was to explore direction-specificity effects of ccPAS in the
motion processing network, we compared two types of ccPAS, differing by the order of the
two pulses. In the backward MT-V1 ccPAS condition (Backward-ccPAS), the first TMS pulse
was applied to MT followed by a pulse to V1. In the forward V1-MT ccPAS condition
(Forward-ccPAS), the TMS pulses order was reversed; the first pulse was administered to V1
and the second to MT (Figure 3.1B). The inter-stimulus interval (1SI) was set at 20ms for both
ccPAS conditions, because it corresponds to the time delays of MT-V1 back projections
(Pascual-Leone and Walsh, 2001; Silvanto et al., 2005a). This timing is critical to create
sequential presynaptic and postsynaptic activity in the network, and to generate the occurrence
of STDP (Caporale and Dan, 2008; Jackson et al., 2006).
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Fig.3.1: A: Activation maps obtained from the individual MT functional localizer, online neuronavigation
and coil positioning; B: Forward-tACS and Backward-ccPAS and V1, MT, IPS, FEF scouts on one
exemplary patients C: The motion direction discrimination and integration task used before and after the
ccPAS interventions; D: Example of stimulus location based on individual each individual’s visual field

maps.

EEG recordings

EEG was recorded using a 64-channels, TMS-compatible system (BrainAmp DC amplifiers
and BrainCap EEG cap, Brain Products GmbH, Germany) with the ground electrode at Fpz,
the reference electrode at Cz, and the Iz electrode added to the international standard 10-20
layout. Electrode impedances were adjusted and kept under 5 kOhms using conduction gel.
The impedance levels were checked throughout the experiment and corrected if needed during
breaks between the recordings. The signal was recorded using DC mode, filtered with a 500
Hz anti-aliasing low-pass filter, and digitalized at 5 kHz sampling frequency. We used active
noise cancellation intra-auricular earphones (Bose QC 20, USA) to mask the TMS click

susceptible to evoked auditory responses on the ongoing EEG activity. The sound level was
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adjusted for each subject, so that the TMS click delivered became barely audible without any
discomfort for the participant. A thin layer of soft plastic was placed on the coil surface to

dampen both sensory and auditory feedback to the patients.
TMS-EEG pre-processing

EEG analyses were performed on the EEG recordings of the 90 single pulses sessions over V1
and MT. Pre-processing was computed in MATLAB, using the EEGLAB toolbox, the open
source TMS-EEG Signal Analyser (TESA) plugin (Rogasch et al., 2017) and the Brainstorm
plugin (Tadel et al., 2011).

Detection of bad channels was performed using the EEGLAB built-in function. Then, the raw
EEG signal was epoched in a window of [-0.5, 1] s around the stimulation pulse onset, and
demeaned. Afterwards, a window of [-5, 25] ms around the pulse onset was removed, to remove
the TMS artefact, and the missing data was interpolated using a cubic function by considering
the data 5ms before and after the removed TMS artefact window. EEG data were then down-
sampled from 5000Hz to 1000Hz, and bad epochs (huge rubbing artefacts or undefined,
significant noise) were removed by visual inspection. On average, 8 epochs out of 90 were
removed per recording. Interpolated data in the TMS artefact window were removed again, in
order to compute the first round of Independent Component Analysis (ICA), aiming at
eliminating components of the pulse artefact. This first ICA was computed by first performing
a PCA compression using the TESA built-in function, and by then performing a symmetric
fast-1CA with hyperbolic tangent as contrast function. The artefact components were removed
manually by visual inspection. On average, 9 components (x5) out of 64 were removed. The
EEG signal was re-interpolated in the removed window as described previously, and frequency
filtered with a bandpass filter between 1 and 80Hz, with a 4th degree Butterworth notch filter
between 48 and 52Hz to remove the power line noise. Data belonging to the artefact window
were removed once more as described earlier, and a second round of fast-ICA was computed
to remove other types of artefacts, such as eye movement, blinking, acoustic artefacts and small
head movement (Rogasch et al., 2017). On average, 8 (x3) components out of 64 were
removed. Finally, the EEG signal was spatially filtered using a Common Average Reference
(CAR) filter.

TMS-EEG Local/Remote Source Activity (L/RSA)
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Source reconstruction for each TEP was performed following the default procedure proposed
in the Brainstorm (version 23-Mar-2022) software (Tadel et al., 2011) together with the
OpenMEEG Boundary Element Method (BEM) plugins. First, to each individual was assigned
their personal head model obtained by segmentation of T1 MRI, with cortex and head meshes
(15,000 and 10,000 vertices respectively). The forward model was then computed using the
symmetric BEM developed in the OpenMEEG freeware, using default values for conductivity
and layer thickness (Gramfort et al., 2010). The locations of the electrodes were individually
co-registered on the head model using the default 10-20 layout electrode location. For each of
the single pulse TMS selected epochs, the source level activation was computed using a
minimum norm imaging linear method with SLORETA as the inverse model. The dipole
orientation of the source model was defined as unconstrained to the cortex surface. Source
orientation was kept orthogonal to the cortical surface and source amplitude was estimated
using the default values of the Brainstorm implementation of the whitened and depth-weighted

linear L2-minimum norm solution.

In order to extract local source activity (LSA) power, ROIs were created on each individual
anatomy using the individual TMS coordinates for V1 and MT (see above, section “Single-
pulse TMS”), covering about 200 vertices of cortical mesh for V1 and 200 for MT. LSA power
was then computed for each cortical target by averaging the absolute, smoothed (using a spatial
smoothing filter with full width at half maximum of 5 mm) and normalized (z-score against
baseline) source activity within its corresponding ROI. Grand average LSA power was finally
calculated for each stimulation site and ccPAS condition by averaging LSA power across

subjects. The focus of the study was on LSA early components (<200ms after the onset).
TMS-EEG Connectivity Analysis

We explored effective connectivity at different frequency ranges using spectral Granger
Causality, which is a metric of directed interareal influence (Friston et al., 2014) in a broader
visual network known to be involved in motion direction discrimination (Pascual-Leone and
Walsh, 2001). Local source activity was extracted from two areas in addition to V1 and MT:
the inferior parietal sulcus (IPS, ~120 vertices) and the Frontal Eye Field (FEF, ~140 vertices),

extracted at the subject level as done for the V1 and MT scouts in the previous paragraph.

Granger causality is a measure of linear dependence, which tests whether the variance of error
for a linear auto-regressive (AR) model estimation of a signal x(t) can be reduced when adding
a linear model estimation of a second signal y(t). If this is true, signal y(t) has a Granger causal
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effect on the first signal x(t), i.e., independent information of the past of y(t) improves the
prediction of x(t) above and beyond the information contained in the past of x(t) alone. The
term independent is emphasized because it creates some interesting properties for Granger
Causality, such as that it is invariant under rescaling of the signals, as well as the addition of a
multiple of x(t) to y(t). The measure of Granger Causality is non-negative, and zero when there
is no Granger causality. According to the original formulation of Granger Causality, the

measure of Granger Causality from y(t) to x(t) is defined as:

_ Var(e,)
R =10 (o)

Which is 0 for Var(e1) = Var(e2) and a non-negative value for Var(e:) > Var(ez). Note that
Var(e1) > Var(ez) always holds, as the model can only improve when adding new information.

Under fairly general conditions, F,_,, can be decomposed by frequency if the two AR models

in time domain are specified as:

14
x(t) = Z [Akxxx(t —k)+ Akxyy(t — k)] + Oxy
k=1
p
YO = Y [,y = 1)+ A,y =] + oy
k=1

In each equation the reduced model can be defined when each signal is an AR model of only

its own past, with error terms oy, and a,,, . We can then define the variance-covariance matrix

of the whole system as:

Dixx ny]
Yyx  Zyy

Where Y., = Var(oy,) , etc. Applying a Fourier transform to these equations, they can be

expressed as:

<Axx (w) Axy (w)> (x(w)) _ (51 (“)))
Ayx (w) Ayy (w) y(w) B &2 (w)

Rewriting this as:
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(x(w)) _ <Hxx((‘)) ny(‘”)) (81(60))
y(w) B ny(w) Hyy(w) 82(0))

Where H(w) is the transfer matrix, the spectral matrix is then defined as:
S(w) = H(w) Z H* ()

Finally, assuming independence of the signals x and y, and }.,, = ., = 0, we can define

the spectral Granger Causality as:

Sxx (W) )

Fyox(w) = ln( Hyse () Yex Hiix (w)

Granger Causality was then computed between the four clusters (V1, MT, IPS and FEF), in a
frequency range of 1-45 Hz and with a definition of 3 Hz, in order to explore the role of
different rhythms in the causal connectivity between brain regions. Note that the use of Granger
causality on source-projected EEG data reduces the problem of signal mixing and volume
conduction, probably because Granger causality reflects causal, i.e. time-delayed, interactions,
and explicitly discards instantaneous interactions resulting from signal mixing (Bastos et al.,
2015; Michalareas et al., 2016; West, 2020).

Magnetic Resonance Imaging recordings

Whole-brain MR imaging was done on a 3-Tesla Siemens scanner available at Fondation
Campus Biotech Genéve (FCBG), Geneva, Switzerland or on the exact same scanner at Hopital
du Valais, Sion, Switzerland. High-resolution anatomical images were acquired for anatomical
references using an MPRAGE inversion time=900ms, voxel size=1 x 1 x 1 mm?3, Task-related
activity was measured with one run of approximatively 700 scans using T2*-weighted blood-
oxygenation level dependent (BOLD) effect, a gradient echo-planar imaging protocol and the
following parameters: echo time (TE)=30ms, repetition time (TR)= 1000ms, flip angle=90,
voxel size=3 x 3 x 2 mm?, field of view =204mm x 204 mm, matrix size=68 x 68 and 37 axial

slices each of 2 mm thickness.

DW-MRI data were acquired using a pulsed gradient spin echo sequence with the following

parameters: TR = 5000 ms; TE = 77 ms; slices = 84; field of view = 234 x 234 mm2; voxel
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resolution = 1.6 x 1.6 x 1.6 mm3; slice thickness of 1.6 mm; readout bandwidth = 1630
Hz/pixels; 64-channel head coil; GRAPPA acceleration factor =3. Seven T2-weighted images
without diffusion weighting (b0; b = 0 s/mmz2) were acquired, including one in opposite phase
encoding direction. A total of 101 images with noncollinear diffusion gradient directions
distributed equidistantly over the half-sphere and covering 5 diffusion-weighting gradient
strengths were obtained (b-values = [300, 700, 1000, 2000, 3000] s/mm2; shell-samples = [3,
7, 16, 29, 46]).

FMRI-based functional connectivity analyses

Data were analysed using the Statistical Parametric Mapping toolbox (SPM12b, Wellcome
Trust Center, London, UK, http://www.fil.ion.ucl.ac.uk/spm), implemented in Matlab 2019b
(The Mathworks Inc., Massachusetts, USA). The preprocessing steps included correction for
field inhomogeneity, slice timing correction, motion correction and unwarping. Then, the
structural image of each patients was co-registered to the mean realigned EPI volume. The co-
registered T1 image was then normalized to the Montreal Neurological Institute (MNI)
reference space using the unified segmentation approach (Ashburner and Friston, 2005). The
resulting deformation parameters were applied to the individual EPI volumes which were then

smoothed using an isotropic 4 mm full-width half-maximum (FWHM) Gaussian kernel.

For all datasets, we modelled a GLM using two regressors based on the patients’s trial by trial
accuracy in line with our staircase procedure (correct (74.63 (+/- 9.6) trials/incorrect (25.99
(+/- 9.7) trials)). Regressors were modelled as series of events (representing individual epochs)
convolved with a canonical hemodynamic reference waveform. Low-frequency confounds
were controlled by high-pass filtering at 1/128 Hz and head-movement estimates derived from
the realignment procedure served as additional covariates of non-interest. Voxel-wise
parameter estimates for all conditions and each covariate resulting from the least mean squares
fit of the model to the data were computed. For the group analysis, left-side lesions were

mirrored to the right hemisphere.

To test the hypothesis that functional coupling between the ipsilesional V1-MT would show
different patterns of whole brain interactions in good and bad responders to ccPAS, we
conducted a Physio-physiological interaction (PhPI) analysis (Di and Biswal 2013). The PhPI

approach (Di and Biswal 2013) applies a linear-regression framework to identify regions in the
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whole brain that are correlated with an interaction between two predefined regions, which
reflects a modulation of connectivity between two regions by a third region (Di and Biswal
2013). To do this, we determined the seed brain regions on the basis of the individual V1 and
MT clusters from the earlier GLM analysis, and the MR signal from each seed region was
extracted as an eigenvariate time series. The extracted MR signal was deconvolved with the
canonical hemodynamic response function (HRF). Then, the neural time series of the two seed
regions were detrended and multiplied (dot product) so that the resulting timeseries represented
the interaction of neural activity between the two seed regions (V1 and MT). Finally, the
interaction time series was convolved with the HRF, representing an interaction variable at the
hemodynamic level (PhPI term). Significant clusters survived false discovery rate FDR

(cluster) corrections at p<0.05.

MRI-based structural connectivity analyses

Structural diffusion images were pre-processed by means of FSL (Jenkinson et al., 2012) and
MRtrix (Tournier et al., 2019) software. A denoising step was firstly applied via the dwidenoise
function (MRtrix), followed by correction of Gibbs ringing artefact via mrdegibbs (MRtrix)
(Veraart et al., 2016). Images were then corrected for motion, susceptibility induced fields,
eddy-current induced distortions, and bias field via the FSL functions topup (Andersson et al.,
2003), eddy_openmp (Andersson and Sotiropoulos, 2016; Smith et al., 2004) and fast (Zhang
et al., 2001). Probability maps for CSF, grey and white matter were estimated from the T1-
weighted image via the fast function (FSL) and then registered to the average b0 image using
ANTSs (Avants et al., 2014). Fibres orientation distribution function was derived at the voxel
level from multi-shell multi-tissue constrained spherical deconvolution and then used to
compute whole-brain probabilistic tractography via second-order integration over fibre
orientation distribution (iFOD2) (Tournier, 2019). The algorithm stopped once 10 million
streamlines were generated. Each streamline was then weighted based on spherical-
deconvolution informed filtering of tractograms (SIFT2, MRtrix) (Smith et al., 2015). To
extract streamlines information between V1, V5 and the thalamus, two main techniques were
used. V1 and V5 were derived from the functional localizer, using the individual thresholded
activation in the ipsi- and contralesional hemisphere. The thalamus was extracted from the
Destrieux atlas parcellation, output of the recon-all function of Freesurfer on the T1-weighted

image (Yendiki et al., 2011). All masks were registered to the average b0 image using ANTS.
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The function tckedit (Tournier et al., 2019) from MRtrix was finally used to extract specific
streamlines passing through either V1 and V5, V1 and the thalamus or V5 and the thalamus.
The sum of the weights or the average FA along these tracts were used as indicators of cross-

sectional area and integrity respectively.

Statistics

NDR thresholds were entered into a mixed ANOVA that included Time (Pre vs Post) and
ccPAS type (Forward versus Backward) as within-subject factor and ccPAS order (first
Forward versus first Backward) as between-subject factor. Post hoc t-tests (Tukey’s corrected
for multiple comparisons) were performed when appropriate and significance was defined for
p values <0.05. A median split was applied to the NDR changes in order to classify patients
into good or bad responders to the condition of interest, i.e., Backward-ccPAS. Significant
differences in LSA curves as well as in connectivity strength/frequency-resolved Granger
Causality were evaluated within-subjects through a non-parametric, cluster-based, permutation
testing, excluding frequency-wise outliers (data > 90 percentile) (Agustin Lage-Castellanos et
al., 2009). Individual MT-to-V1 effective connectivity derived from Granger Causality and the
fractional anisotropy (FA) value in the same tract derived from diffusion weighted imaging
were finally entered into a stepwise regression model to explain the variability in behavioural
changes after Backward-ccPAS (p value for entry: 0.05, for removal: 0.1).

3.4 Results

16 stroke patients participated in this triple-blinded cross-over study (patient, experimenter and
analyser), involving two sessions of 3 hours each, only differing by the type of ccPAS
intervention applied to the participants (Forward-ccPAS, targeting specifically V1-to-MT
connection or Backward-ccPAS, acting reciprocally on the MT-to-V1 connection, Figure
3.1B). EEG signals in response to single pulse TMS over V1 and MT and Task performances
were extracted at baseline and after ccPAS. One participant dropped out after the first session,

resulting in 16 datasets for Forward-ccPAS and 15 datasets for Backward-ccPAS.
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Backward-ccPAS improves motion direction discrimination in the blind
field

The repeated measure ANOVA analysis on the NDR thresholds revealed a significant ccPAS
type by Time interaction (F,13) = 6.7, p = 0.022) (Figure 3.2A). Post hoc comparisons showed
that only Backward ccPAS had a significant Pre/Post difference (Backward: t@s4) = 3.3, p =
0.006, Forward: ti1s) = -0.24, p = 0.81) (Figure 3.2B and 3.2C). There was no main effect of
ccPAS (F1,13y= 3.6, p=0.08), Time (F(1,13y =4.01, p =0.07), or ccPAS order (F(,13) = 6.3x10
4 p=0.98). Importantly, the baseline level was stable as revealed by the absence of difference
between the performances measured the day before and on the actual first day of experiment
(t(15) = -1.54, p = 0.14) (Supplementary Figure S3.1). Additionally, we looked at changes in
reaction times and confidence levels. No significant differences were found between the two

types of ccPAS intervention (Supplementary Figure S3.2).

To understand the neural correlates of Backward-ccPAS induced improvements at the group
level, we explored changes in effective connectivity using spectral Granger Causality, which
reflects frequency-resolved directed interareal influences, focusing on the bi-directional V1-
MT connections after single pulse TMS of V1 and MT (Figure 3.2D, group-level GC results
for Forward-ccPAS can be found in Supplementary Figure S3.3).

Results showed a significant decrease in re-entrant V1-MT effective connectivity in the High
Beta frequency range (27-36 Hz) after MT single pulse stimulation. No significant changes

were observed in connectivity strength with the other stimulated area/direction combinations.
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Fig.3.2: A: Group-level changes in NDR threshold for the two ccPAS conditions (rmANOVA: significant
ccPAS type by Time interaction, F(1,13) = 6.7, p = 0.022); B: Individual subjects changes in NDR
threshold for Forward-ccPAS (Post-hoc Pre vs Post: t(15) = -0.24, p = 0.81).; C: Individual subjects
changes in NDR thresholds for Backward-ccPAS (Post-hoc Pre vs Post: t(14) = 3.3, p = 0.006). D:
Group-level Spectral Granger Causality of MT-to-V1 when TMS was given to V1 (in yellow) or to MT (in
green). Green dotted arrow indicates direction and type of effective connectivity showing significant
changes. Shaded areas indicate periods of significant differences between PRE and POST using non-
parametric, cluster-based, permutation tests (10000 permutations, p<0.05), excluding frequency-wise

outliers (>90™ percentile).

