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Chapter 1

General introduction






General introduction

Visuospatial neglect is a neuropsychological syndrome commonly observed following
unilateral stroke. At its core, visuospatial neglect is a deficit in lateralized attention and can
have a range of consequences, as it affects an individual's ability to attend and respond to
visual information in one side of space (Buxbaum et al., 2004; Corbetta & Shulman, 2011;
Heilman et al., 2000; Kerkhoff, 2001).

In recent decades, a variety of rehabilitation methods has emerged to address the
multifaceted challenges of people with visuospatial neglect. These encompass approaches
focused on retraining impaired functions (restitution), leveraging remaining intact brain
structures (compensation), or adapting to impairments by using external devices or
modifications (substitution) (Kerkhoff, 2000; Ting et al., 2011; Zebhauser et al., 2019).
Notably, non-invasive brain stimulation (NIBS) techniques like repetitive transcranial
magnetic stimulation (rTMS) and transcranial electric stimulation (tES) have gained traction
within this array of approaches.

The realm of NIBS stands as an area of profound scientific interest. Central to the
concept of NIBS is the idea of externally modulating the intricate neural processes within
the human brain, be it through magnetic fields or electrical currents. In fundamental research,
the application of NIBS in the healthy brain has yielded significant insights into the neural
mechanisms of human cognition and behavior. Moreover, the unique property of NIBS to
non-invasively and safely alter neural activity and affect cognition and behavior, has raised
interest in the possible clinical applications. In a variety of brain disorders, NIBS has already
shown remarkable efficacy (Boes et al., 2018; Lefaucheur et al., 2020). One cannot help but
wonder whether NIBS holds the promise of relief for individuals burdened by the
consequences of brain damage, or specifically, of visuospatial neglect.

The objective of the research in this thesis is to better understand visuospatial
attention and treat visuospatial neglect. Throughout the thesis, all studies explore NIBS
techniques, whether as a research tool to influence visuospatial attention in healthy
volunteers (chapters 2 and 3) or as a therapeutic intervention in patients suffering from
visuospatial neglect (chapters 4, 5, and 6). To comprehend how NIBS operates in these
studies, it is necessary to gain a background understanding of attentional processes in the
healthy brain, including theories that explain how visuospatial neglect arises after brain
damage, and the basic principles underlying NIBS techniques. This first chapter thus lays
the groundwork for the subsequent chapters of this thesis.



Bringing Neglected Space to Light

Visuospatial attention: concepts and categories

The concept of visuospatial attention encompasses the ability to focus on specific elements
in our visual environment while disregarding others (Carrasco, 2011). This selective
attention allows for faster and more accurate processing of information within the attended
regions (Carrasco, 2011; Posner, 2012).

Attention may operate through different systems. Overt attention involves the
orienting of multiple body systems to enhance stimulus processing. For instance,
deliberately turning one's trunk and gaze toward someone during a conversation exemplifies
overt spatial attention (Posner & Rothbart, 2007). In contrast, covert attention involves the
engagement of a singular system to focus on a particular stimulus without the
accompaniment of physical movement. This is evident when directing attention toward a
more intriguing conversation nearby while maintaining the appearance of paying attention
to your conversational partner (i.e., without eye movement accompanying the movement of
attention) (Posner & Rothbart, 2007).

Visuospatial attention can also be categorized into exogenous attention, a bottom-
up attentional process, and endogenous attention, characterized by top-down attentional
control. Exogenous attention functions automatically, responding to salient and unexpected
stimuli in the environment (Corbetta & Shulman, 2002). It facilitates swift reactions to
sudden or potentially hazardous events in the environment, enhancing immediate responses.
Conversely, endogenous attention involves the deliberate and voluntary shifting of attention
toward specific stimuli, facilitating focused, goal-directed processing amidst distractions
(Corbetta & Shulman, 2002).

Besides exogenous and endogenous mechanisms that allow us to orient our focus
in visual space, alerting and executive control also play crucial roles in attentional processes
(Posner & Rothbart, 2007). The concept of alerting refers to the mechanisms the system puts
in place when preparing for an anticipated stimulus, leading to quicker processing upon its
arrival (Fan et al., 2009). Executive control manages the suppression of irrelevant stimuli,
facilitating the selection of pertinent information and resolving conflicts among responses
(Fan et al., 2009).

These three attention mechanisms — orienting, alerting, and executive control —
have been widely studied using various computerized behavioral tasks. The orienting
function has been traditionally studied by presenting stimuli preceded by symbolic cues
designed to direct attention. Participants are required to rapidly and accurately identify the

10



General introduction

target’s characteristics, such as its orientation. When the cue correctly predicts the upcoming
stimulus location (i.e., valid trial), participants respond faster and/or more accurately
compared to when the cue predicts incorrectly (i.e., invalid trial), suggesting that spatial
attention improves the processing of information (Posner et al., 1980). The alertness level
can be modulated experimentally by presenting a neutral cue that carries information about
when, but not where, a stimulus will appear. For instance, a neutral cue, also referred to as
an alerting or warning cue, may be a (visual) cue indicating directions both left and right.
Contrasting performance in the neutral-cue condition with that in the no-cue condition,
which lacks both spatial and temporal information, enables the isolation of alerting effects
(Fan et al., 2005). Executive control can be assessed by introducing distractors alongside
target stimuli, as they disrupt target identification and require inhibition. Performance is
diminished when participants must resolve the conflict induced by the distractors, compared
to trials where flanker stimuli do not induce conflict (Fan et al., 2002).

The most typical tasks used to measure spatial attention are the Posner cueing task,
a classic paradigm to measure the orienting mechanism (Posner et al., 1980), and the
attention network test (ANT), designed to measure all three attention components separately
and in combination (Fan et al., 2002, 2005). Its updated version, the lateralized-ANT
(LANT), measures attention components in each hemisphere, vital for understanding
functional asymmetries in the brain (Greene et al., 2008).

Brain networks underlying visuospatial attention

The brain's attentional processes rely on intricate networks involving various brain regions
as shown by a wealth of neuroimaging studies (e.g., Carrasco, 2011; Corbetta & Shulman,
2002; Petersen & Posner, 2012). Corbetta & Shulman's influential model highlights two
interconnected networks governing spatial attentional control: the ventral attention network
(VAN) and the dorsal attention network (DAN) (Corbetta & Shulman, 2011, 2002). The
VAN is associated with exogenous attention and responds to unexpected yet behaviorally
relevant stimuli, allowing for the reallocation of attention in visual space. The VAN is right-
lateralized and consists of the temporoparietal junction and ventral frontal cortex. In contrast,
the DAN is linked to endogenous attention and facilitates the voluntary directing of attention.
The DAN is bilateral, including the frontal eye field and intraparietal sulcus.

The connections within and between (the nodes of) these attentional networks,
along with the control they exert over the occipital cortex, facilitate enhanced processing
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Bringing Neglected Space to Light

within a specific part of the visual field or of a specific stimulus (Reynolds & Heeger, 2009).
This is achieved by selectively recruiting the neurons responsible for processing the attended
visual field or the properties of the targeted stimulus.

Furthermore, alerting mechanisms involve fronto-parietal cortical regions and
thalamic regions (Fan et al., 2007). Executive control mechanisms engage a network
including the anterior cingulate cortex, supplementary motor area, prefrontal and
orbitofrontal cortices, portions of the basal ganglia, and the thalamus (Fernandez-Duque &
Posner, 2001).