Differences between Good-Responders and Bad-Responders to
Backward-ccPAS

Given the high inter-individual variability in the behavioural responses to Backward-ccPAS
and our strong hypothesis on the involvement of the targeted re-entrant MT-to-V1 inputs, we
conducted some sub-group analyses based on a median split of the changes in NDR thresholds
after Backward-ccPAS. This resulted in 7 “good-responders” and 8 “bad-responders” (Figure
3.3A). We compared the changes in GC of MT-to-V1 and local EEG source activity in response
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to single pulse TMS of the perilesional V1. Additionally, we compared to which extent the V1-
MT pathway was coupled to other brain regions using whole brain fMRI PhysioPhysiological
Interaction (PhPI) analyses as well as the V1-MT pathway’s structural integrity based on DWI
at baseline, in these two sub-groups of patients.

First, the GC results was significantly enhanced in the High Beta frequency range (19-35 Hz)
in good-responders only (frequencywise permutation test, 10000 permutations, p<0.05).
Contrariwise, no significant changes were observed in the bad-responders group (Figure 3.3B,
top left). Additionally, Local Source Activity (LSA) over V1 in response to a TMS single pulse
was significantly inhibited in an early time-window (between 40 and 60 ms) in the bad-
responders group, while a trend for an increase was observed in the good-responders group
(Figure 3.3B, bottom left).

Besides these EEG changes, we aimed to find functional and structural predictors of Backward-
CCPAS effects. Because we expected that the ipsilesional V1-MT pathway would differently
interact with the rest of the brain in good and bad responders, we computed a PhPI analysis on
BOLD data recorded during motion direction discrimination. The results showed that the V1-
MT pathway was significantly co-varying with the bilateral LGN, the ipsilateral medial
superior temporal (MST) area and the ipsilesional superior parietal lobule (SPL) (Figure 3.3B,
top right and Supplementary Table S3.1). In contrast, the pathway appeared to be functionally
disconnected to the rest of the brain in the bad-responders group (Figure 3.3B, top right).

This study deals with lesioned brains in which parts of the tract connecting V1 to MT might
have been damaged by the ictal event. To index structural integrity of the V1-MT pathway, we
computed the mean fractional anisotropy (FA) in the MT-V1 tracts in the lesioned hemisphere.
The results expressed significantly higher Fractional Anisotropy (FA) in good-responders
compared to bad-responders (t@) = 6.16. p < 0.001) (Figure 3.3B, bottom right).
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Fig. 3.3: A: Median split of the pre/post changes in NDR threshold after Backward ccPAS into good-responders
(green) and bad-responders (purple); B: Electrophysiological and neuroimaging characterization of good-
responders (left) and bad-responders (right). Top left: Spectral Granger Causality of MT-to-V1 pathway after
single pulse TMS on V1. The blue/red lines and shaded areas represent the mean and the standard error of the
mean Pre and Post Backward ccPAS, respectively. Red vertically shaded areas indicate periods of significant
differences between PRE and POST using frequencywise non-parametric permutation tests (10000
permutations, p<0.05); top right: PhPI results highlighting brain regions that significantly interact with the V1-
MT functional coupling (p<0.05 with FDR(cluster) corrections); Bottom left: ipsilesional V1 LSA after single
pulse TMS over V1 (pulse at t=0). As above, the blue/red lines and shaded areas represent the mean and the
standard error of the mean Pre and Post Backward ccPAS, respectively. Red vertically shaded areas indicate
periods of significant differences between Pre and Post using timewise non-parametric permutation tests (10000
permutations, p<0.05); Bottom right: Diffusion Weighted Imaging derived mean fractional anisotropy (FA) in

the ipsilesional V1-MT tract and one representative patient.
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Predictors of Backward-ccPAS effects

To understand the weights of each of these variables in the inter-individual variability of the
response to Backward-ccPAS, we conducted a stepwise regression model with the following
predictors which appeared to distinguish bad from good responders: the changes in GC of the
re-entrant MT-to-V1 connection, the changes in local perilesional source activity in response
to TMS and the beta-weights extracted from the PhPI analyses in the ipsilesional LGN.
Additionally, we added the individual V1-MT FA values into the model.

The stepwise regression model was significant (F13) = 11.44, p = 0.002) and explained a
relevant amount of the variance (R?=0.62). The MT-to-V1 GC and the FA were retained as
significant predictors (GC: tu13) = -2.85, p = 0.016, FA: t3) = -3.37, p = 0.006). Importantly,
the two predictors were not correlated with each other (r = 0.15, p = 0.61). Figure 3.4A shows
the partial plots of the linear fit between the GC residuals (left panel) or the FA residuals (right
panel) and the residuals of the changes in NDR thresholds, illustrating the quality of the linear

fit for the two significant predictors.
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Fig.3.4: Stepwise regression A: Partial plots and confidence intervals of the linear fit between the GC
residuals (left panel) or the FA residuals (right panel) against the residuals of the changes in NDR thresholds,
illustrating the quality of the linear regression; B: Illustration of the two predictors of Backward-ccPAS
efficacity. Both functional connectivity changes elicited by single pulse TMS over V1 (represented as changes in
beta band spectral Granger Causality MT-to-V1) and residual structural integrity of the pathway of interest are

able to predict the change in visual motion discrimination performance at the edge of the scotoma.

3.5 Discussion

In the present study, we used a combined MRI, TMS-EEG and behavioural paradigm to
investigate whether the residual re-entrant MT-to-V1 pathway in V1 lesioned patients, can be
purposively modulated to enhance motion discrimination in the border of their visual field.
Additionally, we aimed to test whether residual structural connectivity or functional reactivity
of the task-relevant pathway can accurately predict how much a single patient will benefit from

the cortico-cortical paired associative stimulation (ccPAS) intervention.
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Evidence from macaques and humans has shown that back-projections from extrastriate areas
to V1 are crucial for motion discrimination (Lamme et al., 1998; Pascual-Leone and Walsh,
2001; Silvanto et al., 2005a). In an earlier study, Romei and colleagues (Romei et al., 2016)
applied MT-V1 ccPAS (Backward-ccPAS) in healthy subjects and found improved motion
coherence discrimination, suggesting plastic changes within this pathway. We provided
additional support for this finding, and revealed for the first time, an associated increase in top-
down MT-to-V1 connectivity only after Backward-ccPAS in patients. In this study, we
investigated whether Backward-ccPAS would trigger the same mechanisms in the lesioned
brain of stroke patients, potentially in proportion with the remaining structural fibers. Our
results at the group level suggested that despite the absence of a large portion of V1, Hebbian
rules of plasticity appears to apply in patients, with significant improvements in motion
discrimination. Beyond our current findings on ccPAS in visual motion discrimination, this
technique has demonstrated its potential in other neurological areas. For instance, a study by
(Quartarone et al., 2006) showcased the utility of ccPAS in enhancing motor performance in
healthy individuals, suggesting potential applications in motor rehabilitation. Furthermore, a
study by (Pellicciari et al., 2009) explored the application of ccPAS in cognitive enhancement,
revealing its potential to modulate working memory performance in healthy individuals. Such
researches underscore the broad utility of ccPAS in diverse neurological applications,

extending from motor rehabilitation to cognitive therapy.

Notably, inter-individual variability in the response to Backward-ccPAS was pretty high
compared to healthy participants. To understand the bases of this variability, we compared
spectral Granger Causality connectivity of the targeted pathway (i.e., the re-entrant MT-to-V1
connection) in the group of patients who had the largest improvements at the task after
Backward-ccPAS to the other half-group. While the bad-responders did not show any
significant change in the MT-to-V1 inputs, the responders showed the expected increase in the

re-entrant top-down MT-V1 connections in the beta band.

This enhanced high beta connectivity highlights the potential of this frequency band as a
mediator and biomarker of synaptic plasticity. The beta band's role in cognitive and motor
functions is well-documented, with increases in beta connectivity associated with maintaining
the status quo and in particular feedback sensorimotor processing (Baker, 2007; Engel and
Fries, 2010). Our results suggest that similar mechanisms might be at play within the visual

system, particularly in top-down processing (Buschman and Miller, 2007). Note that the
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Forward-ccPAS condition led to task-irrelevant changes in direct bottom-up tracts that were
also previously reported in healthy participants (Bevilacqua et al., 2023) (see Supplementary
Figure S3.3).

The modulation of beta oscillations in the V1-to-MT pathway is reported being crucial for top-
down control of motion perception. A study of Richter et al. (2018) revealed that top-down
beta-band influences from higher visual areas enhance bottom-up gamma-band processes in
V1, suggesting a mechanism where beta oscillations modulate motion perception through
cross-frequency interaction. Furthermore, beta oscillations in early visual cortex convey
behavioural context, affecting the processing of motion stimuli (Richter et al., 2017). The beta
band's role, particularly its alterations post-ccPAS, is a noteworthy finding given its association
with cortical excitability and functional connectivity in motor (Pineda, 2005) and visual
systems (Siegel et al., 2012). The changes in beta Granger Causality following TMS, therefore,
may reflect a state of heightened readiness in the visual cortex to engage in the processes of

reorganization required for visual field recovery.

Interestingly, in our study on healthy subjects (Bevilacqua et al., 2023), changes were observed
in the alpha frequency band. This shift towards beta in patients can be attributed to the post-
stroke neural dynamics, where functional reorganization in cerebral networks leads to changes
in oscillatory patterns. This reorganization often results in an altered excitatory-inhibitory
balance within neural networks, influencing oscillatory activity in both alpha and beta bands
(Ulanov and Shtyrov, 2022). Beta oscillations in particular have been shown to be significant
in post-stroke functional recovery (Hordacre et al., 2020; Thibaut et al., 2017). Specifically,
Thibaut et al. (2017) found that increased high-beta power in the affected hemisphere correlates
with improved motor performance, suggesting a compensatory mechanism due to the lesion-
induced excitability imbalance. This shift from alpha to beta band in lesioned environments
could signify the brain's adaptive response to injury, emphasizing the role of beta oscillations
as a potential biomarker in chronic stroke recovery (Ulanov and Shtyrov, 2022).

This result suggests that when Backward-ccPAS was efficient in patients, it did induce the
expected neuronal change. As a matter of fact, we found that Backward-ccPAS effects were
predicted by these changes in the re-entrant MT-to-V1 Beta inputs, but also by the residual
structural connectivity between the ipsilesional MT and V1 measured with diffusion-weighted
imaging (DWI1). Fractional anisotropy (FA) within the MT-V1 tract can be seen as a marker of

structural integrity, which is essential for efficient signal transmission and is likely critical for
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the effectiveness of ccPAS (Reijmer et al., 2013). The presence of intact fiber tracts may
facilitate the induction of plastic changes in response to associative stimulation protocols. The
bad-responders had lower FA values in the MT-V1 pathway, which was also functionally
disconnected to the rest of the brain during motion discrimination as shown in the fMRI data.
Conversely, this pathway was coupled to other relevant visual areas in the good-responders
such as the LGN or the MST. Altogether, these results provide strong evidence that Backward-
ccPAS directly recruits the remaining MT-to-V1 synaptic connections in lesioned brains and
that these two measures especially, residual FA and directed connectivity changes could be

used more globally as predictors of efficacy when an intervention targets a specific pathway.

Intriguingly, these two variables were statistically independent. When combined together in
the multiple regression model, they accounted for significantly more variance in behavioural
changes, suggesting that they capture distinct dimensions of the brain's response to injury and
potential for recovery. The fact that some patients successfully enhanced functional
connectivity despite having low fractional anisotropy (FA), while others with high FA did not
show improved functional connectivity, can be explained by the complex coupling between
brain microstructure and functional connectivity. Microstructural alterations do not necessarily
go along with impaired functional connectivity and reciprocally (Preti and VVan De Ville, 2019;
Reijmer et al., 2015). This discrepancy could be due to various factors such as the
compensatory reorganization of neural networks or differences in the integrity of specific other
indirect white matter tracts between the areas (Kim et al., 2023). This suggests that in some
stroke patients, despite compromised structural integrity (low FA), there might be
compensatory mechanisms at play enabling enhanced functional connectivity. Conversely,
patients with relatively preserved structural integrity (high FA) might not exhibit improved
connectivity due to other limiting factors in the brain's adaptive response to injury or recovery
mechanisms. Our results align with the literature emphasizing the interplay, but not exact
coupling between structural integrity and functional connectivity in the context of neural repair
and rehabilitation. For instance, evidence suggests that the presence of certain biomarkers of
white matter integrity can guide the use of non-invasive brain stimulation techniques such as
transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS),
potentially enhancing their efficacy (Buma et al., 2013). However, in our case, a potential
biomarker of structural integrity such as residual FA would not be enough to satisfyingly
predict the outcome of Backward-ccPAS. The dynamic nature of functional connectivity in
response to interventions highlights the relevance of considering both structural and functional
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aspects in a complementary fashion (Figure 3.4C). Previous studies suggest that functional
connectivity may offer insights into the brain's compensatory mechanisms, which can be
leveraged to facilitate recovery (Carter et al., 2010). Here we postulate that both functional and

structural connectivity should be considered to optimally design rehabilitation protocols.

Extrapolating these results to any other pathway-specific plasticity inducing interventions, we
argue that residual FA and connectivity changes could be efficient predictors of intervention’s

outcomes and more generally of stroke recovery.

In conclusion, our study lends substantial support to the adoption of a multimodal index that
synergistically exploit both structural and functional metrics for enhancing the predictive
accuracy of rehabilitation outcomes following Backward ccPAS intervention in stroke patients.
Such innovative approach is directly related to the field of precision medicine (Cramer, 2008),
which aims at tailoring treatments to each individual characteristics in particular, in the field
of post stroke visual recovery (Collins and Varmus, 2015) (Howard and Rowe, 2018). By
establishing a precise neural and behavioural profiling of each individuals, it might be possible

to accurately predict treatment efficacy on an individual basis (Ramsey et al., 2017).

Complementarily, the dynamic nature of brain activity and its modulation by therapeutic
interventions calls for adaptive strategies that can respond to ongoing, real-time changes. This
is where the potential need for a state-dependent EEG ccPAS setup becomes apparent. Parts of
the variability we measured in response to Backward-ccPAS might not only come from the
residual white matter tracts or from the capacity to modulate effective connectivity, but also on
the trial-by-trial difference in brain state surrounding ccPAS paired pulses. State-dependent
systems are designed to adjust the stimulation parameters (onsets, intensities, location, etc...)
automatically in response to EEG signals, thereby providing an individualized therapeutic
experience (Bauer et al., 2015; Karabanov et al., 2016). One parameter that can be modulated
without disturbing timings for STDP induction is the repetition rate of the pairs of TMS pulses,
which are classically repeated at 0.1 Hz in a rigid manner. For instance, based on the pulsed
alpha inhibition theory (Jensen et al., 2010), MT-to-V1 ccPAS effects could be strengthened
by triggering each paired pulse stimulation at the optimal phase of the on-going alpha activity.

In conclusion, this study provides encouraging results, showing that STDP can be triggered in
lesioned visual systems and can result in behaviourally relevant effects, in proportion to

enhanced functional connectivity and residual structural integrity of the pathway. To validate
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the prognostic values of these results, future research must longitudinally assess these
multimodal indexes in various cohorts and different stages of stroke recovery. The possibility
to apply such markers for state-dependent ccPAS in clinical settings on a much larger and
heterogenous cohort will also necessitate thorough examination (Di Lazzaro et al., 2018).
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3.6 Supplementary Materials

Regions | F values Z max Cluster extent MNI coordinates
(x;y;z)
R Lateral Geniculate Nucleus 13.4 3.35 31 4;-76;-3
L Lateral Geniculate Nucleus 12.7 3.26 19 3;46;3
R Superior Parietal Lobe 11.7 3.39 17 -29;46;28

R Medial Superior Temporal

R Primary Visual Cortex

Supplementary Table S3.1: Significant clusters in the PhPI analyses with the V1-MT pathway as seed

Supplementary Figure S3.1: Baseline stability of motion discrimination
performance
At the group level, no difference was observed between the performances measured on the day

before and on the actual first day of experiment (tus) = -1.54, p = 0.14), ensuring stable

performance at baseline.
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Supplementary Figure S3.1: A paired t-test revealed no significant difference between NDR thresholds
measured the day before the first session of the experiment and the first “Pre” ccPAS measurement (t(15) = -
1.54, p =0.14).
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Supplementary Figure S3.2: Motion awareness and reaction time

For exploratory purposes, we inspected potential changes in motion awareness and in reaction
times. Supplementary Figure 3.2A shows the group distribution of the Pre/Post difference in
motion awareness for the trials correct trials only, for the two ccPAS conditions. The
rmANOVA did not show any significant main effects or interaction (Time effect: F(1,8) = 1.8,
p = 0.21; ccPAS effect: F(1,8) = 0.07, p = 0.8; Time by ccPAS interaction: F(1,8) = 3.3, p =
0.1). Supplementary Figure 3.2B reports the group distribution of the Pre/Post difference in
response times for the correct trials of the two ccPAS conditions. While we observe a general
Time effect (F(1,8) = 12.7, p = 0.007), no significant ccPAS type by Time interaction was
found (F(1,8) = 0.48, p = 0.51).
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Supplementary Figure S3.2: A: Distribution of the Pre/Post difference in motion awareness for the

correct trials; B: Distribution of the Pre/Post difference in reaction time for the correct trials.

Supplementary Figure S3.3: Changes in effective connectivity for Forward
CCPAS

Granger Causality analysis at Forward ccPAS group level showed a task-irrelevant
significant increase of direct V1-to-MT effective connectivity in the Alpha/Beta

frequency range (7-21 Hz) after V1 single pulse stimulation, an a increase of direct MT-
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to-V1 effective connectivity in the High Beta frequency band (27-35 Hz) after MT single

pulse stimulation. No significant changes were observed elsewhere.

Forward ccPAS
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Supplementary Figure S3.3: Forward ccPAS group-level Spectral Granger Causality of V1-MT network
when TMS was given to V1 (in yellow) or to MT (in green). On the left, the significant frequency band for
the 2 pathways that showed a significant change in any configuration: significant increase in the
alfa/beta (7-21 Hz) band in V1-to-MT after V1 was stimulated with single pulse TMS, significant increase
in high beta (27-35 Hz) in MT-to-V1after MT was stimulated with single pulse TMS. Shaded areas
indicate periods of significant differences between PRE and POST using non-parametric, cluster-based,

permutation tests (10000 permutations, p<0.05), excluding frequency-wise outliers (=90 percentile).
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Keywords: cross-frequency interactions; phase-amplitude coupling; bifocal transcranial

alternating current stimulation; motion direction discrimination; visual stroke.