Despite advancements in cognitive neuroscience, including neuroimaging
techniques providing valuable data on spatial brain activity correlations, they fall short in
establishing the causal relevance of specific brain areas/networks in attention. Overcoming
this limitation requires methodologies that directly manipulate brain activity, rather than
those that solely observe neural activity change during behavioral tasks. The more recent
utilization of brain stimulation techniques has proven notably useful in further unravelling
causal structure-function relationships (Duecker & Sack, 2015).

Transcranial magnetic stimulation (TMS)

Brain stimulation techniques can be broadly categorized into invasive and non-invasive
methods. Invasive approaches involve surgical intervention, whereby electrodes are
implanted directly into the brain by opening the skull. Conversely, non-invasive brain
stimulation (NIBS) entails the placement of electrodes or coil(s) externally on the scalp.
NIBS methods hold significant importance in various fields of neuroscience and clinical
applications due to its capability to modulate brain activity without the need for surgical
procedures. Transcranial magnetic stimulation (TMS) stands out as a widely used, well-
established, non-invasive research tool.

TMS operates by generating a magnetic field to transiently modulate brain activity
(Barker et al., 1985; Robertson et al., 2003; Sack, 2006). The TMS machine consists of two
main parts: the stimulator and the coil. The stimulator generates a strong electric current that
is passed through a cable to the coil, which is made of wound copper wires. Positioned
tangentially to the head, the coil emits brief magnetic pulses that penetrate the (intact) skull
to induce an electric field in the underlying brain tissue. This electric field then interacts with
the natural transmission of electric signals among neurons. Each TMS pulse reaches a depth
of only a few centimeters beneath the stimulating coil, yet the functional consequences may
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General introduction

extend beyond the stimulated site, impacting broader neuronal circuits (in cortical and
subcortical brain areas) due to interconnections between brain areas (Robertson et al., 2003;
Sack, 2006).

Various factors, including intensity and frequency of delivered pulses, play critical
roles in determining the path, strength, and subsequent effects of stimulation in altering brain
activity during TMS. Adjusting these parameters allows for a tailored approach in
modulating brain activity based on the intended research or therapeutic goals. In TMS
experiments, the intensity of stimulation is established based on the individual resting motor
threshold (rMT) (Rossini et al., 1994). A single TMS pulse (spTMS) over the motor cortex
triggers the activation of corticospinal circuits, resulting in an observable contralateral finger
muscle twitch (Rothwell et al., 1999).

Notably, when multiple pulses are delivered, as in repetitive TMS (rTMS),
neuroplastic (‘lasting’) effects on cortical excitability have been observed. The stimulation
frequency or pattern of pulses determines the type of aftereffect on cortical excitability
(Maeda et al., 2000; Robertson et al., 2003; Sack, 2006). Generally speaking, low-frequency
protocols (i.e., pulses delivered at 1 Hz or lower) have been shown to have inhibitory
neuroplastic effects, while high-frequency protocols (i.e., pulses delivered at 5 Hz or higher)
have been shown to be excitatory (Maeda et al., 2000). These classical rTMS protocols,
involving both high and low frequencies, typically require stimulation sessions lasting up to
40 minutes, with resultant aftereffects persisting for maximally 40 minutes (Thut & Pascual-
Leone, 2010). TMS can also be applied using more complex patterns combining different
frequencies, such as the case in theta burst stimulation (TBS) protocols. Theta burst patterns
involve delivering a total of 600 pulses grouped in triplets at 50 Hz between pulses, with
triplets repeated in a 5 Hz rhythm (Huang et al., 2005; Suppa et al., 2016). There are two
categories of TBS protocols: intermittent TBS (iTBS), requiring only 3.5 minutes of
stimulation, which has demonstrated excitatory effects lasting up to 60 minutes post-
stimulation, and continuous TBS (cTBS), requiring merely 40 seconds of stimulation, with
inhibitory effects persisting also up to 60 minutes (Huang et al., 2005; Suppa et al., 2016).
Due to their abbreviated duration yet strong effects on cortical excitability changes, the TBS
protocols have garnered widespread utilization in research and in clinical applications over
the past two decades.

Inhibitory TMS protocols allow researchers to temporarily disrupt the efficiency of
the targeted region and observe the resulting changes in cognitive performance, mimicking
brain lesions in healthy participants (Sack, 2006). These inhibitory protocols have repeatedly
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Bringing Neglected Space to Light

been applied to parietal brain regions to disrupt performance on attention tasks, resembling
the behavioral deficits seen in stroke patients with visuospatial neglect (for review, see
Duecker & Sack, 2015; Sack, 2010). Unfortunately, nearly all of these studies focus on
spatial orienting; the (in)voluntary allocation of attention to one location in visual space
(Bienetal., 2012; Brighina et al., 2002; Cazzoli et al., 2009; Dambeck et al., 2006; Fierro et
al., 2000; Hilgetag et al., 2001; Koch et al., 2005; Szczepanski & Kastner, 2013; Thut et al.,
2005). This aspect of attention is important, but as explained above, it is only one small
component of a larger, dynamic, intrinsically connected attention system.

Unilateral damage within the attention networks

Current functional-anatomical models agree that different brain networks play a crucial role
in visuospatial attentional control, while highlighting a functional hemispheric asymmetry
in their organization. Nevertheless, an ongoing debate exists regarding the contribution of
each hemisphere to visuospatial attention (Duecker & Sack, 2015; Gallotto et al., 2020).
This disagreement becomes especially evident in the various efforts to understand why
attention deficits, such as visuospatial neglect after unilateral brain damage, are often more
pronounced and prevalent following damage to the right hemisphere (Chen et al., 2015;
Ringman et al., 2004; Ten Brink, Verwer, et al., 2017). Two prominent theories have
emerged over the years, i.e., the hemispatial theory and the interhemispheric competition
theory, each explaining this asymmetry but proposing opposing explanations regarding how
attention can be impaired after unilateral brain damage (Box 1).

Dysfunction within the attention networks previously described, contributes
significantly to the development of deficits in visuospatial attentional control. Visuospatial
neglect arises subsequent to either focal damage (e.g., to frontal, parietal or subcortical
structures like the thalamus) or damage to white matter tracts (Corbetta, 2014). Especially
lesions that penetrate deeply into the white matter, particularly affecting the dorsal
periventricular white matter containing fibers of the superior longitudinal fasciculus, worsen
neglect (Corbetta, 2014). These fibers connect various frontal and parietal brain regions that
are part of the networks responsible for attentional control. Thus, damage to the white matter,
by disconnecting multiple nodes of the attention networks, causes more severe neglect than
cortical damage (Corbetta, 2014). Also, as mentioned above, visuospatial neglect tends to
be more common and severe after right hemispheric damage compared to left hemispheric
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General introduction

damage (Chen et al., 2015; Ringman et al., 2004; Ten Brink, Verwer, et al., 2017). In the
following paragraph, more background information on visuospatial neglect is provided.

I Box 1 Hemispheric asymmetries in attentional control.

The hemispatial theory of attention (Heilman & Van Den Abell, 1980) suggests that
the right hemisphere mediates attention shifts toward both sides of visual space, while
the left hemisphere mediates attention shifts only toward the contralateral (right)
side. Consequently, damage to the left hemisphere typically leads to mild deficits in
processing stimuli from the contralateral (right) side, since the right hemisphere can
compensate by attending to both visual fields. In contrast, if damage occurs in the
right hemisphere, there is no functional compensation due to the lack of functional
overlap. As a result, the ability to shift attention toward the left visual field is
compromised, leading to visuospatial neglect of the left visual field subsequent to a
right hemispheric lesion.

In contrast, the interhemispheric competition theory of attention
(Kinsbourne, 1977), also known as the opponent processor model, posits that
unilateral brain damage disrupts activity levels in both hemispheres rather than
solely interfering with processing in the affected hemisphere. This theory argues that,
normally, there exists an activity balance between the two hemispheres due to
transcallosal inhibition, stating that the left hemisphere exhibits a stronger rightward
bias than the right hemisphere's leftward bias. In visuospatial neglect patients,
damage to either hemisphere leaves the unaffected hemisphere unopposed, resulting
in an overactivated contralesional hemisphere, causing an ipsilesional attention bias.
Damage to the left hemisphere results in mild deficits due to the relatively weak
leftward bias of the right hemisphere, preserving the ability to shift attention to both
visual fields. However, damage in the right hemisphere unleashes the strong
rightward bias of the left hemisphere, causing left-sided visuospatial neglect.

In summary, the two theories present distinct viewpoints on how hemispheric
imbalances contribute to the manifestation of visuospatial neglect; the hemispatial
theory thereby supports the notion of a right hemispheric dominance, whereas the
interhemispheric competition theory favors a left hemispheric dominance. However,
both theories do highlight the significance of hemispheric biases in attention and
clearly support the clinical observation that visuospatial neglect tends to be more
frequent or severe following a lesion in the right hemisphere in comparison to a lesion
in the left hemisphere.
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Bringing Neglected Space to Light

Visuospatial neglect

Among neurological disorders, stroke emerges as the foremost global contributor to both
disability-adjusted life years (DALYs) and mortality (Feigin et al., 2016). In The
Netherlands, an estimated 40,000 individuals suffer from a cerebrovascular accident yearly,
based on incidence data from 2019 to 2022 (Nivel Zorgregistraties Eerste Lijn, 2023).
Following unilateral stroke, visuospatial neglect manifests as a prevalent syndrome,
affecting approximately 50% of survivors with right hemispheric brain damage and 30% of
those with left hemispheric brain damage (Chen et al., 2015). Typically, spontaneous
neuronal recovery from visuospatial neglect occurs during the first three months following
stroke onset (Nijboer et al.,, 2018). Yet, roughly 40% of individuals experiencing
visuospatial neglect still exhibit the disorder one year post-stroke onset (Nijboer et al., 2013).

Neglect, also known as hemineglect or (hemi-)inattention, is a complex,
heterogeneous syndrome, including a variety of clinically important deficits, such as spatial
bias, failure of vigilance/arousal and sustained attention, and deficits of insight and body
awareness (Corbetta, 2014). Neglect can be divided into sensory, (pre)motor, and
representational (imaginary) neglect (Zebhauser et al., 2019), and can involve various
clinical subtypes that differ in modality (visual, auditory, tactile, or olfactory), frame of
reference (egocentric or allocentric), and region of space (personal, peripersonal, or
extrapersonal) (Rode et al., 2017; Van der Stoep et al., 2013). This thesis focusses on
visuospatial neglect, a form of sensory neglect that affects space-related behavior
(Zebhauser et al., 2019). Visuospatial neglect is defined by diminished attentional
processing toward visual stimuli located on the side opposite the cerebral damage, in the
absence of elementary sensorimotor deficits (Buxbaum et al., 2004; Corbetta & Shulman,
2011; Heilman et al., 2000; Kerkhoff, 2001). Visuospatial neglect is henceforth referred to
as 'neglect'.

Drawing from the illustration of the profound impact of neglect in a patient (Box
2), it becomes evident how the effects of neglect reverberate throughout every aspect of a
patient’s daily life, from the simplest acts of self-care to more complex cognitive endeavors
(Bosma et al., 2020; Buxbaum et al., 2004; Kerkhoff, 2001; Nijboer et al., 2013). Neglect
alters a patient’s perception of the world in ways most people take for granted. A meal may
appear half-consumed when only one side of the plate has been touched, and the act of
dressing may involve putting on clothes in a disorganized or careless manner, overlooking
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General introduction

one side entirely. Interactions with others can be affected, as the patient may fail to
acknowledge the presence or conversation of individuals situated on their neglected side.

Box 2 The impact of neglect: a fictitious patient’s daily
struggle.

Every morning, as | navigate through my daily routine, | feel a sense of frustration
like a persistent companion. It has already been five years since my stroke, yet |
continue to grapple with the challenges of neglect. I frequently encounter obstacles,
often unaware of what lies just beyond my sight. The damaged left door post serves
as a reminder of my ongoing struggle. Simple tasks can become demanding, almost
like a game of hide and seek played by my own mind. I find myself in a continuous
battle with my own senses, a constant reminder of all that | have lost. My mood may
dim as the day progresses as | know that, despite my best efforts, this elusive vision
will keep me navigating a world that often feels divided.

Neuropsychological assessments of neglect commonly employ standardized paper-and-
pencil tests like cancellation or bisection tasks (Spreij et al., 2020a; Spreij et al., 2020b; Ten
Brink, 2017). In cancellations tasks, such as the bells task (Gauthier et al., 1989) or star
cancellation task (Wilson et al., 1987), patients must cross out all target items (e.g., the letter
“0”) interspersed among non-targets (e.g., “H” and “P”) on paper, with neglect inferred
from the discrepancy in the number of missed targets between the left and right sides. Line
bisection tasks require the patient to indicate the midpoint of presented horizontal lines, with
substantial deviation from the center indicating neglect on the opposite side of space
(Schenkenberg et al., 1980).

These conventional paper-and-pencil tests of neglect are easily and swiftly
administered, making them suitable even for bed-bound patients or those with language
impairments (Ten Brink, 2017). However, there are instances where patients exhibit neglect
in daily activities despite performing well on these classic, clinical tests (Chen et al., 2015),
especially among those in the chronic phase who have adopted compensatory strategies
(Azouvi, 2017; Ten Brink, 2017). Several reasons contribute to this discrepancy. Firstly, the
broad spectrum of neglect subtypes may not be fully captured by paper-and-pencil tasks that
essentially focus on visual neglect in peripersonal space, potentially missing other subtypes
(Chen et al., 2015; Ten Brink, 2017). Secondly, clinical tests may primarily depend on
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mechanisms that necessitate voluntary orienting of attention, while in everyday situations,
automatic orienting is essential (Azouvi, 2017). Thirdly, detecting relevant stimuli in
dynamic, real-world situations poses challenges, particularly when simultaneous events
occur on both the affected and unaffected sides. This ‘attentional competition’ is typically
minimized in classic, static neglect tasks (Ten Brink, 2017). Lastly, this discrepancy could
simply be due to test-retest effects (Azouvi, 2017).