Highlights:

e Single session bifocal Forward-tACS (V1a-MTy) increases bottom-up information
flow in intact and lesioned brains

e These changes in inter-areal coupling did not translate into meaningful behavioral
improvement after one session

e The opposite Backward-tACS condition (V1y-MTa) slightly decreased early bottom-

up connectivity in patients while not producing any effect in healthy participants

88



4.1 Abstract

Objective: This study investigates the impact of single-session, cross-frequency (Alpha-
Gamma) bifocal transcranial alternating current stimulation (cf-tACS) to the cortical visual
motion network on inter-areal coupling between the primary visual cortex (V1) and the medio-

temporal area (MT) and on motion direction discrimination.

Methods: Based on the well-established phase-amplitude coupling (PAC) mechanism driving
information processing in the visual system, we designed a novel directionally-tuned cf-tACS
protocol. Directionality of information flow was inferred from the area receiving low-
frequency tACS (e.g., V1) projecting onto the area receiving high-frequency tACS (e.g., MT),
in this case, promoting bottom-up information flow (Forward-tACS). The control condition
promoted the opposite top-down connection (from MT to V1, called Backward-tACS), both
compared to a Sham-tACS condition. Task performance and EEG activity were recorded from
45 young healthy subjects. An additional cohort of 16 stroke patients with occipital lesions and
impairing visual processing was measured to assess the influence of a V1 lesion on the

modulation of V1-MT coupling.

Results: The results indicate that Forward cf-tACS successfully modulated bottom-up PAC
(V1 o-phase-MT y-amplitude) in both cohorts, while producing opposite effects on the reverse MT-
to-V1 connection. Backward-tACS did not change V1-MT PAC in either direction in healthy
participants but induced a slight decrease in bottom-up PAC in stroke patients. However, these
changes in inter-areal coupling did not translate into cf-tACS-specific behavioural

improvements.

Conclusions: Single session cf-tACS can alter inter-areal coupling in intact and lesioned brains
but is probably not enough to induce longer-lasting behavioural effects in these cohorts. This
might suggest that a longer daily-based visual training protocol paired with tACS is needed in
order to unveil the relationship between externally applied oscillatory activity and

behaviourally relevant brain processing.
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4.2 Introduction

Neural oscillations have been shown to play an essential role in orchestrating communication
within and across brain regions. Central to this concept is the interaction between distinct neural
oscillations, with a particular focus on the dynamic coupling between the phase of low-
frequency oscillations and the amplitude of high-frequency oscillations, known as phase-
amplitude coupling (PAC) (Bonnefond and Jensen, 2015; Seymour et al., 2017). This
phenomenon is especially evident in the synchronization of alpha (8-13 Hz) and gamma (>40
Hz) oscillations, which has been consistently observed in both human and animal studies
(Spaak et al., 2012; van Kerkoerle et al., 2014; von Stein and Sarnthein, 2000; Voytek et al.,
2010). This coupling is crucial for facilitating effective neural processing and has important
implications for understanding brain motor, sensory, and cognitive function and dysfunction,

particularly in stroke patients (Helfrich et al., 2014; Pichiorri et al., 2018).

In the visual system, these oscillatory interactions are fundamental for communication between
the primary visual cortex (V1) and the medio-temporal area (MT), encoding motion
discrimination (Chey et al., 1998). In this framework, alpha phase has been shown to be critical
for motion perception, serving as a temporal reference for encoding features (Han et al., 2023;
He et al., 2023; Salamanca-Giron et al., 2021; Varela et al., 1981; Varela et al., 2001). This
influence, initially observed locally, has also been identified in broader cortical visual networks
(Palva et al., 2010). Animal and human studies have shown that V1 and MT areas are co-
activated in a complementary manner, with phase synchronization at lower frequencies
temporally driving high-frequency activities (Blakemore and Campbell, 1969; Lamme and
Roelfsema, 2000; Newsome and Pare, 1988; Simoncelli and Heeger, 1998). Phase
synchronization over long distances underlies inter-areal communication and importantly,
modulates the flow of information processing to adjust to cognitive demands. In support of
this, phase coherence between different brain areas has been linked to a variety of cognitive
and behavioral functions (e.g.,Buschman and Miller, 2007; Colgin et al., 2009; Fries, 2015;
Grothe et al., 2012; Salazar et al., 2012). For example, the enhancement of alpha band
occipitotemporal coherence improved performance in tasks that require visuotactile integration
(Hummel and Gerloff, 2005), the high-alpha band phase synchronization in frontal, parietal,
and occipital cortices decreased reaction times in a stimulus discrimination task (Lobier et al.,
2018), and the theta coupling between frontal and parietal areas induced faster reaction times

during a visual memory matching task (Polania et al., 2012)
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Stroke often disrupts neural pathways, leading to large-scale deficits, for instance, impairing
processing of motion information (Guggisberg et al., 2019; Raffin et al., 2020; Rowe et al.,
2022). To regain lost brain functions, it is important to develop rehabilitation strategies that
restore disconnected inter-areal patterns of communication. Transcranial alternating current
stimulation (tACS) emerges as a promising tool in this context. By emitting low-power
sinusoidal currents at specific frequencies, tACS can mimic natural brain oscillatory activities,
offering a non-invasive method to study and potentially modulate these visual neural processes
not only in healthy subjects (He et al., 2023; Salamanca-Giron et al., 2021; Singer, 2018; Thut
et al., 2011) but also in stroke patients, presenting a disrupted visual discrimination network.
The application of monofocal tACS at alpha or gamma frequencies has shown promise in
modulating spatial and motion perception, which are often impaired in stroke patients (He et
al., 2023; Helfrich et al., 2014; Kar and Krekelberg, 2014). However, bifocal stimulation has
been shown to be an effective tool to increase long-range cortico-cortical connectivity
(Vosskuhl et al., 2018), in particular in the context of long-distance cross-frequency
interactions in the visual system. Such bifocal modulation has the potential to re-establish
effective communication and cross-frequency communication flow between V1 and MT, thus

facilitating the recovery of visual functions.

To probe the optimal directionality of rhythmic neural transmission between V1 and MT in
optimally functioning brains, we first compared two versions of the bifocal cross-frequency
transcranial alternating current stimulation (cf-tACS) protocol in a cohort of young healthy
participants undertaking a motion coherence discrimination task. One cf-tACS condition
consisted in promoting bottom-up direction of information flow by injecting synchronized V1-
alpha signals onto MT-gamma signals. This assumes that low-frequency neural populations
project into high frequency populations (Jacques et al., 2022). The other cf-tACS condition
rather promoted top-down direction of information flow by injecting synchronized MT-alpha
signals onto V1-gamma signals. These two experimental cf-tACS conditions were compared
to Sham tACS in another sample of healthy participants.

Furthermore, to assess the neurorehabilitation potential of this approach, we applied these two
experimental cf-tACS conditions in a cross-over design, to visual stroke survivors, in whom
the bottom-up information flow is necessarily impaired by the lesion involving V1. To
summarize, each healthy participant received a single session of sustained electrical flow of

personalized alpha and gamma rhythms in one of the two distinct conditions (i.e., Forward cf-
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tACS, V1a-MTy vs. Backward cf-tACS, V1y-MTa) or sham stimulation to the V1-MT
network. Stroke patients received the two single session conditions (i.e., Forward cf-tACS,
V1a-MTy vs. Backward cf-tACS, V1y-MTa) in a random order, separated by at least one
month. Motion discrimination performances and EEG-based V1-MT phase-amplitude
coupling (PAC) changes before and after the tACS protocols were compared as a measure of
long-distance, cross-frequency neuronal communication. We expected that both active tACS
conditions would modulate phase-amplitude coupling in a direction-dependent manner, but
that strengthening feedforward information flow from the residual V1 neurons to the higher-
level MT area in patients, would more efficiently modulate inter-areal communication and
improve motion discrimination. This study can provide a proof of concept that endogenous
frequencies can be re-orchestrated through directionally-tuned bifocal cf-tACS over V1 and
MT. Furthermore, it might shed light on the oscillatory dynamics underlying visual motion
discrimination, highlight potential differences between integer and lesioned brain networks,
and finally potentially pave the way towards new interventional strategies to enhance motion
discrimination abilities in healthy individuals or boost motion discrimination recovery in

patients.
4.3 Methods

Participants

Sixteen stroke patients were enrolled at least one week after stroke-induced occipital damage
(verified using structural MRIs), with reliable 24-2 Humphrey Visual Field (HVF) perimetry
(<20% fixation losses, false-positive and false-negative errors) in both eyes and ability to fixate
precisely (error smaller than +1 degree relative to fixation spot) during psychophysical testing.
Mean time since stroke was 12.5 months (range: 1-60 months). Exclusion criteria were
unreliable HVFs, neglect, neurologic disease unrelated to occipital stroke, use of neuroactive
drugs, and any contra-indication to MRI or Non-Invasive Brain Stimulation. Seven patients
had left-sided homonymous visual field loss and nine right-sided homonymous visual field
loss. Mean (SD) age was 59.93 (11.2) years, range (34—74); 18.75% were female, 81.25% male;
twelve patients had a homonymous hemianopia and four had homonymous quadranopia. In all
patients but one, an etiology of brain injury, as verified by cranial CT and/or MRI, was an
infarction in the territory of the posterior cerebral artery causing a lesion to the occipital cortex;

one patient had a carotid artery rupture. None of the patients had received any treatment for
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their visual field defect. All patients were native French speakers except one German patient
and had at least 5 years of education (see Table 4.1 for patients’ characteristics and

demographics).

TIME
AGE LESION  SINCE
ID SEX LESION MMSE
(years) SIDE  STROKE
(months)

P101 34 f cort left 12 27

P102 62 m cort right 12 28

P103 74 m cort left 60 25

P104 62 m cort right 12 27
cort +

P105 66 m right 30 27
subcort

P106 68 m cort right 8 29

P107 53 m cort left 2 30
cort +

P201 69 m left 28 25
subcort

P202 40 f cort left 11 28

P203 59 m cort right 4 28

P204 63 m cort right 4 29

P205 51 m cort left 3 30

P206 56 m cort right 11 30

A201 55 m cort right 1 29

A203 66 m cort left 15 29

Table 4.1. Patients’ characteristics and demographics

Additionally, a total of 45 young healthy participants took part in the study (18 to 40 years old,
25 females), all right-handed with normal or corrected to normal vision. None of them reported
cognitive or neurological dysfunction. Written informed consent was obtained from all
participants and the study was approved by the local Swiss Ethics Committee (2017-01761)

and performed within of the guidelines of the Declaration of Helsinki.

Study design

Patients were randomly allocated into one of the two treatment groups. Group A (n = 8) first
received Forward tACS (V1a-MTy) followed by Backward tACS (V1y-MTa). Group B (n=28)
did the opposite and received Backward tACS first, followed by Forward tACS in a cross-over
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design. The two blocks were performed at least one month apart in order to avoid carry-over
effects. Each block started with a familiarization phase, composed of 150 practice trials,
followed by the actual experiment. During the familiarization phase, we ensured that the
subject understood the visual discrimination task and reached stable performance. After EEG
acquisition was prepared, a baseline block (“Pre”), which consisted of a task-related EEG
recording without tACS was started. After a few minutes of rest, electrodes were placed over
the occipital and temporal cortex, and electrical stimulation was started, remaining on for the
entire duration of the block (i.e., approximately 15 minutes for healthy and 25 for patients).
Thereafter, the stimulation electrodes were removed and after a few minutes of rest, a post
stimulation evaluation (“Post”: 10 min after stimulation) was measured using the same task-
related EEG setup, without concurring tACS (Figure 4.1A).

Because of the relative ease of recruitment compared to patients, a parallel design was preferred
for the healthy cohort, to avoid carry-over effects in this population. They were randomly and
evenly (n= 15, n = 15) allocated into one of the experimental tACS conditions described for
stroke patients. In addition, results were compared to an additional group on which Sham tACS
(n = 15) was applied. Data from the Sham group are already published but were acquired
concurrently to the other tACS conditions and in the exact conditions (Salamanca-Giron et al.,
2021). The Sham stimulation corresponded to a ramp up and ramp down stimulation lasting in

total the equivalent of an individualized Alpha cycle.

This study belongs to a registered trial (ClinicalTrials.gov: NCT05220449). The study was
approved by the local Swiss Ethics Committee (2017-01761) and performed within of the

guidelines of the Declaration of Helsinki.
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Figure 4.1. A. Study design consisting of 5 blocks, with approximate duration of each block and waiting time
between tACS and POST session. B. Experimental setup showing the EEG headset and the montage for
performing the visual task C. Scheme representing the location of the concentric tACS electrodes over PO8 and

02 and an indication of the way the motion takes places in the task.
tACS Intervention

Electrodes design and electrical stimulation devices: Two customized center-surround
electrodes (outer and inner diameters: 5 and 1.5 cm respectively) were connected to two
Neuroconn DC Plus stimulators (Neurocare, Germany), which are triggered repetitively and at

the same time to ensure no time lag between the two signals.

Electrodes placement: The International 10/20 system was used for the location of V1 (O2 or
O1 for the left or right hemisphere respectively) and MT (PO8 or PO7 for the right and left
hemisphere respectively) on the lesioned hemisphere. On healthy participants, always the right
side (O2 for V1 and PO8 for MT) was considered.

tACS Intensity: A constant current intensity of 3 mA was applied in both stimulators creating

a current density of 0.18 mA/cm2.

Frequencies: A priori defined individual o [8-12 Hz] and y [30-45 Hz] peak frequencies were
used to apply tACS. The peak frequencies were extracted from a 5 minutes-resting state EEG

prior the intervention.
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Stimulation duration: Each tACS session lasted approximately 15 minutes for healthy
participants and 25 minutes for patients depending on the individual time to complete the
training session, including 150 trials for healthy and 255 trials for patients. The inter-individual
variability in the stimulation duration is explained by the fact that participants were told to be

as accurate as possible without having any time pressure to complete the task.

Direction discrimination and integration task:

While undergoing tACS, participants engaged in a task designed for coarse direction
discrimination and integration (CDDI), where they observed a random dot stimulus. This
stimulus, lasting for 500 milliseconds, was displayed within a circular aperture with a 5°
diameter on a computer screen (resolution: 1024 x 768 Hz, frame rate: 144 Hz) as shown in
Figure 4.1C. The visual presented black dots moving against a mid-grey backdrop. These dots
had a lifespan of 250 milliseconds, travelled at a speed of 5 degrees per second, and were spread
at a density of 3.5 dots per square degree. The overall motion of the dots was uniformly
distributed around either leftward or rightward vectors, creating a range of motion directions
(Das et al., 2014; Huxlin et al., 2009a; Salamanca-Giron et al., 2021). Participants were
required to identify and report the predominant direction of the dots' movement, either leftward
or rightward. To modulate the challenge of the task, a 3:1 staircase method was employed,
which varied the range of dot directions from 0° to 360° in increments of 40°.

For the stroke patients participants, the visual stimulus location was individually defined as
followed: after Humphrey perimetry, each subject would undergo an extensive psychophysical
mapping of the blind field border as previously described (Das et al., 2014; Huxlin et al.,
2009a).

All experiments took place inside the same, shielded Faraday cage designed for EEG
recordings, and under the same light conditions. Participants’ heads were placed over a chin-
rest at a distance of 60 cm from the presentation screen, assuring a fixed position across all
trials. The task ran on a Windows OS machine, based on a custom Matlab (The MathWorks
Inc., USA) script, using the Psychophysics Toolbox. Gaze and pupils’ movements were
controlled in real time with an EyeLink 1000 Plus Eye Tracking System (SR Research Ltd.,
Canada) sampling at a frequency of 1000 Hz. The task required the subject to fixate a target at

the center of the screen for every trial, with a maximal tolerance for eye deviation from this

96



fixation target of about 1°. If the participant broke fixation during stimulus presentation, the
moving stimulus froze and then disappeared; the trial was discarded, and an auditory tone (at
400 Hz) was presented. Once the participant repositioned their gaze correctly, a novel trial was

started.

Direction range threshold:

The performance at the task was fitted using a Weibull psychometric function on single trial
data with a threshold criterion of 72% correct to calculate direction range thresholds (where
percent correct = 1-(1-chance) * exp(-(k*x/threshold) slope ), and k = (-196 log((1-0.72)/(1-
chance))) (t/stope),

These direction range thresholds were then normalized to the maximum range of directions in
which dots could move (360°) and expressed as a percentage using the following formula:
Normalized Direction Range (NDR) threshold (%) = [360° — direction range threshold] /
360° x 100. For ease of analysis, when participants performed at chance (50—-60% correct for a
given session), the CDDI threshold was set to 100%. Thus, a lower score stands for better

performance.

EEG recording and analyses

Resting-state EEG and task-EEG activity (using the CDDI task) was recorded using a 64
channels active system (BrainAmp DC amplifiers and BrainCap EEG cap, Brain Products
GmbH, Germany) for stroke patients and using a passive system with 64 electrodes (Brain

Products GMBH, Germany) for healthy participants.

The EEG cap set up was done following the 10-20 standard system. Electrode impedances were
adjusted and kept under 10 kOhms using conduction gel. The impedance levels were checked
throughout the experiment and corrected if needed during breaks between conditions. The
signal was recorded using DC mode, filtered at 500 Hz anti-aliasing low-pass filter, and
digitalized at 5 kHz sampling frequency. During the experiment, the ground electrode was in

Fpz, and the reference electrodes in Cz.
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All preprocessing of EEG data was performed on periods without tACS (at Baseline and TP10)
using MNE-Python (Gramfort et al., 2013), MATLAB, with the EEGLAB toolbox (Delorme
and Makeig, 2004) and customized MATLAB scripts.

For the healthy participants preprocessing, data were re-referenced to the average of signals,
filtered through a Finite Response Filter of order 1, between 0.5 and 45 Hz, epoched in 3 s
blocks, corresponding to —1.5 s before and +1.5 s after the stimulus onset. Every epoch
corresponded to the time interval of a trial from the behavioral task. They were visually
inspected to clear up noisy channels or unreadable trials. Bad channels were interpolated, and
data was re-sampled to 250 Hz. Independent component analysis was used to remove

physiological artifacts (i.e., eyeblinks, muscle torches).

The preprocessing of stroke patients’ EEG datasets went through an equivalent pipeline: data
were re-referenced to the average of all channels, band-passed filtered between 1 Hz and 80
Hz, notch filtered between 48 and 52 Hz, and divided in epochs of 1.5 s length [-0.5 1 s] around
the trial stimulus onset. Visual inspection was used to remove explicit artifacts among channels
and trials, followed by the reconstruction of dropped channels and epochs. Ultimately, an
Independent Component Analysis was applied to down-sample data (1000 Hz) to remove
electrophysiological interferences, such as eyeblinks or muscle artifacts. For both healthy
participants and stroke patients, Brainstorm software (Tadel et al., 2011) together with
OpenMEEG BEM plugins were used to perform source level reconstruction of EEG data. For
stroke patients, first the individual cortex and head mesh (15,000 and 10,000 vertices
respectively), based on previously acquired T1 MRI scan, were generated using the automated
MRI segmentation routine of FreeSurfer (Fischl, 2012). For healthy participants, instead, a
default head model (ICBM152), with cortex and head meshes (15,000 and 10,000 vertices

respectively), was assigned to each individual.