Neglect treatment

Interventions designed to ameliorate neglect include compensatory approaches such as
optokinetic stimulation and limb activation, substitution strategies like prism adaptation, and
restitution methods including pharmacological treatment and mental imagery (for more
examples, see Zebhauser et al., 2019). The current standard treatment for neglect involves
visual scanning training (Ten Brink, Van Kessel, et al., 2017), an intensive compensatory
program aimed at improving viewing and searching behavior through top-down strategies
(Pizzamiglio et al., 1992). Visual scanning training teaches patients to consciously attend to
stimuli in the neglected visual field by making systematic eye movements. An essential
assumption for the efficacy of this training relies on the premotor theory of attention.
According to this theory, spatial attention is functionally equivalent to motor preparation,
meaning that the planning of a goal directed action, such as an eye movement, is sufficient
to cause a shift of spatial attention (Smith & Schenk, 2012). However, not all patients appear
to benefit from the standard visual scanning training (Kerkhoff & Schenk, 2012). Various
reasons have been suggested for its limited efficacy, such as the inability to reliably
anticipate improvements in awareness of the deficit among individual patients and the
potential influence of lesion site on the variability of training effects (Van Kessel et al.,
2013).

In recent decades, stroke rehabilitation research has explored the potential of NIBS
techniques in clinical studies, drawing inspiration from the theory of attention of Kinsbourne
(1977). NIBS, as a rehabilitation tool, utilizes excitatory or inhibitory stimulation protocols
to modulate unilateral cortical excitability, aiming to restore interhemispheric balance in
stroke patients. In most NIBS studies, excitability-decreasing paradigms are applied to the
hyperactive contralesional (intact) hemisphere to counteract the pathological attentional bias
caused by the stroke. Methods include low-frequency repetitive transcranial magnetic
stimulation (LF-rTMS), c¢TBS, and transcranial direct current stimulation (tDCS). Yet,
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although promising, reported clinical effects have remained small and heterogeneous,
warranting no recommendations for the use of conventional rTMS in the treatment of
neglect, and only level-C evidence (“possible efficacy”) for ¢cTBS in the most recent
European guidelines (Lefaucheur et al., 2020; Longley et al., 2021). Also, regarding tDCS,
only evidence of very low quality suggests that there is an effect of tDCS for improving
neglect (Elsner et al., 2020).

More recently, promising new avenues for neuromodulation with NIBS have
opened up. Specifically, transcranial electric stimulation (tES) enables the targeting of
oscillatory brain activity, instead of merely changing local cortical excitability. This is
intriguing, as locally generated oscillations correlate with specific cognitive processes. The
following paragraphs further introduce the concepts of oscillatory activity and tES.

Oscillatory activity underlying visuospatial attention

Brain oscillations play an important role in coordinating neuronal processing through the
phasic modulation of neuronal firing (Jensen et al., 2014; Thut et al., 2012). Oscillatory brain
activity reflects the synchronized firing of neurons in rhythmic patterns. It is detectable
through the placement of electrodes on the scalp, a method employed by
electroencephalography (EEG) to capture and interpret these neural signals. The electrodes,
linked to an amplifier and analog-to-digital converter, relay the signals to a computer for
display over time. EEG has an exceptional temporal resolution, enabling the detection of
extremely small fluctuations in the electrical signals within milliseconds. Neural oscillations
can be categorized into five frequency bands: delta (< 4 Hz), theta (4-6 Hz), alpha (7-13 Hz),
beta (14-30 Hz), and gamma (> 30 Hz), naturally associated with distinct brain networks
and cognitive processes (Bagar et al., 2001; Thut & Miniussi, 2009). Besides varying in
frequency, the electric signals also fluctuate in amplitude (strength/power), indicating the
level of synchronized neuronal firing at a specific frequency.

The alpha rhythm, especially exhibited in parieto-occipital sites when eyes are
closed, has historically been associated with a relaxed state (Berger, 1929). The alpha rhythm
emerges when specific brain regions become inactive, such as when there is no visual input
after closing the eyes. This association led the suggestion of referring to alpha oscillations
as an 'idling rhythm' (Pfurtscheller et al., 1996). However, contemporary views propose that
alpha activity mirrors an active inhibition in a given region rather than a passive consequence
of information absence (Jensen et al., 2014; Klimesch et al., 2007).
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Attention studies have repeatedly shown the involvement of posterior alpha activity
in visuospatial attentional control; endogenous (voluntary) attention shifts toward one visual
field correlate with alpha lateralization over posterior sites (Gould et al., 2011; Handel et al.,
2011; Sauseng et al., 2005; Thut et al., 2006; Worden et al., 2000). It is postulated that,
contingent on where attention is shifted, parieto-occipital alpha oscillations increase in the
ipsilateral hemisphere and decrease in the contralateral hemisphere (Jensen et al., 2014;
Jensen & Mazaheri, 2010) (Figure 1).

Attention shift left Attention shift right

<IIII IIII>

a-power a-power

Figure 1 Biases in visuospatial attention are associated with an interhemispheric asymmetry in
oscillatory alpha power in parieto-occipital regions. When attention is shifted to either hemifield,
this is accompanied by alpha power increases on the same side as the focus of attention and alpha
power decreases on the opposite side. This suggests that alpha oscillations might help inhibit
distracting sensory information, enabling selective processing of relevant stimuli.

Transcranial electric stimulation (tES)

While TMS uses magnetic pulses for direct neuronal stimulation, tES stands as a distinct
category among NIBS techniques, utilizing low-intensity electric stimulation (Antal, 2012;
Herrmann et al., 2013; Paulus, 2011). TES employs a setup involving at least two electrodes
attached to the head and linked to a battery, enabling the administration of an electric current
directly to the scalp. This current then penetrates the skull and interacts with neural activity.
While TMS is capable of evoking action potentials, thus resulting in pronounced local and
remote effects, tES rather alters the local resting potential. TES methods encompass
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transcranial random noise stimulation (tRNS), transcranial direct current stimulation (tDCS),
and transcranial alternating current stimulation (tACS). The research presented in this thesis
focuses on tACS.

TACS is capable of directly modulating the ongoing rhythmic brain activity by
applying sinusoidal (alternating) currents that synchronize with the brain's natural rhythms
(Thut et al., 2011). This phenomenon, termed entrainment — the temporal-locking process in
which the signal or oscillation of one system aligns with the signal of another system —
significantly enhances the coherence and power of these oscillations (Lakatos et al., 2019;
Neuling et al., 2013; Zaehle et al., 2010). This aspect of tACS is particularly compelling
given the fundamental role brain oscillations serve in supporting various sensory and
cognitive processes in their associated brain networks, such as the above described role of
alpha oscillatory activity in visuospatial attention. If indeed tACS could be used to modulate
alpha power in patients with asymmetric attentional deficits like neglect, this could in turn
modulate attention bias and lead to a reduction of neglect symptoms (Figure 2).

a-tACS-induced attention shift
toward contralesional hemifield

<IIII

tACS *b V

Modulation of
a-power lateralization

Figure 2 Example of anticipated effects of unilateral tACS in a patient with a right-sided stroke
(with left-sided neglect; not shown in figure). TACS uses alternating electrical currents to increase
the power of brain oscillations. If indeed alpha power is increased in the ipsilateral relative to the
contralateral side of attention, we hypothesize that the attention bias toward the right hemifield seen in
right-sided stroke patients can be corrected for by increasing alpha power in left posterior sites by
tACS.
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However, although EEG research uncovers associations between (the strength of) certain
oscillations and specific cognitive processes, it does not establish the causal significance of
these oscillations. Consequently, for tACS to serve as a potential treatment approach for
patients with neglect, it is crucial to confirm that alpha oscillations are more than just an
epiphenomenon and are indeed functionally relevant in visuospatial attentional control.
Researchers have recently addressed this in healthy individuals by directly
modulating alpha oscillations using tACS — applied at alpha frequency — and observing the
effects on attention performance (Kemmerer, De Graaf, et al., 2022; Kemmerer, Sack, et al.,
2022; Schuhmann et al., 2019). This approach has yielded promising results, demonstrating
the ability of tACS to modulate alpha power lateralization, concurrently influencing
visuospatial attention. These findings strongly advocate for exploring the potential of
employing this entrainment-based neuromodulation approach as an innovative treatment for
patients with neglect, and have inspired us to further test alpha-tACS in neglect patients.