For both populations, the forward model was then computed using the symmetric Boundary
Element Method developed in the open OpenMEEG freeware, using default values for
conductivity and layer thickness (Gramfort et al., 2010). The covariance noise matrix was
computed from the concatenated epoch’s baselines, e. g. the recorded activity before the onset
of each trial [-0.5 -0.005 s]. Source level activation was computed using a minimum norm
imaging linear method with SLORETA as the inverse model. The dipole orientation of the
source model was defined as unconstrained to the cortex surface. Source orientation was kept

orthogonal to the cortical surface and source amplitude was estimated using the default values
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of the Brainstorm implementation of the whitened and depth-weighted linear L2-minimum
norm solution. All metrics involving a frequency domain decomposition were calculated
through Morlet wavelets between 2 and 60 Hz. The source points belonging to specific areas
of interest (i.e. V1, MT), were defined manually and ipsilesionally for each stroke patient
according to the fMRI localizer recordings performed before the EEG acquisitions (for V1
were 1619, -86+8, -5+22 and for MT were 6619, -55+9, -7+£17 -coordinates X, y z, MNI space),
covering about 200 vertices of cortical mesh for V1 and 200 for MT. For healthy subjects,
default ROIs were manually commonly defined on the right hemisphere according to brain
atlas (V1: 14.7, -103, -2; MT: 49.3, -74.5, 14.9 - X, y z coordinates in MNI space), covering the

same number of vertices as the patients’ ones.
In more details, Phase Amplitude coupling (PAC) (Canolty et al., 2006) was obtained through:
PAC = n—1nYt=1at (f) - eift v

Where a corresponds to the amplitude of the instant t among n intervals multiplied by the
imaginary component of the phase angle 6. Cross-frequency interactions were computed from
the EEG data recorded before and after tACS in phase-amplitude coupling of a-Y between V1
and MT. From a signal processing point of view, directionality arises from the fact that the low
frequency Alpha wave that holds the information, must travel and be imposed over the
amplitude of the local, high frequency Gamma that turns into the carrier wave (Roder, 1931).

Statistical analyses

To compare the EEG metrics (Phase-Amplitude Coupling and Time-Frequency values) before
and after the interventions, we used cluster-based time-wise (in the case of PAC, referring to
the maximal PAC for each specific phase and frequency value considered) and time and
frequency-wise (in the case of Time-Frequency) non-parametric permutation tests (Alejandro
Lage-Castellanos et al., 2009).

To evaluate differences in threshold performance for the CDDI task between interventions and
across timepoints (“Pre” — before stimulation, “tACS” — during stimulation, and “Post” — 10
minutes after the intervention), two different Repeated Measures ANOVAs models, one for
patients and one for healthy participants, were performed. Timepoint and condition

(stimulation type) were considered as parameters for the healthy participants’ model, while
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timepoint, condition and order, due to the within-subject nature of the paradigm, were
considered as parameters for the stroke patients” model. A probability of type I error of P < 0.05
was considered statistically significant.

4.4 Results

Changes in PAC in Healthy participants

Electrophysiological analysis on healthy participants (Figure 4.2) revealed an early increase in
V1 ophase-MT y-amp. PAC between 100-150 ms post stimulus onset for Forward-tACS. The
reversed direction, V1 y.amp-MT aphase PAC showed two late time windows of significant
decrease around 300 ms and 400 ms post stimulus onset. None of the two PAC was significant
for Backward-tACS nor for the Sham condition (Figure 4.2).
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Changes in PAC in stroke patients

As done in the previous paragraph for healthy participants, we compared the maximal PAC
values in the time domain during motion processing before and after Forward-tACS and
Backward-tACS (Figure 4.3 upper panels, the associated comodulograms are provided on the
bottom panels).

Similar to the healthy cohort, this analysis revealed an early increase in V1 o-phase-MT y-amp.
PAC around 100ms post stimulus onset for Forward-tACS. This was followed by a significant
decrease around 250 ms and 350 ms post stimulus onset. The reversed direction, V1 y.amp-MT
a-phase PAC, showed in this case a very early increase of coupling strength (40-70 ms post
stimulus onset). For what concerns Backward-tACS condition, contrariwise to what observed
in healthy participants, V1 o.phase-MT y-amp. PAC revealed an opposite behavior in the early
moments after the trial stimulus onset compared to the Forward tACS condition, showing a
decrease at around 100 ms after the stimulus onset. The reversed direction showed no changes

in this condition.
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Changes in motion discrimination

Figure 4.4 shows the baseline corrected NDR values across timepoints relative to the

healthy participants (left panel) and the stroke patients (right panel). The mixed model ANOVA
showed a main effect of Time (F(224)=10.958, p<0.001), but no tACS condition effect
(F(2,24)=2.694, p=0.088) nor Time by tACS condition interaction (F(448)=1.314, p=0.278).
Baseline values were not different in the three healthy groups (V1a-MTY vs V1Y-MTa: t =
1.475,p=0.160, p cor = 1.0, V1a-MTY vs Sham: t =1.225, p=0.232, p cor=1.0, V1Y-MTa
vs Sham: t = -0.057, p = 0.954, p cor = 1.0). For the stroke cohort, the repeated measures
ANOVA showed no main effect of Time (F(230)=1.11, p=0.34), nor tACS condition effect
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(F(1,15)=2.9e-4, p=0.98) or Time by tACS condition interaction (F(2,30)=0.415, p=0.66). Again,

baseline performance was similar (t(15) = 1.67, p = 0.12).
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4.5 Discussion

The current study examined the effects of bifocal cross frequency (i.e., V1a-MTY vs. V1Y-
MTa) single session tACS applied to two different cohorts, young healthy (compared to a
Sham-tACScondition) and occipital stroke patients, undertaking a visual motion discrimination
and integration task. Our primary objective focused on the possibility to alter inter-areal cross-
frequency coupling between V1 and MT 10 minutes after the stimulation period, in the two
different cohorts. The oscillatory activity along the V1-MT pathway at the source level was
analysed through phase-amplitude coupling (PAC). A second objective was to gather
information about potential similarities or differences in oscillatory re-orchestration in healthy
optimally functioning visual networks versus networks disrupted by a lesion affecting V1.
Finally, we aimed to determine if any of these exogenous non-invasive modulations of neural
oscillatory activity could affect behavioral performance at a motion coherence discrimination

visual task.

The main results were threefold: 1) a single session of bifocal cross-frequency Forward tACS
(V1a-MTY) proved to have the potential to modulate inter-areal synchronization both in
healthy and in stroke patients; 2) Forward tACS seemed to increase bottom-up PAC (i.e., V1
a-phase-MT y-amp.) in early latencies in both patients and healthy participants, which cannot be
sustained in patients, with a significant decrease in the late time window of motion processing.
In parallel, healthy participants show an associated decrease in the opposite direction (top-
down MT-to-V1 pathway) while patients show a non-specific increase in the top-down
connectivity as well; 3) the induced electrophysiological changes did not translate into a

significant group-level behavioural difference in any of the cohorts.

Our data show an early increase in bottom-up V1 dphase-MT y-amp. coupling induced by
Forward-tACS, occurring about 100ms post stimulus appearance. This timing corresponds to
the first feedforward inputs reaching V1, suggesting that in both cohorts, the early feedforward
synchronization to MT got promoted by the intervention. The same communication channel in
patients became significantly down-regulated in the second half of motion processing. This can
be due to several reasons, including, the incapacity of the residual V1 neurons to sustain such
enhanced processing. It can also be explained by an over-exaggerated homeostatic response of
these same residual V1 neurons, probably functioning sub-optimally, in the aim of preventing

the lesioned system to saturate (Chacko et al., 2018).
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In addition, the opposite direction of PAC, MT a-phase-V1 y-amp, Was associated with a decrease
in the late latencies for the healthy cohort. This finding could reflect an optimal visual
processing from an intact visual system, where phasic late decoupling in the information
flowing through the feedback pathway allows other functional feedback pathways to
synchronize. Patients instead, showed a non-direction specific effect as seen in the early
increase in the opposite direction. This opposite effect could represent an initial plastic
functional reorganization of the perilesional areas, in which, in absence of optimally functional
feedforward connectivity, spared higher order visual area initially drive the information flow
through the feedback pathway. Of note, Backward-tACS and Sham tACS in healthy
participants did not result in any change in PAC. In contrast, Backward-tACS led to a brief
decrease in bottom-up V1 a-phase-MT y-amp. coupling around 100ms post stimulus.

Although slightly different between the two groups, these results overall suggest that bifocal
cf-tACS applied to the cortical motion discrimination pathway can modulate inter-areal
communication. Several human, animal and computational modeling studies have reported the
causal relation between alpha-modulated gamma oscillations and the probability of neurons to
respond to specific stimuli, not only in the visual domain (Bahramisharif et al., 2013;
Bonnefond and Jensen, 2015; Osipova et al., 2008; Palva et al., 2011; van Kerkoerle et al.,
2014) but also in perception and sensory processing network (Palva and Palva, 2011, 2007;
Siebenhiihner et al., 2016) and in the language network (Wang et al., 2012).

The general mechanism underlying inter-areal alpha-gamma coupling in a network as a way to
synchronize selective neural activity and prioritize information gating has been well
conceptualized by Bonnefond et al. (2017). According to this concept, when neurons from
different nodes of the same network are engaged in information transfer, they exhibit
synchronized oscillation in the alpha frequency band, accompanied by a reduction in alpha
power. This reduction in alpha power leads to extended periods of neuronal excitability within
each cycle, increasing the duty-cycles (Jensen and Mazaheri, 2010). This corresponds to the
time window in which gamma activity of the nodes can synchronize to increase information
exchange (Gielen et al., 2010). Specifically, gamma oscillations will be integrated within these
alpha oscillations, meaning they will primarily occur during the alpha oscillations' excitability
phase, the cycle’s through. Since the excitability phases of the alpha oscillations are
synchronized, gamma activity originating in one node can significantly influence neuronal

activity in remote nodes. The rapid activity coupling is expected to profoundly affect the
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receiver region’s activity due to the synaptic accumulation within the gamma cycle's timeframe
(Salinas and Sejnowski, 2001).

According to this concept, the magnitude of the interplay between the alpha oscillation phase
and the intensity of gamma oscillations, measured in our study through inter-areal alpha-
gamma PAC, could represent the temporal synchronization of information transfer across V1
and MT and by consequence reflect the network’s potential to enhance visual motion
discrimination ability. However, our findings showed that the causal manipulation of phase
synchrony between V1 and MT reported above, did not translate into significant group-level
difference between tACS conditions. While healthy participants showed a significant
improvement with task repetition, it was regardless of the tACS condition. In contrast, there
was no significant effect of time nor tACS condition in the patients’ group. In patients, the
absence of overall improvement after a few task repetitions only has been reported elsewhere
(Herpich et al., 2019; Huxlin et al., 2009b). It could be due to stroke-related or age-related
impaired visual processing. Furthermore, visual re-learning studies suggest that patients might
require several dozens of practice sessions before showing some improvements in motion
direction discrimination in their blind field (Cavanaugh et al., 2017; Huxlin et al., 2009b). A
protocol involving multiple sessions of cf-tACS paired with motion discrimination visual
training over weeks/months might be needed in order to observe relevant improvement at the

behavioural level.

Finally, the absence of difference between tACS conditions in the two cohorts might point
towards more complex relationships between externally applied oscillatory activity and its
interaction with behaviorally relevant brain processing. One may argue that the continuous
application of cross-frequency tACS (i.e. during the entire visual task) may prevent the optimal
synaptic asymmetries between V1 and MT to happen (Anderson et al., 1998; Rockland, 2015).
Consequently, future development of the present approach could be to adapt the tACS dosage
and timing either to the online state of the brain, towards individualized closed loop
applications (Raffin et al., 2020) or to precisely time lock the bursts of cross-frequency tACS
to the visual stimulus (e.g., Stonkus et al., 2016). Further experiments systematically varying
the timing and dose of cross-frequency tACS potentially towards closed-loop applications
might be required to better adjust the externally provided oscillatory activity to the ongoing,

endogenous oscillatory activity to effectively modulate motion discrimination.
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4.6 Conclusion

This study showed that a single session of bifocal cross-frequency tACS can modulate inter-
areal synchronization in both healthy individuals and stroke patients. Specifically, Forward
tACS (V1a-MTy) induced changes in early bottom-up coupling in both cohorts. Despite these
electrophysiological changes, no significant behavioral improvements were noted in motion
discrimination tasks. This result might point towards two possible explanations: 1) The need
for longer-term interventions in healthy participants and in particular in patients; 2) The more
complex interaction between externally applied oscillatory activity and behaviourally relevant
brain processing, which warrants future research to focus on adjusting tACS dosage and timing
to align with the brain's ongoing oscillatory activity. This can be done through state-dependent

or closed-loop applications to efficiently enhance motion discrimination abilities.
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Keywords: visual recovery; cross-frequency interactions; interareal synchronization; bifocal

transcranial alternating current stimulation; motion direction discrimination.

Highlights:

- Synchronized ipsilesional Alpha tACS(V1) and Gamma tACS(MT) re-orchestrate
oscillatory interactions and improve motion discrimination of stroke patients.

- The cross-frequency tACS intervention induces a localized extension of visual field
borders.

- Motion discrimination improvements scale with initial perilesional V1 reactivity and

residual structural fibers between the ipsilesional V1 and MT.
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5.1 Abstract

Visual field loss is a common consequence of stroke and manifests in approximatively one
third of patients in the chronic stage. Such loss can significantly impact daily life activities,
compromising tasks like reading, navigating surroundings, or driving. Despite the absence of
established therapy, sparse evidence suggest that early intervention and tailored rehabilitation
programs may play a pivotal role in maximizing visual recovery and improving quality of life
in stroke survivors. To enhance the effects of such rehabilitation programs, we designed a novel
non-invasive, orchestrated, pathway-specific, physiology-inspired cross-frequency brain
stimulation paradigm, where complex oscillatory signal integration was inferred from phase-
amplitude coupling (PAC) of oscillatory signals between the primary visual cortex (V1) and
the motion-sensitive medio-temporal area (MT). Sixteen stroke patients were enrolled in a
double-blinded randomized cross-over trial during which they performed two blocks of ten
daily training sessions of a direction discrimination task training, combined with one of the two
cross-frequency transcranial alternative brain stimulation (cf-tACS vs. control cf-tACS)
conditions. We found that the cf-tACS condition promoting feedforward visual inputs to MT
significantly enhanced motion discrimination and visual field borders (i.e., through localized
enlargement of isopters). Behavioral improvements were associated with a change in
oscillatory activity within the motion processing pathway were proportional to the amount of
residual structural fibers along the pathway and perilesional V1 activity. This novel non-
invasive orchestrated pathway-specific physiology-inspired brain stimulation approach applied
for the first time opens new perspectives to reduce the severity of visual impairments in stroke
patients.
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5.2 Introduction

Visual field loss manifests in about one-third of stroke patients (Hepworth et al., 2015; Rowe
et al., 2013). Among the various forms of visual field defects, homonymous hemianopia (HH)
is the most common form. It involves the loss of vision in the same half of the visual field for
both eyes after unilateral retrochiasmal lesions (i.e. lesions of the optic tract, the lateral
geniculate nucleus, the optic radiations, and/or the occipital cortex) (Liu et al., 2001). Visual
field deficits are associated with a myriad of functional impairments in i.e., reading, navigating,
or driving a car (Peli et al., 2016; Ungewiss et al., 2018), which significantly alter the quality
of life in patients (Chen et al., 2009; Papageorgiou et al., 2007). Despite the increasing demand
arising from an aging population, there is currently no accepted therapeutic approach for this
condition. The main clinical options are of compensatory nature rather than restorative,
implying that they do not induce any significant reversal or restitution of visual deficits induced
by the stroke (Bowers et al., 2014; O’Neill et al., 2011; Sahraie et al., 2020).

One main factor that contributes to the lack of established treatment for HH comes from early
descriptive studies that show limited spontaneous recovery in the early-stage post stroke, with
stabilization of visual field deficits after 6 months post-stroke (And and Kolmel, 1991; Gray et
al., 1989). This led to the postulate that the visual system had poor capacities of functional
recovery, especially in the chronic phase after stroke (i.e., > 6 months). However, there is
encouraging evidence to indicate that very intensive visual-attentional training paradigms
presented within the parametrically defined scotoma or blind field might lead to localized
improvements in vision (Cavanaugh et al., 2015; Cavanaugh and Huxlin, 2017; Huxlin et al.,
2009a; Raninen et al., 2007; Sahraie et al., 2006; Saionz et al., 2020). Nevertheless, these
protocols typically require months of training with intensive patient commitment and they seem
to provide only a moderate amount of improvement that is transferable to everyday life
(Cavanaugh et al., 2015; Das et al., 2014; Huxlin et al., 2009a; Melnick et al., 2016). Targeted
interventions inspired from circuit-level synchronization of neuronal oscillations within the

visual pathways might enhance visual training effects and recovery after stroke.

A strong dynamic coupling between alpha phase (8-13 Hz) and gamma amplitude (>40 Hz)
has been consistently reported in the visual cortex of cats, monkeys (Stein et al., 2000; van
Kerkoerle et al., 2014) and humans (Bonnefond and Jensen, 2015; Spaak et al., 2012; Voytek
et al., 2010). Precisely, these studies have documented temporally segmented ongoing gamma-

band activity, synchronized with distinct phases of alpha-band activity. This synchronization
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mode represents a very efficient communication machinery in the visual system: High-
frequency activity, mediating local excitatory-inhibitory interactions (Buzsaki and Wang,
2012; Singer and Gray, 1995), is coupled with long-range patterns of low-frequency phase
synchrony, reflecting pulses of cortical inhibition (Bonnefond et al., 2017). Inspired by
physiology, we designed a non-invasive pathway-specific cross-frequency brain stimulation
paradigm, where directionality of information flow is inferred from the low frequency neuronal
population projecting to the high-frequency population. Hence, artificial, noninvasive injection
of synchronized alpha signals in the primary visual cortex (V1) onto gamma signals in the
motion-sensitive medio-temporal area (MT) (Nandi et al., 2019) by means of cross-frequency
transcranial alternating current stimulation (cf-tACS), provides an experimental condition that
can promote bottom-up direction of information flow. Combined with an established visual re-
training protocol based on the presentation of moving dots in the border area of the scotoma
(Das et al., 2014; Huxlin et al., 2009a; Saionz et al., 2020), we expect that strengthening
specific coordinated oscillatory motifs that are disturbed by the stroke lesion will reinstate more
physiological interareal interactions with a respective improvement of motion direction
perception in the visual field border area. This approach should translate into improved
luminance detection in this specific location. A unique multimodal dataset that included EEG
recordings, functional and structural MRI, behavioral and visual field tests was acquired to
decipher the underlying mechanisms of pathway-specific cross-frequency tACS for visual field
recovery, with a special focus on the integrity and efficiency of the V1-MT pathway.