Outline of the thesis

As described above, numerous EEG studies suggest that biases in visuospatial attention are
associated with an asymmetry in alpha power between hemispheres, particularly in posterior
regions (Gallotto et al., 2020; Gould et al., 2011; Handel et al., 2011; Lasaponara et al., 2019;
Newman et al., 2013; Sauseng et al., 2005; Thut et al., 2006; Worden et al., 2000).
Additionally, tACS at alpha frequency has been frequently utilized to modulate alpha power
lateralization and/or visuospatial attention in healthy volunteers (Coldea et al., 2021; Kasten
et al., 2020; Kemmerer, Sack, et al., 2022; Schuhmann et al., 2019; Van Schouwenburg et
al., 2018; Veniero et al., 2017). However, to date, no studies have evaluated the effects of
alpha-tACS in individuals with asymmetric attentional deficits like neglect due to stroke.
The first chapters of this thesis (chapters 2 and 3) introduce an innovative
approach in evaluating treatment options that could be applied in rehabilitation, where
inhibitory TMS (i.e., cTBS) is used to simulate neglect in healthy volunteers and alpha-tACS
is subsequently used to ‘virtually treat’ these simulated patients. Thus, while we employ
TMS to disrupt parietal cortex in order to induce (mild and transient) lateralized attention
deficits, by means of tACS we specifically aim at treating attention deficits. Furthermore, as
discussed previously, inhibitory protocols targeting parietal brain regions have frequently
been utilized to mimic the attentional impairments observed in stroke patients with neglect.
However, the majority of these studies concentrate solely on spatial orienting (Bien et al.,
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2012; Brighina et al., 2002; Cazzoli et al., 2009; Dambeck et al., 2006; Fierro et al., 2000;
Hilgetag et al., 2001; Koch et al., 2005; Szczepanski & Kastner, 2013; Thut et al., 2005),
neglecting the broader, interconnected dynamics of attention encompassing various
components beyond spatial allocation. Chapters 2 and 3 therefore aim to bridge this gap in
literature, by investigating the causal contributions the parietal cortex makes to attention as
a multifaceted process. This involves not only examining the spatial orienting component of
attention but also considering alerting and executive control components.

The chapters that then follow (chapters 4, 5, and 6) focus on evaluating alpha-
tACS as a therapeutic intervention in ‘actual’ patients suffering from neglect. In these
chapters, we compiled a diverse set of tasks to assess neglect, encompassing both novel and
traditional approaches, as previous research has identified cases where patients perform well
on standard clinical tests yet demonstrate neglect in daily activities, particularly among those
in the chronic phase (Azouvi, 2017; Ten Brink, 2017).

The outline of the thesis falls apart into two main sections and is thus as follows:
Is alpha-tACS effective in reducing neglect-like behavioral patterns in healthy participants
that have undergone cTBS inducing neglect-like symptoms?

Part I includes chapters 2 and 3.

Is alpha-tACS effective in reducing neglect behavioral patterns after stroke?
Part 11 includes chapters 4, 5, and 6.

In chapter 7, the key findings are summarized, with discussions on theoretical and

methodological implications. Recommendations for future research and clinical practice are
also presented.
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Abstract

Attention includes three different functional components: generating and maintaining an
alert state (alerting), orienting to sensory events (orienting), and resolving conflicts between
alternative actions (executive control). Neuroimaging and patient studies suggest that the
posterior parietal cortex (PPC) is involved in all three attention components. Transcranial
magnetic stimulation (TMS) has repeatedly been applied over the PPC to study its functional
role for shifts and maintenance of visuospatial attention. Most TMS-PPC studies used only
detection tasks or orienting paradigms to investigate TMS-PPC effects on attention
processes, neglecting the alerting and executive control components of attention. The
objective of the present study was to investigate the role of PPC in all three functional
components of attention: alerting, orienting, and executive control. To this end, we disrupted
PPC with TMS (continuous theta-burst stimulation), to modulate subsequent performance
on the lateralized-attention network test, used to assess the three attention components
separately. Our results revealed hemifield-specific effects on alerting and executive control
functions, but we did not find stimulation effects on orienting performance. While this field
of research and associated clinical development have been predominantly focused on
orienting performance, our results suggest that parietal cortex and its modulation may affect
other aspects of attention as well.
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Introduction

Our world consists of a large amount of stimuli and as these stimuli exceed the capacity of
our brain, we have to filter the input. Attention is the cognitive process that helps us to
selectively concentrate on a certain aspect of information. It is a broad concept, often defined
in terms of selection, suppression, and thus biasing of sensory inputs for preferred
processing. The concept of attention can be divided into three different types of attention
functions: alerting, orienting and executive control (Petersen & Posner, 2012) and these
functions are regulated by three relatively distinct but highly connected and partially
overlapping neural networks (Fan et al., 2009, 2005, 2002; Petersen & Posner, 2012).
Alerting is defined as generating and maintaining a vigilant state (Coull et al., 1999;
Posner & Petersen, 1990) and is responsible for spreading attention over a broad area of
space and a higher alert state allows faster processing of information, independently of its
spatial location. Imaging studies show that voluntarily maintaining our level of alertness
over time is controlled mostly by thalamic and right frontal and parietal regions, including
the posterior parietal cortex (PPC; Fan, Kolster, et al., 2007; Pardo et al., 1991; Sturm et al.,
2005, 1999; Sturm & Willmes, 2001). Alertness can also be modulated experimentally by
presenting warning cues that indicate when, but not where, a stimulus will occur. This
function is known as ‘phasic alertness’ and is associated with activity in left frontal-parietal
areas and thalamus (Fan et al., 2005; Sturm & Willmes, 2001; Yanaka et al., 2010).
Orienting enables directional shifts of attention to a relevant spatial location (Fan
et al., 2002). The influential functional-anatomical model of Corbetta and Shulman (2011)
suggests two distinct but interacting networks being responsible for spatial attentional
control. On the one hand, the bilateral dorsal fronto-parietal attention network is involved in
shifts and maintenance of spatial attention and includes the PPC and frontal eye field. On
the other hand, the right-lateralized ventral fronto-parietal attention network supports
attentional re-orienting to unexpected events and includes the temporo-parietal junction and
ventral frontal cortex (for reviews, see Corbetta & Shulman, 2011, 2002; Mesulam, 1999).
Executive control of attention reflects the individual’s capacity to monitor and
resolve conflict in the presence of competing information (Fan, Byrne, et al., 2007).
Neuroimaging studies have shown activation of a network of brain areas in response to many
forms of control, including task switching, inhibitory control, conflict resolution, novelty
processing, and error detection (for reviews, see Bush et al., 2000; Carter et al., 1999; Posner
& Rothbart, 1998). The areas usually activated include the anterior cingulate cortex and
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supplementary motor area, the orbitofrontal cortex, the dorsolateral prefrontal cortex, and
portions of the basal ganglia and the thalamus (Fernandez-Duque & Posner, 2001), but it has
been hypothesized that the PPC, which is known to be involved in alerting and orienting,
also plays a role in the executive control of attention (Friedman-Hill et al., 2003; Lega et al.,
2019; Marek & Dosenbach, 2018).