5.3 Methods

Patients

Sixteen adult patients were enrolled at least one week after stroke-induced occipital damage
(verified using structural MRIs), with reliable 24-2 Humphrey Visual Field (HVF) perimetry
(<20% fixation losses, false-positive and false-negative errors) in both eyes and ability to fixate
precisely (error smaller than +1 degree relative to fixation spot) during psychophysical testing.
Mean time since stroke was 12.5 months (range: 1-60 months). Exclusion criteria were
unreliable HVFs, neglect, neurologic disease unrelated to occipital stroke, use of neuroactive
drugs, and any contra-indication to MRI or Non-Invasive Brain Stimulation. Seven patients

had left-sided homonymous visual field loss and nine right-sided homonymous visual field
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loss. Mean (SD) age was 59.93 (11.2) years, range (34—74); 18.75% were female, 81.25% male;

Twelve patients had a homonymous hemianopia and four had homonymous quadranopia. In

all patients but one, an etiology of brain injury, as verified by cranial CT and/or MRI, was an

infarction in the territory of the posterior cerebral artery causing a lesion to the occipital cortex;

one patient had a carotid artery rupture. None of the patients had received any treatment for

their visual field defect. All patients were native French speakers except one German patient

and had at least 5 years of education (see Table 5.1 for patients’ characteristics and

demographics).

TIME
AGE LESION SINCE
ID SEX LESION MMSE
(years) SIDE  STROKE
(months)

P101 34 f cort left 12 27

P102 62 m cort right 12 28

P103 74 m cort left 60 25

P104 62 m cort right 12 27
cort +

P105 66 m right 30 27
subcort

P106 68 m cort right 8 29

P107 53 m cort left 2 30
cort +

P201 69 m left 28 25
subcort

P202 40 f cort left 11 28

P203 59 m cort right 28

P204 63 m cort right 4 29

P205 51 m cort left 3 30

P206 56 m cort right 11 30

A201 55 m cort right 1 29

A203 66 m cort left 15 29

Table 5.1. Patients’ characteristics and demographics

113



Visual sensitivity (dB)

0510 15 20 25 30 35

B Group lesion map

-

# patients

EE—
3 16

Figure 5.1A: Visual field maps derived from Humphrey perimetry showing the initial loss of conscious
luminance detection sensitivity and T1 MPRAGE images of all individual patients. The red circle on the visual
field maps indicates the location of the visual stimuli used for training. B: Lesion overlay maps mirrored to the

right hemisphere when needed.

Study design

Sixteen patients were randomly allocated into one of the two treatment groups. Group A first
received Forward tACS (n = 8) followed by Backward tACS. Group B (n = 8) did the opposite
and received Backward tACS first followed by Forward tACS in a cross-over design (Figure
5.3). Each block consisted in ten consecutive sessions (excluding weekends) of Backward or
Forward tACS over 15 days concurrently applied to a coarse direction discrimination and
integration (CDDI) task. The two blocks were performed at least one month apart. Before and
after each block, patients performed a 24-2 HVF perimetry test, clinical scales, EEG and MRI
recordings. This study belongs to a registered trial (ClinicalTrials.gov: NCT05220449). The
study was approved by the local Swiss Ethics Committee (2017-01761) and performed within

of the guidelines of the Declaration of Helsinki.

Backward and Forward tACS

Electrodes design and electrical stimulation devices: Two customized center-surround

electrodes (outer and inner diameters: 5 and 1.5 cm respectively) were connected to two
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Neuroconn DC Plus stimulators (Neurocare, Germany), which are triggered repetitively and at

the same time to ensure no time lag between the two signals.

Electrodes placement: The International 10/20 system was used for the location of V1 (O2 or
O1 for the left or right hemisphere respectively) and MT (PO8 or PO7 for the right and left
hemisphere respectively) on the lesioned hemisphere.

tACS Intensity: A constant current intensity of 3 mA was applied in both stimulators creating

a current density of 0.18 mA/cm2.

Frequencies: A priori defined individual o [8-12 Hz] and y [30-45 Hz] peak frequencies were
used to apply tACS. The peak frequencies were extracted from a 5 minutes-resting state EEG
prior the intervention. Forward tACS refers to V1a-MTy tACS and Backward tACS
corresponds to V1y-MTa tACS (Figure 5.4A).

Stimulation duration: Each tACS session lasted approximately 30 min depending on the
individual time to complete the 255 trials of a training session and was administered at the

same hour every day except on weekends.

Training task

During tACS, patients were practicing a coarse direction discrimination and integration
(CDDI) task involving a random dot stimulus appearing for 500 ms in a 5° diameter circular
aperture displayed on a computer screen (1024 x 768 Hz at 144 Hz frame rate) (Figure 5.2B).
The stimulus consisted of black dots moving on a mid-grey background (dot lifetime: 250 ms,
speed: 5 deg/s, density: 3.5 dots/deg?). Dots moved globally in a range of directions distributed
uniformly around the leftward or rightward vectors (Huxlin et al., 2009a; Das et al., 2014;
Salamanca-Giron et al., 2021). Participants had to respond whether the global direction of
motion was left- or rightward. Task difficulty was adjusted using a 3:1 staircase, increasing dot
direction range from 0° to 360° in 40° steps. Training sessions consisted of 255 trials. The
visual stimulus location was individually defined as followed: After Humphrey perimetry, each
subject would undergo an extensive psychophysical mapping of the blind field border as
previously described (Huxlin et al., 2009a) (Das et al., 2014). Training location was selected
as the location where performances on the CDDI task declined to chance level (50-60%
correct) (Figure 5.1). The training sessions were performed inside a shielded EEG room

equipped with a Windows machine running Matlab (Mathworks Inc., USA) and Psychtoolbox,
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an EyeLink 1000 Plus Eye Tracking System (SR Research Ltd., Canada) and a chin rest. All
individuals sat at 60 cm from the computer’s screen supporting their heads with the chin rest,
while all the trials were controlled with the eye tracker system. If the gaze fixation was lost for
more than 1°, the trial was discarded and replaced, until the person would re center his eyes at

the fixation dot.

Direction range threshold

Daily performance at the task was fitted using a Weibull psychometric function on single trial
data with a threshold criterion of 72% correct to calculate direction range thresholds (where
percent correct = 1-(1-chance) * exp(-(k*x/threshold) slope ), and k = (-196 log((1-0.72)/(1-
chance))) s1°,), Figure 5.2B shows the quality of the fits for Training 1 and Training 10 of an

example subject.

These direction range thresholds were then normalized to the maximum range of directions in

which dots could move (360°), and expressed as a percentage using the following formula:
Normalized Direction Range (NDR) threshold (%) = [360° — direction range threshold] /
360° x 100. For ease of analysis, when participants performed at chance (50—60% correct for a
given session), the CDDI threshold was set to 100%.

Perimetric mapping of visual field defects

Perimetry was conducted using a Humphrey Field Analyzer 11-i750 (Zeiss Humphrey Systems,
Carl Zeiss Meditec) and MonCvONE-SAP (Metrovision) collected by a scientist, blinded to
each participant's group allocation. The static 30-2 testing patterns were collected for each eye,
repeated twice with a break in between. Sensitivity thresholds are determined at a specified
number of test locations. To refine scotomas’ boundaries, we performed kinetic perimetry,
twice on each eye as well. With kinetic perimetry, sensitivity thresholds are determined by
moving stimuli of various size and light intensities along a vector from a blind region to a seen
region. These measures concentric constriction of the isopter. Measurements were performed
either at the Centre Medico-Universitaire (CMU) in Geneva or at the Clinigue Romande de

Réadaptation in Sion, by the same operators, with fixation controlled using the system’s eye
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tracker and gaze/blind spot automated controls, visual acuity corrected to 20/20, a white size

I11 stimulus, and a background luminance of 11.3 cd/m2.

Luminance detection thresholds obtained from the four static test patterns were averaged from
locations identical in the two eyes to produce a unique visual map and interpolated in
MATLAB (Mathworks) to create one composite static visual field map for each patient, as
previously described (Cavanaugh and Huxlin, 2017). In brief, natural-neighbour interpolation
with 0.1 deg? resolution was applied between non-overlapping test points across the four tests,
creating composite visual fields of 121 tested locations and 161 398 interpolated datapoints,
subtending an area of 1616 deg?. For the kinetic perimetry, stopping radial positions for each
meridian were averaged and displayed on a polar plot. To determine changes induced by the
two interventions, difference maps were generated; significant areas that improved on the static
perimetry were defined as visual field locations that differed by at least 6 dB (conservative
standard of change at twice the measurement error of the Humphrey test (Zeiss Humphrey
Systems, Carl Zeiss Meditec) (Cavanaugh and Huxlin, 2017). For the kinetic perimetry, a
minimum increase of 10° localized offset compared with the normal isopter is considered as
significant (Ma et al., 2021).

EEG recording and analyses

Resting-state EEG and task-EEG activity (using the CDDI task) was recorded before the first
session and after the last training session of each block using a 64 channels TMS compatible
active system (BrainAmp DC amplifiers and BrainCap EEG cap, Brain Products GmbH,
Germany). The EEG cap set up was done following the 10-20 standard system. Electrode
impedances were adjusted and kept under 10 kOhms using conduction gel. The impedance
levels were checked throughout the experiment and corrected if needed during breaks between
conditions. The signal was recorded using DC mode, filtered at 500 Hz anti-aliasing low-pass
filter and digitalized at 5 kHz sampling frequency. During the experiment, the ground electrode

was in Fpz, and reference electrode in Cz.

All the preprocessing steps have been run on MATLAB, using the EEGLAB toolbox (Delorme
and Makeig, 2004). The preprocessing of all EEG datasets went through the same pipeline:
data was re-referenced to the average of all channels, band-passed filtered between 1 Hz and
80 Hz, notch filtered between 48 and 52 Hz, and divided in epochs of 1.5 s length. Visual
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inspection was used to remove explicit artifacts among channels and trials, followed by the
reconstruction of dropped channels and epochs. Ultimately, an Independent Component
Analysis was applied to down-sample data (1000 Hz) to remove electrophysiological
interferences, such as eyeblinks or muscle artifacts. Brainstorm software (Tadel et al., 2011)
together with OpenMEEG BEM plugins were used to perform source level reconstruction of
EEG data. First, the cortex and head mesh (15,000 and 10,000 vertices respectively) of the
patient were generated using the automated MRI segmentation routine of FreeSurfer (Reuter
et al., 2012). The forward model was then computed using the symmetric Boundary Element
Method developed in the open OpenMEEG freeware, using default values for conductivity and
layer thickness (Gramfort et al., 2010). The covariance matrix was computed from the
concatenated epoch’s baselines, e. g. the recorded activity before the onset of each trial [-0.5 -
0.005] s. All metrics involving a frequency domain decomposition were calculated through
Morlet wavelets between 2 and 60 Hz. The source points belonging to specific areas of interest
(i.e. V1, MT, IPS, FEF), were defined manually for each subject according to the fMRI

localizer recordings performed before the EEG acquisitions.

We first examined the time-frequency content of the V1-MT pathway during the CDDI task at
the source level. Since our tACS interventions were based on V1-MT phase amplitude
relationship, we computed the two directions of sources-based Phase-Amplitude coupling
(Canolty et al., 2006) between V1 and MT (i.e., ophase V1-yamp MT and yamp V1-aphase MT).
Phase-amplitude coupling was computed using the spectral source activity with phase data
frequency ranging from 8 to 12 Hz and amplitude data ranging from 30 to 45 Hz by means of
the EEGLAB plug-in Event Related PACTools (PACTools) (Martinez-Cancino et al., 2019).
In a more explorative perspective, we computed spectrally resolved Granger causality (Friston
et al., 2014) in a broader visual network including the individual sources encompassing the

ipsilesional and contralesional V1 and MT.
In more details, Phase Amplitude coupling (PAC) was obtained through:
PAC = n—1n)t=lat (f ) - eift vV

Where t corresponds to a certain time point, a denotes the power at a certain specific frequency
for this specific time point, i is the imaginary variable, 8 the phase angle and n the number of

time points.
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The measure of Granger Causality is non-negative, and zero when there is no Granger
causality. According to the original formulation of Granger Causality, the measure of Granger

Causality from y(t) to x(t) is defined as:

Fres = n(Ja )

Which is 0 for Var(e1) = Var(ez2) and a non-negative value for Var(e1) > Var(e2). Note that
Var(e1) > Var(ez) always holds, as the model can only improve when adding new information.

Under fairly general conditions, F,_,, can be decomposed by frequency if the two AR models

in time domain are specified as:

14
x(t) = Z [Akxxx(t —k)+ Akxyy(t — k)] + Oxy
k=1
P
YO = Y [,y = 1)+ A,y =] + oy
k=1

In each equation the reduced model can be defined when each signal is an AR model of only

its own past, with error terms oy, and a,,, . We can then define the variance-covariance matrix

of the whole system as:

Dixx ny]
Yyx  Zyy

Where Y., = Var(o,,) , etc. Applying a Fourier transform to these equations, they can be

expressed as:

<Axx (w) Axy (w)) (x(a))) _ (81 (w))
Ayx ((‘)) Ayy (w) Y(w) & (w)

Rewriting this as:

(x(w)> 3 <Hxx(w) ny(w)> (el(w))

y(w) B ny((‘)) Hyy(w) 52((‘))

Where H(w) is the transfer matrix, the spectral matrix is then defined as:
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S(w) = H(a))ZH*(a))

Finally, assuming independence of the signals x and y, and }.,, = ., = 0, we can define

the spectral Granger Causality as:

Sxx(®) )

Fyox (@) =In ( Hyx (0) X Hyx (@)

Magnetic resonance imaging recording and analyses

Whole-brain MR imaging was done on a 3-Tesla Siemens scanner available at Fondation
Campus Biotech Genéve (FCBG), Geneva, Switzerland or on the exact same scanner at Hopital
du Valais, Sion, Switzerland. High-resolution anatomical images were acquired for anatomical
references using an MPRAGE inversion time=900ms, voxel size=1 x 1 x 1 mm?. One run of
657 scans with the measurement of the T2*-weighted blood-oxygenation level dependent
(BOLD) effect was acquired with a gradient echo-planar imaging protocol and these
parameters: echo time (TE)=30ms, repetition time (TR)= 1000ms, flip angle=90, voxel size=3
x 3 x 2 mm?, field of view =204mm x 204 mm, matrix size=68 x 68 and 37 axial slices each of
2 mm thickness. Finally, DW-MRI data were acquired using a pulsed gradient spin echo
sequence with the following parameters: TR = 5000 ms; TE = 77 ms; slices = 84; field of view
= 234 x 234 mm2; voxel resolution = 1.6 x 1.6 x 1.6 mm3; slice thickness of 1.6 mm; readout
bandwidth = 1630 Hz/pixels; 64-channel head coil; GRAPPA acceleration factor =3. Seven
T2-weighted images without diffusion weighting (b0; b = 0 s/mm2) were acquired, including
one in opposite phase encoding direction. A total of 101 images with noncollinear diffusion
gradient directions distributed equidistantly over the half-sphere and covering 5 diffusion-
weighting gradient strengths were obtained (b-values = [300, 700, 1000, 2000, 3000] s/mm2;
shell-samples = [3, 7, 16, 29, 46]).

Functional MRI: Data was analysed using the Statistical Parametric Mapping toolbox
(SPM12b, Wellcome Trust Center, London, UK, http://www.fil.ion.ucl.ac.uk/spm),
implemented in Matlab 2019b (The Mathworks Inc., Massachusetts, USA). The preprocessing
steps included correction for field inhomogeneity, slice timing correction, motion correction
and unwarping. Then, the structural image of each participants was co-registered to the mean

realigned EPI volume. The co-registered T1 image was then normalized to the Montreal

120



Neurological Institute (MNI) reference space using the unified segmentation approach
(Ashburner and Friston, 2005). The resulting deformation parameters were applied to the
individual EPI volumes which were then smoothed using an isotropic 4 mm full-width half-

maximum (FWHM) Gaussian kernel.

For all datasets, we modelled a GLM using two regressors based on the subject’s trial by trial
accuracy in line with our staircase procedure (correct (74.63 (+/- 9.6) trials/incorrect (25.99
(+/- 9.7) trials)). Regressors were modelled as series of events (representing individual epochs)
convolved with a canonical hemodynamic reference waveform. Low-frequency confounds
were controlled by high-pass filtering at 1/128 Hz and head-movement estimates derived from
the realignment procedure served as additional covariates of non-interest. Voxel-wise
parameter estimates for all conditions and each covariate resulting from the least mean squares

fit of the model to the data were computed.

For the group analysis, left-side lesions were mirrored to the right hemisphere. A full factorial
design was used with the factors Time (Pre, Post) and tACS condition (Forward-tACS,
Backward-tACS). Post-hoc comparisons were performed by extracting beta weights in the
significant group-level cluster at the individual level, when significance was reached. The
statistical significance threshold was set to a height threshold of p < 0.001 uncorrected, at the
voxel level and to that of p < 0.05 at the cluster level after false-discovery rate (FDR)

correction.

Additionally, to test the hypothesis that the interventions would change how remote visual
areas interact with the ipsilesional V1-MT coupling, we conducted a Physio-physiological
interaction (PhPI) analysis (Di and Biswal 2013). The PhPI approach applies a linear-
regression framework to identify regions in the whole brain that are correlated with an
interaction between two predefined regions, which reflects a modulation of connectivity
between two regions by a third region (Di and Biswal 2013). To do this, we determined the
seed brain regions on the basis of the individual V1 and MT clusters from the earlier GLM
analyses, and the MR signal from each seed region was extracted as an eigenvariate time series.
The extracted MR signal was deconvolved with the canonical hemodynamic response function
(HRF). Then, the neural time series of the two seed regions were detrended and multiplied (dot
product) so that the resulting timeseries represented the interaction of neural activity between

the two seed regions (V1 and MT). Finally, the interaction time series was convolved with the
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HRF, representing an interaction variable at the hemodynamic level (PPI term). Contrasts were

computed between Pre and Post interventions for all patients.

Diffusion weighted imaging: Structural diffusion images were pre-processed by means of FSL
(Jenkinson et al., 2012) and MRtrix (Tournier et al., 2019) software. A denoising step was
firstly applied via the dwidenoise function (MRtrix), followed by correction of Gibbs ringing
artefact via mrdegibbs (MRtrix) (Veraart et al., 2016). Images were then corrected for motion,
susceptibility induced fields, eddy-current induced distortions, and bias field via the FSL
functions topup (Andersson et al., 2003), eddy_openmp (Andersson and Sotiropoulos, 2016;
Smith et al., 2004) and fast (Zhang et al., 2001). Probability maps for CSF, grey and white
matter were estimated from the T1-weighted image via the fast function (FSL) and then
registered to the average b0 image using ANTs (Avants et al., 2014). Fibres orientation
distribution function was derived at the voxel level from multi-shell multi-tissue constrained
spherical deconvolution and then used to compute whole-brain probabilistic tractography via
second-order integration over fibre orientation distribution (iFOD2) (Tournier, 2019). The
algorithm stopped once 10 million streamlines were generated. Each streamline was then
weighted based on spherical-deconvolution informed filtering of tractograms (SIFT2, MRtrix)
(Smith et al., 2015). To extract streamlines information between V1, V5 and the thalamus, two
main techniques were used. V1 and V5 were derived from the functional localizer, using the
individual thresholded activation in the ipsi- and contralesional hemisphere. The thalamus was
extracted from the Destrieux atlas parcellation, output of the recon-all function of Freesurfer
on the T1-weighted image (Yendiki et al., 2011). All masks were registered to the average b0
image using ANTSs. The function tckedit (Tournier et al., 2019) from MRtrix was finally used
to extract specific streamlines passing through either V1 and V5, V1 and the thalamus or V5
and the thalamus. The sum of the weights or the average FA along these tracts were used as

indicators of cross-sectional area and integrity respectively.

Transcranial Magnetic Stimulation combined with functional Magnetic

Resonance Imaging

For combined TMS-fMRI images, two dedicated coil arrays were used (Navarro de Lara et al.,

2017). This setup consisted of an ultra-slim 7-channel receive-only coil array, which was
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placed between the subject's head and the TMS coil (MRi-B91, MagVenture, Farum, Denmark)
and connected to a MagPro XP stimulator (MagVenture, Farum, Denmark). A second, receive-
only MR coil was positioned over Cz in the EEG 10-20 system to allow a full coverage of the

participant’s brain (Figure 5.4).

An event-related design was used to map the effect of TMS bursts composed of three pulses at
alpha (10Hz) frequency. Three conditions were pseudorandomized and counterbalanced across
the run: high-intensity TMS (HighTMS), low-intensity TMS (LowTMS) and no TMS (noTMS),
with 25 repetitions of each condition with an inter-trial interval (ITI) of 6 seconds (covering 3
repetition times). The TMS intensity was set to = 80% [range: 75 to 90%] maximal stimulator
output (MSO) for the HighTMS condition, and =38 % [35 to 43%] MSO for the LowTMS
condition. Intensity was individually adjusted prior the measurement to ensure phosphene sub-
threshold stimulation and progressively increased until patients report pain or discomfort. The
intensity was then chosen to get reliable BOLD signal while preserving participant’s comfort.
Participants were asked to look at a fixation cross throughout the acquisition, displayed in the
middle of a 44cm x 27cm LCD monitor at a 2.5m distance via a mirror mounted on the head
coil or on a frame on top of the TMS-fMRI setup. The duration of the Rest TMS sequence was
9 minutes. The TMS coil was individually placed to target the perilesional area using oil
capsules placed on the TMS-MRI coil casing to monitor the coil position visible on a T2 image
(see Supplementary Figure S5.4B for the TMS targeting of all patients).

The TMS-fMRI sequences were acquired with a GE-EPI sequence using the same parameters:
40 axial slices, slice thickness = 2.2 mm, in-plane resolution = 2.2 mm, TR = 2000 ms, TE =
30 ms, FOV = 242 mm, flip angle = 67°, GRAPPA = 2, Multiband Factor (MB) = 2. A gap
was introduced between consecutive EPI volumes in order to guaranty artefact free MR images
after TMS stimulation (Navarro de Lara et al., 2015). A single repetition time (TR=2000 ms)
was therefore composed of 40 slices acquired during 1430 ms followed by a gap of 570 ms
before the next volume acquisition. The synchronization of TMS pulse was carried out with an
in-house script using Matlab (R2019).

Static field mapping was also performed with the TMS-MRI coils using the same double-echo
spoiled gradient echo sequence (TR =652 ms, TE =4.92 and 7.38 ms, slice thickness: 2.2 mm,
in-plane resolution = 2.2 mm, flip angle = 60°) that generates two magnitude images and one

image representing the phase difference between the two echoes.

123



The same preprocessing steps than the ones described above were applied to the fMRI data
expect that two additional coregistration steps were included. A first co-registration was
performed between the mean realigned and slice timing corrected image and the SSFP
sequence acquired with the same MR coil (and thus the same spatial coverage). The resulting,
co-registered image was once more co-registered to the SSFP sequence acquired with the MR
coil integrated into the scanner (i.e., the body coil, thus preserving the contrast). The latter
could then be easily co-registered to the high resolution T1 image acquired with the 64-channel
head coil that covered the whole brain, and later transformed into standard MNI space using a

segmentation-based normalization approach (Ashburner and Friston, 2005).

Univariate analyses were applied to the fMRI data. We defined a design matrix comprising
three conditions (HighTMS, LowTMS and noTMS). T-contrasts for each TMS condition were
established for all participants. In this study, we focused on the contrast HighTMS versus
LowTMS using a paired-t-test at the group level. The statistical significance threshold was set
to a height threshold of p < 0.001 uncorrected, at the voxel level and to that of p < 0.05 at the
cluster level after false-discovery rate (FDR) correction. To explore inter-individual variability,

mean beta values were extracted from individual ipsilesional V1 cluster.

Statistical analyses

To compare the EEG metrics (Phase-Amplitude Coupling, Granger Causality and Time-
Frequency values) before and after the two interventions, we used cluster-based non-parametric

permutation tests corrected for multiple comparisons.

To evaluate differences in threshold performance for the CDDI task between the two
interventions and across days, a linear mixed model was built with the raw NDR threshold as
dependent variable, Training day, tACS condition and Order as fixed effects, and random
effects for Patients. Finally, an ANOVA was applied on the model’s parameters. When only
the two interventions were directly compared without fixed effect, a paired t-test was
performed after ensuring normal distribution with a Shapiro-Wilk test. Non-parametric
equivalents were used if needed. A probability of type | error of P <0.05 was considered

statistically significant.

Finally, to evaluate the value of a structural and a functional variable for predicting

improvements in visual processing after Forward-tACS, we ran a backward regression model
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(p to enter: 0.05, p to remove: 0.1). The change in NRD thresholds was the dependent variable
and the predictors were extracted from the combined TMS-fMRI exam and from diffusion

weighted imaging.

5.4 Results

16 patients were enrolled in this cross-over and double-blinded trial (Figure 5.2A), at least one
week after stroke-induced occipital damage (verified using structural MRI), with reliable 30-2
Humphrey Visual Field (HVF) perimetry (<20% fixation losses, false-positive and false-
negative errors). Patients’ characteristics are presented in Table 5.1 (see Methods section).
They underwent two blocks of 10 daily visual training sessions using a coarse direction
discrimination and integration (CDDI) task (see Figure 5.2B for the time-course of one trial)
combined with Forward-tACS (synchronized V1 Alpha-tACS with MT Gamma-tACS
promoting bottom-up cross-frequency interactions) or Backward-tACS (synchronized V1
Gamma-tACS with MT Alpha-tACS promoting top-down cross-frequency interactions).
Pre/Post measurements included EEG, functional and structural MRI and performance on the

CDDI task, as well as dynamic and static visual field perimetry.
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Figure 5.2: A: Study flowchart. MRI: Magnetic Resonance Imaging, TMS: Transcranial
Magnetic Stimulation, EEG: electroencephalography, tACS: transcranial Alternating Current
Stimulation, V1: primary visual cortex; MT: motion-sensitive middle temporal cortex, a: Alpha

tACS, y: Gamma tACS, B: Trial sequence for the coarse direction discrimination and integration
(CDDI) task, with stimulus location individualized for each patient. C: Bottom plots show the

psychometric data Weibull fits (red lines) for patient P206 on Training Day 1 (NDR = 64%) and
Training Day 10 (NDR = 55%). Individual trials are grouped into ten bins, with circle sizes

scaling with the number of trials.

Improved motion discrimination with Forward-tACS goes along with V1-

MT cross-frequency synchrony

While receiving either Forward- or Backward-tACS, patients trained for 10 consecutive days
at a 2-alternative, forced-choice, global CDDI task, as previously described (Huxlin et al.,
2009a; Martin et al., 2010; Raffin et al., 2021; Saionz et al., 2020; Salamanca-Giron et al.,
2021a). Patients were asked to discriminate the left-right direction of motion of random-dot
stimuli individually located in their blind field. The trained location corresponded to each
patient’s visual field border (see Figure 5.1, Methods section). Patients’ performance was close
to chance level (54.3+£4.2% correct) at the beginning of training. Importantly, performances at
baseline did not differ between the Forward and Backward tACS group (ta3 =-1.07, p = 0.31).
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Motion awareness was rated (low/medium/high) after each trial. Auditory feedback indicated
whether the response was correct or incorrect. To measure changes in performance, we
computed direction range thresholds by fitting a Weibull function to the percentage correct
performance at each stimulus level and determining the stimulus value (i.e., direction range),
resulting in 72% correct performance (see Figure 5.2C for an example of the Weibull fit).
Direction range was then normalized by the maximum possible (360) to produce a Normalized
Direction Range (NDR) whereby (0% = random motion, 100% = coherent motion) (Das et al.,

2014) - see the Method section for more details.

Both tACS conditions led to improved NDR thresholds (-19% [SD = 26], one-sample t-test:
t(13) = -4.5, p <0.001 for Forward-tACS and -10.2+31%, one-sample t-test: t(13) = -2.2, p =
0.05 for Backward-tACS). The ANOVA testing the mixed linear model on the daily baseline-
corrected NDR thresholds showed a significant Training days x tACS condition interaction
(F(9,196) = 2.5, p = 0.01). This reflected a dissociation between the two learning curves,
observable from training day 6, with Forward-tACS showing larger improvements in motion
direction discrimination. There was a significant effect of Training days (Fe, 27) = 7.14, p
<0.001) but no effect of Order nor tACS condition (p > 0.05). No difference in motion
awareness and response times were observed between the two interventions (Supplementary
Figure S5.1).

Given that our training task relied on motion processing, we measured pre/post changes in
kinetic visual field maps. These visual field maps are extracted from kinetic Humphrey
perimetry using moving stimuli of various sizes and light intensities along a vector, from a
blind region to a seen region (Rowe et al., 2019). Results revealed that Forward-tACS
significantly improved kinetic visual field boundaries compared to Backward-tACS (Forward-
tACS: +698.3+921.8 deg?, Backward-tACS (+121.9+805.3 deg?, paired-t-test: t(12) = -2.24, p
= 0.045) (Figure 5.3B for the group results and pre/post kinetic visual field maps from one
example patient). In most patients, the extension corresponded to the trained area (see
Supplementary Figure S5.2 for all kinetic visual field maps). Baseline maps were not different
in the two groups (t(12) = -0.42, p = 0.68, paired t-test)

Under the hypothesis that Forward-tACS would specifically modulate the bottom-up V1 a.
phase-MT y-amp. Phase-Amplitude Coupling (PAC), we compared the maximal PAC values in
the time domain during motion processing before and after Forward-tACS and Backward-

tACS (Figure 5.3C upper panels, the associated comodulograms are provided in the bottom
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panels). This analysis revealed an early increase in V1 d-phase-MT y-amp. PAC around 100 ms
post stimulus onset for Forward-tACS. This was followed by a significant decrease around 300
ms post stimulus onset. Interestingly, this pattern of early enhanced bottom-up PAC was
already present after only one session of Forward-tACS (see supplementary Figure S5.3). The
reversed direction, V1 yamp-MT o-phase PAC, showed a significant increase in a late time
window around 300 ms post stimulus onset. None of the two PAC showed significant changes
after Backward-tACS. Note that the time-frequency content of motion processing showed
stronger alpha synchronization on the EEG sources signals after Forward-tACS compared to
Backward-tACS (Figure 5.4B right panels).

A. Behavioural changes with the treatment B. Kinetic visual field maps
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Figure 5.3: A: Baseline-corrected behavioral performance at the training task (see methods)
measured across the 10 daily sessions, for Forward-tACS and Backward-tACS; B: Group
difference in kinetic visual field maps between Forward-tACS and Backward-tACS and kinetic
visual field borders of an exemplary patient before/after Forward-tACS and Backward-tACS; C:
Maximal Phase-Amplitude Coupling (PAC) between V1o.-phase-MTy-ampiituce @Nd the opposite V1y.
amplitude-M Tar-phase fOT the two tACS group (upper row) and the associated comodulograms (bottom
row). Significant differences in the PAC time-windows are indicated with grey rectangles.
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To further investigate how motion signals were differently processed after Forward-tACS and
Backward-tACS, we compared fMRI activation patterns elicited by the same motion
discrimination task. We designed a full factorial ANOVA with factors Time (Pre/Post) and
tACS condition (Forward/Backward). This whole-brain analysis led to a significant effect of
Time in V1. The extracted beta weights in V1 showed a BOLD increase after tACS in both
conditions (Figure 5.4A). The Time x tACS condition interaction showed significant activity in
the ipsilesional MT, bilateral frontal eyed field (FEF) and ipsilateral prefrontal cortex (MNI
coordinates are reported in Supplementary Table 5.1). The beta-weights in the ipsilateral MT
confirmed an increase after Forward-tACS and a decrease after Backward-tACS. Note that this
contrast also led to a significant cluster in the ipsilesional lateral geniculate nucleus (LGN) at
a more liberal threshold (p<0.001 uncorrected). Finally, we evaluated how the ipsilesional VV1-
MT coupling was influenced by other brain regions after the intervention using Physio-
Physiological Interaction (PhPI) (Blichel and Friston, 1997). We found that the ipsilesional V1-
MT functional connection was spatially less diffuse after Forward-tACS, potentially reflecting
enhanced efficiency of the pathway, with less reliance on other neuronal resources. After
Backward-tACS, we found a decreased modulatory effect of the contralesional V1 on the
ipsilesional pathway (Figure 5.4B).

In addition, we compared the structural properties of the white matter fibers connecting
ipsilesional V1 to MT using diffusion weighed imaging (DWI), positing they may underlie the
changes in inter-areal communication reported above. We extracted the sum of the weights and
fractional anisotropy (FA) of the relevant tracts connecting V1-MT bi-hemispherically,
reflecting the importance of the bundles and the structural integrity of the tracts respectively.
Although we observed a trend for an increase of bundles’ density in the lesioned hemisphere
after Forward-tACS compared to Backward-tACS, this was not significant (tACS condition x
Side xTime interaction: F,96 = 1.9, p = 0.17). The same observation was true for FA (F,9) =
1.10, p = 0.32). FA showed a trend for an effect of Side reflecting the structural reorganization
and loss of structural fibers occurring in the lesioned hemisphere (FA: F(1,96) = 3.31, p = 0.07).

129



A. fMRI results from the full factorial design
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Figure 5.4A: fMRI results from the full factorial design showing the main effect of Time (left
panel) with the associated beta weights in V1 for the two tACS conditions and the Time by tACS
condition interaction showing significant clusters in the ipsilesional MT, bilateral FEF and
ipsilesional lateral prefrontal cortex, and the associated interaction in beta weights in the
ipsilesional MT. B: Results of the PhPI analysis and the source-based time-frequency
representation during motion processing for Forward-tACS (left panel) and Backward-tACS
(right panel). PhPI results showing the Pre>Post contrast revealed a decreased coupling between
ipsilesional V1-MT and ipsilesional clusters in V1 and MT for Forward-tACS, with contralesional
clusters in the MT and MST regions for Backward-tACS. The other contrast Post>Pre did not
reveal any significant cluster; Time-Frequency content shows stronger alpha desynchronization
after Forward-tACS (Post>Pre difference); C: Changes in structural connectivity measured with
Fractional Anisotropy (FA) (left side) and sum of the weighted V1-MT tracts (right side). No

significant differences were found before/after any of the intervention.
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Baseline functional and structural predictors of Forward-tACS efficacy

We investigated whether individual functional or structural markers could predict the outcomes
of Forward-tACS in these patients. In other words, we explored whether substantial residual
fibers between V1 and MT or a functionally responsive ipsilesional primary visual cortex are
a pre-requisite to achieve improvements. We extracted the fMRI-derived beta-weights in
response to transcranial magnetic stimulation (TMS) applied to the ipsilesional V1 (see
Methods section and Figure 5.5A.2 for the TMS-fMRI setup and Supplementary Figure S5.4
for all patient’s individual TMS-fMRI setup). Group-wise fMRI activation revealed significant
clusters in the perilesional V1 and remote clusters in the bilateral FEF and Cuneus (Figure
5.5A.1). To investigate a potential link between TMS induced BOLD activity and the
individual changes in motion discrimination in the blind field, a covariate analysis was run. It
showed a significant activation cluster in the ipsilesional V1 (Figure 5.5A.3). From the
diffusion imaging data, we extracted the summed weights of the ipsilesional V1-MT tracts,
reflecting the amount of residual structural fibers connecting the two regions (Figure 5.5B). A
multiple regression model was built using functional and structural predictors measured prior
the start of the intervention in order to explain the changes in motion perception: the lesion
volume (mm?3), the beta weights in V1 induced by TMS over the perilesional V1 area and the
sum of the weighted ipsilesional V1-MT tracts. The backward regression model was significant
(F(2,9) = 8.7, p = 0.013) and explained a relevant amount of the variance (R?=0.72). The beta
weights in V1 and the summed weights of the V1-MT tracts were retained as significant
predictors (V1 beta weight: t(9) = -3.1, p = 0.02, Sum: t(9) = -3.3, p = 0.02). Importantly, the
two predictors were not correlated with each other (r = 0.29, p = 0.41). The lesion size did not
contribute to behavioral changes. Figure 5.5C illustrates the relationship between the change
in NDR thresholds and V1 beta weights (top panel) or the summed weights of the tracts (bottom
panel).
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Figure 5.5: Al: Whole group results of the one-sample t-test contrasting High-intensity TMS
versus Low-intensity TMS; A2: TMS-fMRI setup with the coil positioning (right image); A3:
Results of the covariate analysis showing the regions in the ipsilesional V1 and contralesional
FEF that significantly increased with improved motion discrimination; B: one exemplary patients
with residual V1-MT fibres in the ipsilesional hemisphere: C: Results of the multiple regression
analysis showing the relationship between the residuals of the NDR changes with the residuals of
the functional and structural predictors. Res.: Residuals, p < 0.001 uncorrected, at the voxel level

and to that of p < 0.05 at the cluster level after false-discovery rate (FDR) correction.