The abovementioned evidence for the regions and networks related to each of the
three attention components, provided by brain imaging studies, is correlational in nature and
limited in revealing causal relationships between task-dependent changes in brain activity
and their respective behavioral consequences. Noninvasive brain stimulation (NIBS)
techniques, in particular transcranial magnetic stimulation (TMS), have become important
tools in showing causality between specific brain areas and attention processes (Bien et al.,
2012; Duecker & Sack, 2015a; Silvanto et al., 2009; Szczepanski & Kastner, 2013).

In healthy volunteers, TMS has repeatedly been applied over the PPC to study its
functional role in visuospatial attention. TMS over PPC has been shown to affect
performance on attention tasks in various experimental designs, resembling the attention
deficits observed in patients with spatial hemineglect (for review, see Duecker & Sack,
2015a), but the majority of these studies used only detection tasks or spatial orienting
paradigms. Thus, previous TMS-PPC work almost exclusively addressed the ‘orienting’
component of attention, neglecting the alerting and executive control components of the
framework as proposed by Petersen and Posner (2012) and particularly their potential
interactions. This, in spite of the mentioned evidence from imaging studies implicating PPC
in all three attention functions and in spite of evidence shown in behavioral studies for
interactions among the three functions (Callejas et al., 2005, 2004; Chica et al., 2011; Fan et
al., 2009; Posner & Petersen, 1990). For instance, in studies using a tone as alerting signal,
the flanker-congruency effect (a measure of executive control) is larger on trials where an
alerting signal has been previously presented, pointing to an inhibitory relationship between
alerting and executive control (Callejas et al., 2005, 2004). Orienting has also shown to
interact with executive control; more engagement in conflict resolution leads to an increase
in benefit when one orients to the target position than when one orients to the location
opposite to that of the target (Greene et al., 2008). These interactions further support the
notion that the brain networks supporting the functions interact. Altogether, it is likely that
TMS manipulation of PPC affects not only orienting, but also alerting and executive control.

In the current study, we were interested in the functional role of PPC in all three
functional components of attention (alerting, orienting, and executive control). The
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lateralized-attention network test (LANT; Asanowicz et al., 2012; Fan et al., 2002; Greene
et al., 2008) is a behavioral task that simultaneously assesses the efficiency of each of the
proposed functional components of attention, as well as their possible interactions.

To investigate the role of PPC in the three functions of attention, and their
interactions, within each hemifield, we applied a continuous theta-burst stimulation (cTBS)
protocol (Huang et al., 2005) to the right PPC before participants performed the LANT and
compared the behavioral effects to sham stimulation. Since it has been proposed that the
PPC in each hemisphere biases attention toward the contralateral hemifield (Kinsbourne,
1977), we expected a reduction in alerting (Petersen & Posner, 2012), orienting (Duecker &
Sack, 2015a), and executive control (Friedman-Hill et al., 2003; Lega et al., 2019) efficiency
for the left hemifield, potentially accompanied by a shift of attentional resources toward the
right hemifield.

Methods

Participants

Thirty-four volunteers (20 women; mean age = 22.79 years, SD = 3.71) from Maastricht
University participated in this study in return for course credits or monetary compensation.
All were right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971),
had normal or corrected-to-normal vision, and had no psychiatric or neurological history,
assessed by self-report. Participants were screened for TMS experimentation safety prior to
each testing session. The research question and hypotheses remained unknown to the
participants until the end of the experiment.

Procedure

This study presents data that were collected as part of a larger study that consisted of in total
four sessions per participant. (More information on the procedure regarding the larger study
can be found in the supplementary material.) The data reported here reflect LANT
performance that was collected in two of those sessions; namely in a session in which
(generally) inhibitory active TMS (cTBS) was applied, and in a session in which sham TMS
was applied. Stimulation conditions were counterbalanced across participants. Experimental
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sessions were separated by at least four days (mean = 13 days between active and sham TMS
sessions, SD = 7.1).

At the beginning of each session, participants practiced the LANT to get
accustomed to the task (36 trials), during which they received feedback if they responded
incorrectly or too slowly. The individual resting motor threshold was determined in the first
testing session, and the same threshold value was used for the second session. A cap
indicating the electrode positions of the international 10-20 electroencephalography (EEG)
positioning system was used to mark the stimulation site P4 (right PPC). Then, participants
were seated in front of the computer screen with the head supported by a chin rest. After
calibration of the eye tracker, (active or sham) TMS was applied to the right parietal cortex,
after which participants performed the LANT. EEG was recorded between TMS application
and task administration (supplementary material), but time from the TMS ending and the
start of the task never exceeded 5 minutes.

Task and stimuli

Alerting, orienting, and executive control were assessed by the LANT (Figure 1; Asanowicz
et al., 2012; Greene et al., 2008). In each trial, participants first focused on a fixation point
which was continuously displayed in the screen center. After 1400, 1600, or 1800 ms a cue
was presented for 100 ms. The stimulus onset asynchrony between cue and target
presentation onset was 600 ms, and the main stimulus was displayed for 200 ms. The trial
ended after the participant’s response or, in case no response was given, after 1200 ms.

The main stimulus comprised an array of five arrows arranged in a vertical line,
presented at 7° eccentricity from the fixation point. The middle arrow was the target and
pointed either up or down. The four other arrows flanked the target and pointed in a direction
that was either congruent or incongruent with the target arrow. In the incongruent condition,
participants had to overcome the conflict elicited by the distractor arrows. There were three
cue conditions that preceded the target. A neutral cue was used to alert participants. An
orienting cue was used to orient participants’ attention and could be either valid (i.e.,
correctly indicating the location of the following target) or invalid. Therefore, the neutral
(c.q., alerting) cue informed participants when the target would occur, whereas the orienting
cue additionally (mis)informed them about the target location. A no-cue reference condition
was also included. Central symbolic cues were used to prompt voluntary shifts of attention
(Figure 1), although it should be noted that there is evidence that arrows can orient attention
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involuntarily to the location they are pointing at (Hommel et al., 2001) and therefore are not
purely endogenous.

The target was displayed with an equal probability on the left or right side of the
screen. This presentation to one or the other hemifield enabled lateralization effects to be
measured. Participants were instructed to maintain central fixation throughout the task, and
to indicate the direction of the target arrow as quickly and accurately as possible by pressing
the up or down key on a standard keyboard with the right middle finger or index finger,
respectively. Speed and accuracy of responses were measured. Participants received no
feedback on their accuracy, except when they responded too slowly (RT > 1000 ms). This
measure was taken in order to keep participants vigilant to the task.

A B
<o< >0> <o0> o
°
Left orienting cue Right orienting cue Neutral cue No cue
(80% valid) (80% valid)

1400-1800 ms

C
: 34t 5 3f
R 2 B Y
. : 4t 1l
s 4t =3t
gdt Bt

RT 1200 ms max

Figure 1 Experimental procedure for the lateralized-attention network test. (A) An example of
the sequence of events for a trial with a valid spatial cue and incongruent flankers. (B) Cue conditions
(left-orienting and right-orienting cue, neutral cue, and no cue). (C) Flanker types (congruent flankers
and incongruent flankers).

The LANT consisted of 720 trials divided into five blocks of 144 trials each, presented in
randomized order. On 400 trials, the target was preceded by an orienting cue that indicated
the target’s location with a probability of 80%. Thus, on 320 trials the orienting cue validly
predicted the target location, while on 80 trials the orienting cue was misleading. The
remaining 320 trials were evenly divided into neutral-cue (160) and no-cue (160) trials.
Concerning the flanker arrows, on one half of the trials (360), the target was flanked by
congruent flankers, and on the other half by incongruent flankers. We added four warm-up
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trials at the beginning of each block that were not considered in the analysis. Including short
breaks between blocks, the total duration of the task was 35-40 minutes.

Stimuli were presented using the Presentation software package (NeuroBehavioural
Systems, Albany, CA) on a liyama ProLite B2483HS monitor at 70 cm viewing distance.
The video mode was 1920 x 1080 at 60 Hz, and background luminance was 100 cd/m2.

TMS protocol

TMS was applied with a MagPro R30 stimulator (MagVenture A/S, Farum, Denmark) and
a figure-of-eight TMS coil (MC-B70; inner radius = 10 mm, outer radius = 50 mm). Pulses
were biphasic, with an anterior-posterior followed by posterior-anterior current direction in
the brain. The coil was placed tangentially to the scalp over the electrode position P4 (based
on the international 10-20 system) with the handle in posterior direction orienting 45° away
from the midline. The cTBS protocol consists of a total of 600 stimuli applied in bursts of
three stimuli at twenty ms intervals (50 Hz), with bursts repeated at 200 ms intervals (5 Hz)
(Huang et al., 2005). Stimuli were given at an intensity of 100% of the individual resting
motor threshold (mean stimulation intensity = 33.9% of maximum stimulator output, SD =
5.3, 46.8 A/us). Resting motor threshold was determined using single pulse TMS over the
right motor cortex. It was defined as the lowest intensity that elicited an observable muscle
twitch of the left index finger on three of six trials (Pridmore, Filho, Nahas, Liberatos, &
George, 1998; Varnava, Stokes, & Chambers, 2011). During sham stimulation, the coil was
held at 90° to the participant’s skull, so that no pulses perturbed underlying cortex (Hilgetag
etal., 2001).

Eye movement control

We performed video-based monocular eye tracking (EyeLink 1000 system, SR Research,
Mississauga, Canada) to track gaze position of the participant’s right eye at a sampling rate
of 1000 Hz and with high sensitivity for automatic detection. The five-point (center, top,
bottom, left, and right) calibration and validation procedure was used, while the participant’s
head was supported by a chin rest. The software automatically detected eye movements and
blinks when the participant performed the task. This information later allowed us to discard
all trials that were contaminated by eye movements (exceeding 2° of visual angle) or blinks
(M =7.1% of trials across conditions, SD = 6.4). The critical time window ranged from 100
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ms before appearance of the cue until stimulus onset. This ensured that the participant did
not overtly shift attention toward the target but merely performed covert shifts of spatial
attention and that behavioral effects were not to be distorted by interruptions of central
fixation.

Data analysis

We first inspected the individual data sets of sessions with sham TMS to detect strongly
deviating performances in the absence of possible stimulation effects. One participant
showed accuracies around chance level in all sham conditions, so we excluded this data set
from further analyses. Besides excluding trials contaminated by eye blinks or eye
movements, we also excluded trials in case of incorrect responses or misses. For each
condition, trials were identified as outliers if the participant’s reaction time (RT) deviated
by more than 1.5 times the interquartile range (IQR) from Q1 and Q3. After application of
these exclusion criteria, 84% of all trials remained for further analysis. We computed mean
RTs for each condition, and the average amount of trials per smallest cell (invalid trials) was
seventeen trials (SD = 2.5). The average amount of trials in the other conditions was 67 (SD
= 9.7) in the valid trials, 33 (SD = 5.1) in the neutral trials, and 33.6 (SD = 4.9) in the no-
cue trials. After computing mean RTs and scores of the three functions of attention (see
formulae below), as a final pre-analysis step, we inspected the RTs and scores in sessions
with sham TMS. We decided to exclude one more data set from further analyses due to
extreme outliers in mean RTs and scores (> 3.0*IQR from Q1 and Q3) in multiple sham
conditions, reducing the sample size to 32 participants.

To calculate scores of the attention functions we conducted three separate
subtractions using mean RTs of trials in which participants responded correctly (Fan et al.,
2002):

1. Alerting score = no cue — neutral cue
2. Orienting score = invalid cue — valid cue
3. Executive control score = incongruent flanker — congruent flanker

We divided our analyses in two parts:
1. LANT performance in the sham condition. We first focused only on task
performance under baseline conditions (sham stimulation) to test whether
experimental manipulation of attention was successful and whether we could
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observe interactions among the three attention functions that previous behavior
studies have found. To this end, we submitted mean RTs of the sham condition to
a repeated measures ANOVA (RM ANOVA) with hemifield (left and right), cue
(valid, neutral, invalid, and no cue), and congruency (congruent and incongruent)
as within-subject factors. Also, we submitted the alerting, orienting, and executive
control scores of the baseline conditions to three RM ANOVAs, one for each score.
For the ANOVAs on alerting and orienting scores, congruency was included as a
within-subject factor, and for the ANOVA on executive scores, cue was included
as a within-subject factor. By doing so, we considered interactions between the
three components.

2. Stimulation effects. Secondly, we performed analyses to evaluate the differential
effects of TMS-PPC on alerting, orienting and executive control. We chose not to
analyze mean RTs here anymore (as we extensively did for the sham data, allowing
us to discuss and compare our results with observations of previous behavior
studies) but to reduce the task conditions and only analyze the three scores (alerting,
orienting and executive control). Thus, to evaluate the effects of TMS, we
submitted each of the three scores to a RM ANOVA. We considered interactions
between the three components by including congruency and cue as within-subject
factors for the ANOVAs on alerting and orienting, and executive control,
respectively.

All analyses were performed using IBM SPSS Statistics version 25. For all RM ANOVAs,
we reported the multivariate test statistics (Pillai’s trace). Follow-up analyses were
conducted with paired t tests and Wilcoxon signed-rank tests were performed when data
were not normally distributed (according to the Shapiro-Wilk test). When Wilcoxon signed-
rank tests were performed, we reported z values. We used a significance level of p < .05.

Results

Overall accuracy in the sham and the active TMS condition yielded 93.05% (SD = 9.94) and
93.55% (SD = 9.76), respectively. Mean RTs of all conditions are given in Table 1.
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Table 1 Mean reaction times (RTs, in ms) of correct responses and standard error (in brackets)
for each experimental condition, for sham and active TMS conditions.