Static visual field maps

As a proof of principle that dual-site Forward-tACS combined with training not only enhances
motion discrimination in the blind field but also static visual field recovery, we compared the
composite visual field maps extracted from static Humphrey perimetry as previously described
(Cavanaugh et al., 2017), before and after the intervention. While most of our patients had
stable visual fields before starting the protocol, both tACS conditions led to substantial
improvement, located close to where patients were training on the CDDI task (Figure 5.6, one
sample t-test for Forward-tACS: tus) = 4.33, p<0.001, for Backward tACS: tus = 6.14,
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p<0.001). There was no significant difference between the two tACS conditions (t(3) = -0.382,
p =0.71, paired t-test).
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Figure 5.6: A: Composite maps of the Humphrey visual fields pre and post Forward- and
Backward-tACS (upper row) and plots of the area of the Humphrey visual fields that improve by
>6 dB (Cavanaugh and Huxlin, 2017) after Forward-tACS and Backward-tACS (bottom row); B:

Mean and individual data corresponding to the pre/post improvement in visual field. No
significant differences were observed between the two interventions (paired t-test: P > 0.05). *

indicates significant one-sample t-test in each tACS condition.

5.5 Discussion

While non-invasive brain stimulation (NIBS) has been widely investigated in stroke patients
for the recovery of motor functions, only a few clinical studies have applied brain stimulation
to patients in conjunction with visual training (Battaglini et al., 2022; Herpich et al., 2019).
Here, we developed a new interventional strategy based on co-entrainment of interregional
oscillatory activity to reorchestrate feedforward and feedback interactions using multifocal,
pathway-specific, physiology-inspired cross-frequency tACS to reduce visual impairment after
an occipital stroke. Clinically relevant improvements were observed in a good part of our
cohort, such as in patient P206, reporting being “able to see the right arm of his wife when

seated on the passenger seat, when she is driving. This was impossible before the protocol”.
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This novel physiology-inspired approach uses a global motion training program recognized as
promising in patients with chronic cortically-induced blindness although very intense and
providing limited outcomes (Cavanaugh and Huxlin, 2017; Das et al., 2014; Huxlin et al.,
2009a). Second, it builds on the recent evidence suggesting that vision deficits secondary to a
stroke might not only be caused by the primary focal tissue damage, but also by a change in
interregional communication or functional synchronization in underlying brain networks
(Raffin et al., 2020; Siegel et al., 2008). Based on this pathophysiological concept, we
investigated the effect of promoting forward (using Forward-tACS: a-tACS over V1 and y-
tACS over MT) compared to backward information flow (i.e., Backward-tACS: y-TACS over

V1 and a-tACS over MT) on motion discrimination learning and visual field recovery.

Pathway and directed effects of cross-frequency tACS

The proposed physiology-inspired cross-frequency tACS protocol is based on the extensive
literature of animal model, humans, and computational modeling studies demonstrating that
alpha-modulated gamma oscillations affect the probability of neurons in the visual system to
respond to an incoming stimulus (Bahramisharif et al., 2013; Bonnefond and Jensen, 2015;
Osipova et al., 2008; van Kerkoerle et al., 2014). In an inter-areal regional framework, the
neuronal population that mediates alpha oscillations projects onto the population oscillating at
a gamma frequency, producing an efficient inter-areal communication channel in the visual
system (Bonnefond et al., 2017; Canolty and Knight, 2010; Osipova et al., 2008). In the present
study, Forward-tACS, which was intended to enhance feedforward information flow, resulted
in enhanced motion discrimination and integration learning compared to Backward-tACS in
stroke patients with occipital cortex damage.

In line with the idea that Forward-tACS would act by restoring optimal inter-areal oscillatory
interactions, the EEG-based phase-amplitude coupling (PAC) between V1 and MT showed
phasic modulations during motion processing in both directions. More precisely, the bottom-
up V1 aphase-MT y-amp. cOupling significantly increased in the Forward-tACS group during the
first 100ms of motion processing, suggesting enhanced early feedforward inputs to MT,
followed by a significant decrease, probably preventing the system to saturate (Chacko et al.,
2018). From a signal processing point of view, this PAC direction reflects bottom-up
information flow. Hence, it is the coordinated activity of excitatory and inhibitory neuronal

populations in the perilesional V1 area that influenced postsynaptic potentials at gamma
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frequencies in neurons projecting to MT (Nandi et al., 2019) either directly or indirectly via
V2 or V3. This suggests that the beneficial effects of Forward-tACS cannot solely be achieved
by monofocal tACS over MT. Additionally, the late time window of motion processing was
also associated with an increase in the opposite direction of PAC, reflecting backward inputs
from MT to V1. All-in-all, Forward-tACS is likely to reactivate dynamical patterns of bi-
directional V1-MT coupling, acting on the full feedforward-feedback motion processing loop,
as also shown by the selective increase in BOLD activity during motion discrimination in MT.
Mechanistically, the reactivation of the perilesional V1 neurons is interesting. Occipital alpha
oscillations are crucial in motion discrimination learning and more generally in visual
perceptual learning as reported in previous human EEG studies (Bays et al., 2015; Muller-Gass
et al., 2017; Nikolaev et al., 2016) or in tactile perceptual learning (Brickwedde et al., 2019).
Congruently, our results showed that training on a motion direction discrimination task was
associated with increased BOLD activity in the ipsilesional V1. This is in line with past studies
showing that visual training in cortically blind patients results in an enlargement of population
receptive fields in the perilesional V1, and increases blind-field coverage in these patients
(Barbot et al., 2021).

Previous visual re-learning studies suggest that patients might require several dozens of
practice sessions over weeks and months before showing improvements in motion direction
discrimination in their blind field (Cavanaugh et al., 2017; Huxlin et al., 2009a). In an attempt
to overcome this limitation, Herpich and colleagues administered visual training coupled with
transcranial random noise stimulation (tRNS) to HH patients and showed that this boosted the
speed of visual motion discrimination learning in their blind fields (see Herpich et al., 2019).
In the present study, 11 out of the 15 patients in the Forward-tACS condition showed
meaningful improvements of direction range thresholds after only four sessions. Forward-
tACS might allow patients to reach the outcomes reported by these past studies after months
of training, in a much shorter period of time. Another important aspect to consider when
referring to these earlier studies is the different study designs. Previous studies were home-
based, enhancing patient compliance but with limited control on the exact setup (eye
movements, level of attention etc.). In our proof-of-concept study, patients were training every

day in the lab, with continuous eye tracking monitoring and feedback from a researcher.

Static perimetry is currently the most commonly used type of perimetry to assess visual field
maps. With static perimetry, sensitivity thresholds are determined at different test locations.

The thresholds are compared to the sensitivity thresholds of age-matched controls. Our results
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revealed a mean increase of 62.9 deg? (for Forward-tACS) and 65.5 deg? (for Backward-tACS).
These values are within the range of results obtained after months of training sessions reported
in home-based studies (Barbot et al., 2021; Cavanaugh et al., 2017; Huxlin et al., 2009b).
Improved motion direction discrimination and V1-MT oscillatory interactions after Forward-
tACS did translate into an enlargement of visual field borders assessed with kinetic perimetry
compared to Backward-tACS. These visual field maps are assessed with moving stimuli of
various sizes and light intensities from a region of non-seeing to a region of seeing. They return
contour lines or isopters with a very high spatial resolution, resulting in a map of visual field
sensitivity (Weijland et al., 2004). Interestingly, in most of the patients (see supplementary
Figure S5.2), the improvements were localized in the area that had been visually stimulated
during the entire training protocol, confirming the retinotopic specificity of the training-
induced improvements (Cavanaugh et al., 2017; Huxlin et al., 2009b).

Extending the capacity to detect motion in the blind field definitively has a positive and
practical impact in patients' lives as acknowledged by the positive quotes from our patients.
However, the limitations associated with this study should be considered. First, although
similar to the sample sizes found in comparable studies (Barbot et al., 2021; Cavanaugh et al.,
2015; Herpich et al., 2019), the limited sample size in this study prevents the results from being
generalized to all cortically blind stroke survivors. Second, we did not measure long-term
effects of the protocol. Therefore, it is unknown whether patients keep their visual
improvements months after the end of the intervention. Third, while we controlled for the
directionality of the oscillatory interactions, we did not include a sham tACS condition. Future
studies with a pure sham intervention would help to disentangle the improvements explained
by the visual training alone, the tACS intervention alone or by the interaction between the two.

Predictive values of residual V1 reactivity and V1-MT structural integrity

The multimodal evaluation battery performed before and after the intervention aimed at
extracting predictors of Forward-tACS effects. Our initial hypothesis was that the residual V1
neurons spared by the lesion are critical for visual recovery. This was suggested in a study from
Barbot and colleagues who measured retinotopic fMRI activity in cortically blind patients
before and after 20.5 months of visual training on average (Barbot et al., 2021). They reported
that spared V1 activity representing perimetrically blind areas before training was predictive
of the amount of training-induced recovery of luminance detection sensitivity. To causally
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probe the level of residual functions of perilesional V1 neurons in the present study, we used
the unique opportunity of TMS-fMRI to measure the local response to TMS in the perilesional
area prior to the intervention. We found that TMS-evoked activity was predictive of the
changes induced by Forward-tACS in direction range thresholds in the blind field (there was
no such association with Backward-tACS), suggesting that more functional surviving cortical

tissue, the more likely a patient will benefit from Forward tACS.

Besides this functional metric, a strong predictor of Forward-tACS effects was the number of
structural fibers connecting V1 to MT, as measured by the summed weights of the V1-MT
tract. The relationship between structural markers and brain stimulation effects has been
repeatedly shown in various contexts and networks (Kearney-Ramos et al., 2018; Khan et al.,
2023; Momi et al., 2021; Muthuraman et al., 2017). Again, this finding provides another piece
of evidence for target engagement, with Forward-tACS strongly relying on the cortical motion
pathway. Finally, it is important to note that those two independent variables (no significant
correlation between the functional and structural marker) need to be considered together to
explain a sufficient amount of variance in the response to rehabilitation protocols that target a

specific pathway or function.

5.6 Conclusions

The results provide first proof-of-concept evidence that orchestrated, pathway-specific,
physiology-inspired tACS might be a novel treatment opportunity to improve post-stroke
visual field recovery. The intervention relies on the hierarchical oscillatory interactions
between visual cortical areas, which can be supported or restored with this physiologically-
inspired protocol. The unique set of multimodal measurements confirmed the relevance of
these oscillatory channels for visual learning in patients and showed reactivation of the

ipsilesional V1-MT pathway.
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5.7 Supplementary materials

Supplementary Tables
Regions | Fvalues Z max Cluster extent MNI coordinates
(x;y;2)
Time effect (F test)
R Primary Visual Cortex 134 3.35 31 4;-76;-3
R Med. Pre-Frontal Ctx. 12.7 3.26 19 3;46;3
LIFG 11.7 3.39 17 -29;46;28
Interaction Time X tACS cond.
R MT 21.4 4.24 309 52;-56;-14
L Frontal Eye Field 17.56 3.85 44 46;22;34
R Frontal Eye Field 12.68 3.26 12 -38;12 ;46
R Prefrontal Ctx. 14.3 3.47 12 42 ;48 ;-8

Table S5.1: Cluster information and MNI coordinates of the fMRI full factorial design analysis during motion

discrimination
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Supplementary Figures

Figure S5.1: Motion awareness and response times
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Figure S5.1: Changes in motion awareness and response times after Forward-tACs (blue) and Backward-tACS
(red). We also explored potential differences in motion awareness after the intervention, measured with a three
items scale rating self-confidence on a trial-by-trial basis. Figure S5.1A shows the difference in motion
awareness between Training 1 and Training 10, on correct trials for the two tACS conditions. Subjective
awareness of the stimulus did not significantly change between the first and the last sessions for both groups
(Time effect: F(1,11) = 0.7, p = 0.43). Note that some patients reported a clear sensation of motion (the left-or
rightward for the CDDI task) while some appeared to predominantly rely on non-conscious motion processing.
Additionally, reaction times of correct trials showed a common decrease after training (significant Time effect:
F(1,20) = 13.1, p = 0.002) but no Time by tACS condition interaction (F(1,18) = 1.3, p = 0.27)(Figure S5.1B).
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Figure S5.2: Individual composite kinetic visual field maps before and after

the interventions
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Figure S5.2: Kinetic visual field maps before (blue contours) and after (red contours) Forwrad-tACS (left
panel) and Backward-tACS (right panel) for all individual patients, with the individual location of the visual

stimulus used during the visual training.
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Figure S5.3: Single session of cross-frequency tACS
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Figure S5.3: Maximal Phase-Amplitude Coupling (PAC) between V1a-phase-MTy-amplitude and the opposite
V1y-amplitude-MTa-phase after one session of Forward-tACS and Backward-tACS (upper row) and the

associated comodulograms (bottom rows). Significant differences in the PAC time-windows are indicated with

grey rectangles.
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Figure S5.4: TMS-fMRI setup all patients
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Figure S5.4: Structural images based on t2 haste sequence displaying for all patients the TMS coil position

targeting the perilesional area. Note that P105 was excluded from the analysis due to wrong targeting

143



Chapter 6 - General Discussion

In the four experiments exposed in the previous chapters, we modulated using 2 different NIBS
(ccPAS -Chapters 2 and 3- and cross-frequency bifocal tACS -Chapters 4 and 5-) neuronal
activity along the motion discrimination pathway of healthy participants (Chapters 2 and 4)
and stroke patients presenting homonymous visual field defects (Chapter 3, 4 and 5). We
recorded EEG, sMRI, fMRI correlates as well as motion coherence discrimination performance

and for patients, static and dynamic perimetries.

The overall aim of this thesis was threefold: 1) To obtain a better knowledge on the
neurophysiological properties of the motion visual discrimination pathway V1-MT in humans;
2) To induce pathway-dependent plasticity within this pathway in healthy brains, either using
STDP or cross-frequency oscillatory interactions, and measure the consequences on visual
motion discrimination; and 3) assess the potential of these interventions in a clinical framework
on brain-lesioned participants, either as biomarker of network integrity or for future therapeutic
applications that would boost visual rehabilitation effects. Uncovering the plastic potential of
the visual motion discrimination pathway, how it can be modulated by different non-invasive
brain stimulation techniques and the effect of a tailored NIBS intervention on stroke
hemianopic patients’ visual recovery could represent a game changer for the development of
future innovative visual rehabilitation therapies, and pave the way towards more personalized
brain state-dependent protocols. In the next paragraph, | will summarize the main findings and
discuss them in larger context. I will then specifically highlight some of the main insights
brought by this PhD work. I will end this thesis proposing potential technological developments

apt to further enhance the efficacy of the interventions.

6.1 Summary and interpretation of the results

In the first study (Chapter 2), we explored the effects of ccPAS between V1 and MT on motion
direction discrimination performance in young, healthy participants. The hypothesis behind our
approach was that enhancing the MT-to-V1 feedback (i.e., applying Backward ccPAS)
strengthens global motion processing and awareness. Extending previous research by Romei
et al., (2016), our study confirmed that Backward ccPAS specifically enhances motion

direction discrimination. Contrastingly, Forward ccPAS (the control condition, in which a first
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TMS pulse was delivered over V1, followed by a second, 20ms later, over MT) did not change
motion direction discrimination. Our findings are in line with previous anatomical studies that
have explored the structural connections between V1 and higher-level extrastriate cortical
areas. Notably, research by Sincich et al. (2004) and Xiao and Felleman, (2004) has shown that
the projections from V1 to higher-order areas in the visual processing hierarchy, such as MT,
do not express significant differentiation. This means that the outputs from V1 are relatively
uniform and do not target preferentially specific subregions or neuron types in these higher
extrastriate areas. As a result, the feedforward projections from V1 may not selectively enhance
specific functions such as motion direction discrimination in the same way that feedback
projections from MT to V1 do. Moreover, human and macaque findings show that feedforward
connections from V1 predominantly consist of deper cortical neurons, which tend to project
broadly across multiple areas (Nassi and Callaway, 2007). On the other hand, feedback
connections, such as those from MT to V1, originate from more superficial cortical layers and
are more targeted in their projections (Blasdel and Lund, 1983). This architectural difference
in the cortical circuitry could explain why Forward ccPAS does not show the same
enhancements in motion discrimination as Backward ccPAS, which is supposed to target the
more specific and functionally distinct feedback pathways from MT. Interestingly, recent data
have suggested that Hebbian activity-dependent plasticity protocols might go beyond synaptic
changes but could also involve changes in white-matter fibers between V1 and MT (Lazari et
al., 2022). This would need to be systematically measured.

Interestingly, Backward ccPAS further enhanced motion awareness, as measured with
increased metacognitive confidence ratings. The interaction between perceptual learning and
decision making has been thoroughly investigated by the ccPAS study of Di Luzio et al. (2022).
Their findings demonstrate that enhancing V5/MT+-to-V1/VV2 back-projections boosts motion
sensitivity without impacting metacognition, whereas boosting IPS/LIP-to-V1/V2 back-
projections increases metacognitive efficiency without affecting motion sensitivity, providing
causal evidence of distinct networks for these cognitive processes. Our Granger Causality
results showed indeed an increase in VV1-to-1PS connectivity for both ccPAS conditions, hinting
thus that strengthening the MT-V1 pathway might additionally support the neural mechanisms

of metacognitive judgements in perceptual decision-making,

From the electrophysiological point of view, we observed that none of the ccPAS conditions

induced local changes in EEG source level activity. However, significant changes in signal
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propagation were detected using spectrally resolved Granger Causality. This method,
combined with single pulse TMS stimulation over V1 and MT separately, allowed us to
distinguish between direct output signal diffusion and re-entering signal transmission (Winkler
et al., 2015). Notably, Backward-ccPAS significantly increased the re-entrant top-down MT-
to-V1 connection in the Alpha range, correlating with enhanced motion direction
discrimination. This finding highlights the efficacy of the Backward intervention in enhancing
effective connectivity of the feedback projections, the ones thought to mediate motion
discrimination abilities (Lamme et al., 1998; Pascual-Leone and Walsh, 2001; Silvanto et al.,
2005b). Finally, spectral Granger Causality indicated increases in direct output connectivity
after both ccPAS interventions from V1 to IPS and from V1 to MT in the Gamma band. These
changes were not predictive of any behavioral improvement but might reflect an increase in

bottom-up, exogenous attention associated with task exposure.

We then postulated that the acute reorganizational state of the visual system imposed by
Backward-ccPAS could be exploited as a predictive metric for visual recovery in pathological
conditions, such as in visual stroke patients. This measure would index to which extent residual
pathways can be exploited for potential visual re-training protocols. This idea constitutes the

rational of our second study.

In this subsequent study (Chapter 3), we investigated the possibility to artificially modulate
MT-to-V1 connectivity in stroke patients presenting V1 lesions, with the goal of enhancing
motion discrimination at the visual field's border. The study aimed to determine if the
modulation of residual re-entrant MT-to-V1 fibers can improve motion discrimination ability
also in a context in which the network is damaged. Furthermore, we wanted to assess whether
structural connectivity or functional stimulation reactivity could predict a patient's response to

ccPAS intervention.

We found that Backward-ccPAS in stroke patients led to significant improvements in motion
discrimination at the group level, confirming that Hebbian plasticity principles apply even in
lesioned brains. However, we observed notable inter-individual variability among patients,
much higher than the one observed in the healthy cohort. To understand this variability, we
compared spectral Granger Causality connectivity of the targeted pathway between patients
who showed significant task improvement and those who didn't. Responders exhibited
increased beta-band connectivity in the re-entrant top-down MT-V1 connections, highlighting

the potential of beta oscillations as mediators and biomarkers of synaptic plasticity. The
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modulation of beta oscillations in the V1-to-MT pathway appears to be crucial for top-down
control of motion perception. This finding is consistent with literature suggesting beta-band's
role also in cognitive and motor functions (Baker, 2007; Buschman and Miller, 2007; Engel
and Fries, 2010; Richter et al., 2018). The shift observed from alpha to beta band oscillations
in stroke patients could be linked to the reorganization of cerebral networks after a stroke,
which impacts both alpha and beta oscillatory patterns (Ulanov and Shtyrov, 2022). Beta
oscillations have a significant role in recovery following a stroke (Hordacre et al., 2020;
Thibaut et al., 2017). Thibaut et al. (2017) discovered that an increase in high-beta power in
the hemisphere affected by the stroke correlates with improved motor skills, suggesting that,
at least in the motor domain, it would act as a compensatory mechanism for the imbalance in
excitability caused by the lesion. Literature on non-human primates further suggests that beta-
band influences from higher visual areas can modulate bottom-up gamma-band processes in
V1 (Richter et al.,, 2018). Interestingly, behaviorally irrelevant increases in bottom-up
connections were induced by Forward-ccPAS, a phenomenon also observed in healthy

participants (Chapter 2).

Furthermore, Backward-ccPAS induced improvements in motion discrimination correlated
with increased re-entrant MT-to-V1 beta inputs and with the residual V1-MT structural
connectivity, estimated with diffusion-weighted imaging (DWI) and the fractional anisotropy
(FA) values of the MT-V1 tract.

If ccPAS and TMS-EEG have been considered in this thesis as precious approaches to acquire
insights on the neurophysiological properties of the intact/lesioned motion visual
discrimination pathway, they have not been applied as potential rehabilitation techniques
themselves. This for a handful of reasons. First, recent studies have shown promising results in
improving visual field through intensive visual-attentional training, particularly within
specifically defined blind spots or scotomas (Cavanaugh and Huxlin, 2017; Raninen et al.,
2007; Sahraie et al.,, 2006). However, these training methods demand extensive time
commitments from patients, often spanning months, and yield only a moderate level of
improvement that is applicable to daily activities (Das et al., 2014; Huxlin et al., 2009b;
Melnick et al., 2016). Our idea has been to integrate these methods with cutting-edge
neurotechnology designed to re-establish neural connections within the brain's cortical visual
motion pathway. Given the need for intensive daily visual training combined with NIBS,

involving potentially in the future home-based rehabilitation setups, TMS instrumentation

147



nowadays does not represent the optimal fit for the role. Some of the reasons supporting this
claim are the necessary need for a clinical environment and at least two experimenters, high
costs, great complexity of the multimodal instrumentation in play and the high level of
discomfort for the participant, who cannot move during the ccPAS delivery. Furthermore, and
probably most importantly, our ccPAS protocol was not applied online, i.e., during the motion
discrimination task. Therefore, its effects probably rather reflect the non-specific expression of
a network’s response, which might not be specifically and completely tuned to the neuronal
populations involved in the task. Finally, there is so far, no report in the literature of long-term

effects of daily ccPAS applications.

We thus decided to explore another mean of enhancing communication between V1 and MT,
through the application of cross-frequency multisite tACS. This can be easily done in
combination with motion direction discrimination behavioural task as a therapeutic approach

for visual restoration.

In our third study (Chapter 4), we investigated the effects of a single session dual-site cross-
frequency transcranial alternating current stimulation (tACS) on visual motion discrimination
and integration tasks in two groups: young healthy individuals and hemianopic stroke patients.
This stimulation protocol was designed to exogenously synchronize selective neural activity
and prioritize information gating in the MT-V1 pathway. The tACS involved the application
of individual alpha frequency signals in V1 and individual gamma signals in MT (V1a-MTy,
Forward-tACS), compared to the opposite electrode/frequency combination (V1y-MTa,
Backward-tACS) and compared to a sham condition for the healthy cohort. Our primary aim

was to examine changes in cross-frequency inter-areal coupling between V1 and MT.

This study yielded two main findings: first, a single session of bifocal cross-frequency Forward
tACS (V1a-MTy) successfully modulated inter-areal synchronization in both healthy
individuals and stroke patients, increasing early bottom-up coupling (V1paMTay) in both
cohorts. Second, these electrophysiological changes did not lead to significant behavioral

improvements in motion discrimination tasks at the group level in either cohort.

Our findings reveal that Forward tACS influenced EEG-based PAC between the V1 and MT
regions during motion processing in both healthy and patient groups. Particularly in patients,

Forward tACS enabled remaining V1 neurons to synchronize with neuronal populations
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oscillating in gamma in MT immediately after visual stimulus onset despite the reported
diminished V1 alpha activity in patients (Allaman et al., 2021; Gallina et al., 2022).

Additionally, the reverse PAC pattern showed a late-stage reduction in healthy subjects and an
early reduction in stroke patients. This suggests a late task-specific disconnection in healthy
individuals, while in patients, it may indicate early adaptive reorganization in brain areas near
the lesion, driven by preserved higher-order visual areas. Despite these neurophysiological
findings, the study did not show corresponding behavioral improvements in visual motion
discrimination tasks. This might suggest a more complex relationship between externally
applied oscillatory activity and behaviorally relevant brain processing. Also, a single session
may not effectively enhance motion discrimination abilities, as Forward tACS primarily
influences the direct feedforward visual pathway, rather than the entire neural network, in such
a short duration. This theory is backed by the previously cited researches highlighting the
critical role of feedback from higher visual areas to the primary visual cortex (V1) in motion
perception (Lamme et al., 1998; Pascual-Leone and Walsh, 2001; Silvanto et al., 2005b).
Therefore, a protocol combining multiple days of cross-frequency tACS stimulation with
targeted visual training for motion discrimination may be necessary to achieve observable

behavioral progress.

For this reason, in our fourth and last study (Chapter 5), we developed a new treatment
paradigm for stroke patients with cortically-induced blindness, the same cohort as study 2 and
3 (Chapter 3 and 4), combining multifocal cross-frequency transcranial alternating current
stimulation (tACS) with 10-day long daily visual training. This approach aimed to enhance
both feedforward and feedback neural transmissions by employing Forward-tACS (a-tACS
over V1 and y-tACS over MT) and Backward-tACS (y-TACS over V1 and a-tACS over MT).
The focus was on assessing the impact of these modalities on motion discrimination and visual

field recovery.

In this 10-day daily training setup, Forward-tACS, designed to boost feedforward information
flow, significantly managed to improve motion discrimination in patients. This improvement
was defined by changes in EEG-based PAC between V1-a and MT-y, indicating enhanced
early feedforward inputs to MT. Furthermore, Forward-tACS facilitated the reactivation of bi-
directional V1-MT coupling and resulted in increased BOLD activity in these areas during

motion discrimination. Predictive factors for the effectiveness of Forward-tACS included
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residual V1 reactivity as measured with online TMS-fMRI and the structural integrity of V1-

MT connections.

A remarkable clinical finding was the enlargement of dynamic visual field borders in patients
following Forward-tACS, as demonstrated by Kkinetic perimetry. This suggests that Forward-
tACS can specifically improve motion processing and, very importantly, can lead to targeted
visual field expansion. This represents our most relevant finding, since the effectiveness of
cross-frequency bifocal tACS in rapidly boosting behavioral motion perception performance
(effect comparable to literature in magnitude, but reached in a shorter time), which also
translated in an enlargement of the dynamic visual field border, has not been reported in

literature yet.

6.2 Enhancing long-term bottom-up information flow and
promoting transient top-down inputs

One might wonder how two apparently opposite approaches and interventions such as
Backward-ccPAS and Forward-tACS could have led to similar enhancing effects on motion
discrimination ability. As first thing, it is important to clarify that “Backward” ccPAS and
“Forward” tACS rely on completely different mechanisms. This ambiguous denomination does
not necessarily mean that they are mutually exclusive, but instead, they could act in a
complementary fashion. In this paragraph. | will argue that these two direction-dependent

interventions probe distinct neuronal populations and have to be used in different context.

In the framework of the natural phase-amplitude coupling between alpha and gamma neuronal
populations in the visual system, Forward-tACS cross-frequency protocol was tailored to
exogenously mimic and synchronize selective neural activity. Because neural population
generating low frequency activity are tough to project onto the high frequency population, by
stimulating V1 in the alpha frequency band and MT in the gamma one, we primarily aimed to
enhance bottom-up V1-to-MT information flow. This physiologically-inspired protocol
successfully restored this neural coupling emerging during motion discrimination, which is
necessary altered by the lesion. This was objectified by the specific improvement in motion

detection.
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In contrast, STDP is a form of plasticity induction requiring synchronized co-activity between
MT and V1, which is unlikely to spontaneously occur in the same timeframe, in the everyday
life. Importantly, time-dependent plasticity has been found to preferentially affect superficial
fibers. In the visual system, bottom-up and top-down responses have been associated with
distinct laminar profiles. Feedback connections have been found in more superficial layers of
the visual cortex (Lawrence et al., 2019). This might explain why ccPAS mainly acted on the
top-down connections. Interestingly, the effects were primarily driven by the enhancement of
MT-to-V1 effective connectivity, in the alpha/low beta frequency range, which are highly
dependent on the behavioral context (Richter et al., 2017). This context dependency might
make ccPAS not a very well-suited approach for long term recovery, as it might be triggered
by very specific visual states. Backward ccPAS increased motion perception but also
metacognition of perceptual decision making, estimated through confidence rating assessment
in healthy volunteers and in patients. This effect has been reported to be mediated by top-down
attentional circuitry, partly mediated by the inferior parietal sulcus (IPS) as shown in our data
and in previous studies (e.g., Di Luzio et al. 2022). This attentional effect might also explain

the visual field increase induced by Backward-tACS.

Although the ccPAS and tACS studies were performed on the same stroke individuals, note
that other factors might explain the discrepancies in the directionality effects of cf-tACS and
ccPAS. Besides, the different plasticity mechanisms, the electrophysiological measures
computed to quantify the inter-areal coupling changes (spectral GC vs PAC), the context in
which brain stimulation was delivered (at rest for ccPAS vs during the behavioral task for
tACS) and the context in which the measures (sGC and PAC) were extracted (probed by single
pulse TMS at rest vs time-locked to the motion stimuli) need to be taken into account in order
to build a comprehensive and fair comparison between the two interventions. Future studies
should evaluate the potential of the two interventions in modulating V1-MT connectivity using

exactly the same conditions and measures.

6.3 Structure-Function (de)coupling in visual recovery

In both groups of studies, specifically the ones targeting patients (Chapter 3 and 5) both
structural and functional markers successfully predicted behavioral improvements but in an

independent manner.
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In Chapter 3, two key indicators, residual fractional anisotropy (FA) in the V1-MT pathway
and changes in directed MT-to-V1 top-down connectivity, emerged as potential predictors for
the effectiveness of the targeted intervention. In Chapter 5, through the use of a TMS-fMRI
recording performed before the beginning of the tACS intervention, we reported that the initial
response of perilesional V1 neurons to TMS could predict the success of Forward-tACS in
improving motion discrimination in the blind field. Here again, the individual V1 to MT
structural connectivity was also a significant predictor of improvements in motion

discrimination.

In both cases, the structural and functional variables were not correlated with each other,
indicating that they captured independent aspects of the individual potential to respond to brain
stimulation. These findings align with existing research showing the importance of considering
both structural and functional aspects in neural repair and rehabilitation (Preti and Van De
Ville, 2019; Vazquez-Rodriguez et al., 2019).

Moreover, it is congruent with previous findings linking structural brain markers to non-
invasive brain stimulation outcomes (Kearney-Ramos et al., 2018; Khan et al., 2023; Momi et
al., 2021; Muthuraman et al., 2017; Quentin et al., 2015). Considering both functional reactivity
and residual structural integrity of the lesioned system is crucial to explain and even anticipate
the effect of a targeted intervention The fact that these two factors can co-exist independently
from each other suggests the existence of different phenotypes of patients: individuals showing
strong reliance on functional changes without necessarily having good or bad structural
integrity or in contrast, individuals with few residual fibers and very resistant to functional
changes and so on. The presence of these different phenotypes needs to be investigated in future
studies. It could for instance discriminate between patients with good chance of long-term

recovery versus patients with weak chances.

6.4 Future technological developments

Brain state dependency in non-invasive brain stimulation techniques refers to the idea that their
effects can vary based on the functional state of the brain at the time of stimulation. This
variability highlights the interaction between the induced stimulation and the ongoing neural

activity, suggesting that the timing, nature, and outcomes of NIBS can be significantly
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influenced by factors such as the phase of neuronal oscillations, levels of neurotransmitters, or
the overall alertness of the individual (Thut et al., 2017).

For instance, research has shown that the outcomes of TMS can differ depending on whether
the brain is in a state of rest or engaged in a task, indicating that the neural context plays a
critical role in how the brain responds to stimulation (Miniussi et al., 2013; Silvanto et al.,
2008). Similarly, the effectiveness of tES, like tDCS or tACS, can be modulated by the ongoing
brain rhythms, which can be synchronized or desynchronized based on the frequency and
timing of the stimulation (Antal et al., 2017; Thut and Miniussi, 2009).

In our lab, we previously demonstrated that short bursts of bifocal V1-MT tACS, time-locked
to the presentation of a moving stimulus, might improve motion discrimination capacities of
healthy subjects (Salamanca-Giron et al., in preparation). In the case of ccPAS, evidence in the
motor and visual cortices suggest how ccPAS parameters, such as inter-stimulus timing (in the
order of a few milliseconds) and directionality of the two pulses play a crucial role into enabling
the occurrence of STDP by matching or not spontaneous inter-regional activity (Koch et al.,
2013; Rizzo et al., 2009; Veniero et al., 2013). The influence and impact of ccPAS on MT-to-
V1 projections, potentially mediated by STDP may undergo significant shifts depending on the
state-dependent changes in neocortical excitability (Chao et al., 2015; Fehér et al., 2017; Koch
et al., 2013). Consequently, to enhance the efficacy of Backward-ccPAS interventions, it could
be advantageous to apply them within a framework that is sensitive to the state of neocortical
excitability. In fact, the variability observed by stroke patients in response to Backward-ccPAS
(Chapter 5) might be attributed not only to residual white matter tracts or the ability to alter
effective connectivity but partially also to the variations in brain state during ccPAS paired
pulses. Integrating EEG-based biomarkers into a phase-dependent system could continually
optimize ccPAS, potentially enhancing its effectiveness, as highlighted by Wagner et al.
(2016). One modifiable parameter that does not interfere with STDP induction timings is the
repetition rate of TMS pulse pairs, traditionally set at 0.1 Hz. Research in the motor domain on
state-dependent TMS, such as the work of Zrenner et al. (2016), has shown that stimulation
during local alpha disinhibition leads to a stronger remote response in motor evoked potentials,
emphasizing the influence of ongoing brain oscillations on stimulation effects. With this
concept in mind, during my PhD | took part in the creation of an online EEG phase detection
algorithm already tested on offline studies | co-authored in Bigoni et al. (2024). A possible

effective way to combine the results coming from both ccPAS would be to align the first of the
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two paired pulses of the Backward ccPAS on MT with the ongoing alpha phase over V1.
Gamma oscillations will be incorporated into the phases of alpha oscillations, predominantly
occurring during the maximal excitability phase of the alpha cycle. As the excitability phases
of alpha oscillations are synchronized, gamma activity emanating from MT could have then
the potential to substantially impact more consistently the neural activity in V1. Triggering
STDP at the optimal alpha phase on MT could exploit cross-frequency inter-areal interactions
and modulate more efficiently top-down MT-to-V1 backprojections or potentially even
bottom-up V1-MT fibers. The current open-loop ccPAS systems do not consider the intra- and
inter-individual differences in cortical excitability and connectivity, which can impact the
intervention's outcome (Thabit et al., 2010). A state-dependent system, tailored to the brain’s
ongoing neural signature, could overcome these challenges, potentially leading to more
effective clinical outcomes (Gilson et al., 2020).
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Chapter 7 - General Conclusions

In addition to the fundamental knowledge on cortical motion processing provided by this
Thesis, our work presents a promising new approach for rehabilitating visual impairments in
stroke patients. First, from a clinical point of view, our results pave the way towards designing
an MRI-ccPAS-TMSEEG protocol able to extract a multimodal biomarker of the visual system
integrity in HH stroke patients. This biomarker could help in the stratification of the patients
according to their “multimodal integrity index”, in order to predict the effect of therapeutic
NIBS protocols for motion perception rehabilitation, for instance. Secondly, improvement in
motion perception and visual fields resembling the ones obtained after months of visual training
alone (Cavanaugh et al., 2015; Das et al., 2014; Huxlin et al., 2009b) were obtained after only
10 days of daily visual training combined with tACS intervention. Forward-tACS, in particular,
shows potential for rapidly improving motion discrimination and expanding visual fields,
opening avenues for innovative cortical blindness rehabilitation strategies, with the potential
to achieve faster and possibly better clinical outcomes. Future studies should include a bigger
cohort, a longer period of daily training combined with bifocal cross-frequency tACS,
potentially integrating further technological developments (i.e., state-dependent approaches),
compared to a stimulation-less control condition to precisely control for non-stimulation

related behavioral, electrophysiological and clinical changes.

I would like to informally conclude my dissertation with what | consider the greatest

achievements of our work, reported directly through some of our patients’ feedbacks:
«I can now clearly see the left arm of my wife when she is driving».

«At halfway through the protocol, | suddently realized that I could see the right knee of the

person sitted in front of me in the train».

«My vision clearly improved. | have the feeling that | am more self-confident when walking in

the street».
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