Left hemifield Right hemifield
Sham Active Sham Active
Valid Congruent 471.7 (10.0) 469.9 (8.3) 466.4 (10.5) 466.8 (8.6)
Incongruent 521.0 (10.2) 529.3 (9.1) 530.3 (12.7) 531.3 (10.4)
Neutral Congruent 473.2 (9.7) 4739 (8.7) 470.0 (10.6) 466.7 (8.9)
Incongruent 528.7 (10.5) 533.7 (9.0) 5388 (13.5) 528.7 (10.2)
Invalid Congruent 490.0 (11.0) 487.9 (8.9) 482.0 (12.3) 483.4 (10.4)
Incongruent 539.6 (10.9) 546.1 (10.0) 547.4 (13.6) 544.1 (11.6)
No cue Congruent 511.4(10.1) 514.6 (8.9) 505.9 (11.3) 501.4 (8.9)
Incongruent 563.6 (10.3) 562.7 (8.6) 562.3 (13.8) 559.4 (11.3)

LANT performance in the sham condition

We first focused on task performance under baseline conditions (sham stimulation). A RM
ANOVA on mean RTs was performed with hemifield (left and right), cue (valid, neutral,
invalid, and no cue), and congruency (congruent and incongruent) as within-subject factors.
RTs differed between cue conditions (F(3,29) = 63.034, p < .001). Subsequently, we
performed planned comparisons between the cue conditions. As expected, participants
responded significantly faster in valid-cue as compared to neutral-cue trials (t(31) = 3.018,
p = .005), neutral-cue as compared to invalid-cue trials (z = 3.927, p < .001, r = .491), and
invalid-cue as compared to no-cue trials (t(31) = 7.656, p < .001). Also, to ensure that the
alerting and orienting attention components we aimed to modulate with TMS were present
in a normal (baseline/sham) condition, we performed two additional t tests. Participants
reacted significantly faster in neutral-cue compared to no-cue trials, resulting in a significant
score of alerting (t(31) = 12.368, p < .001), and in valid-cue compared to invalid-cue trials,
resulting in a significant score of orienting (z = 4.245, p < .001, r = .531). We also found a
main effect of congruency (F(1,31) = 223.017, p <.001), demonstrating significantly faster
performance for congruent-flanker than for incongruent-flanker trials, resulting in a
significant score of executive control. Both the observed cue and congruency effects
supported our expected response patterns. No main effect of hemifield was found (F(1,31)
=.018, p = .894).

There was also a significant interaction between hemifield and congruency (F(1,31)
=7.630, p = .010). Follow-up t tests showed that this interaction reflected a right hemifield
advantage in congruent trials (t(31) = 1.951, p = .060), and a left hemifield advantage in
incongruent trials (t(31) = 1.148, p = .260), both not significant. RTs in congruent trials were
significantly faster than RTs in incongruent trials in both hemifields (left: t(31) = 12.218, p
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< .001; right: t(31) = 13.812, p < .001). Lastly, a significant interaction between cue and
congruency (F(3,29) = 2.929, p = .050) was found (Figure 2), so we conducted additional
ANOVAs separately for alerting scores (no-cue minus neutral-cue trials), orienting scores
(invalid-cue minus valid-cue trials), and executive scores (incongruent-flanker minus
congruent-flanker trials) to test for possible relationships between the three functions of
attention. These additional ANOV As are reported in the three paragraphs below (‘Alerting’,
‘Orienting’ and ‘Executive control’). Please note that these also still concern the baseline
conditions (sham stimulation) only. No significant interactions were found between
hemifield and cue (F(3,29) = 2.184, p = .111) nor between hemifield, cue, and congruency
(F(3,29) = 1.149, p = .346).
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Figure 2 Reaction times (RT, in ms) per type of cue and congruency during sham stimulation,
averaged over hemifields. Participants reacted significantly faster in neutral-cue compared to no-cue
trials, in valid-cue compared to invalid-cue trials, and in congruent-flanker compared to incongruent-
flanker trials. Thus, we efficiently measured the scores of alerting, orienting, and executive control,
respectively. Asterisks (*) depict significant difference (p < .05). Error bars depict one standard error.

Alerting

A RM ANOVA on alerting scores was performed with hemifield (left and right) and
congruency (congruent and incongruent) as within-subject factors. This showed a significant
main effect of hemifield, with lower alerting scores in the right hemifield (F(1,31) = 5.622,
p = .024), and a significant main effect of congruency, with lower alerting scores in
incongruent trials (F(1,31) = 4.607, p = .040). The latter implies an interaction between
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alerting and executive control. No significant interaction between hemifield and congruency
was found (F(1,31) = 1.949, p = .173).

Orienting

A RM ANOVA on orienting scores was performed with hemifield (left and right) and
congruency (congruent and incongruent) as within-subject factors. No significant main
effects of hemifield (F(1,31) = .266, p = .610) and congruency (F(1,31) = .046, p = .831)
were found, nor an interaction between these factors (F(1,31) = .029, p = .865).

Executive control

We performed a RM ANOVA on executive scores with hemifield (left and right) and cue
(valid, neutral, invalid, and no cue) as within-subject factors. This gave a significant main
effect of hemifield, with lower executive scores (c.g., lower cost of conflict) in the left
hemifield (F(1,31) = 7.630, p = .010), and a significant main effect of cue (F(3,29) = 2.929,
p = .050). Follow-up t tests revealed significantly lower executive scores for valid-cue
compared to neutral-cue trials (t(31) = 2.602, p = .014). Executive scores did not differ
between neutral-cue and invalid-cue trials (t(31) = 1.015, p = .318) nor between invalid-cue
and no-cue trials (t(31) = .638, p = .528). Noteworthy, significantly higher executive scores
were found for neutral-cue trials compared to no-cue trials (t(31) = 2.146, p = .040), which
again shows the interaction between alerting and executive control processes. Executive
scores did not differ between valid-cue and invalid-cue trials (thus no interaction between
orienting and executive control, t(31) = .215, p = .831). No significant interaction between
hemifield and cue was found (F(3,29) = 1.149, p = .346).

Stimulation effects

We then compared active TMS to sham TMS (as control condition) to systematically
evaluate the effects of stimulation on alerting, orienting, and executive control scores. To
this end, we submitted each of the scores to a RM ANOVA, with hemifield included as a
within-subject factor in every analysis.

Effects on alerting

TMS effects on alerting were analyzed using a RM ANOVA on alerting scores with
stimulation (active and sham), hemifield (left and right), and congruency (congruent and
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incongruent) as within-subject factors. The analysis revealed significant main effects of
hemifield, with lower alerting scores in the right hemifield (F(1,31) = 4.356, p = .045), and
congruency, with lower scores in the incongruent trials (F(1,31) = 10.098, p = .003).
Although no main effect of stimulation was found (F(1,31) = .080, p = .780), nor any two-
way interactions between the factors (all p values > .285), crucially, there was a significant
three-way interaction between stimulation, hemifield, and congruency (F(1,31) =6.736, p =
.014). We then analyzed the alerting scores separately for the congruent and incongruent
trials. In the congruent condition, there were no significant main effects (stimulation: F(1,31)
=.011, p = .918; hemifield: F(1,31) = 2.967, p = .095) nor an interaction between stimulation
and hemifield (F(1,31) = 1.228, p = .276; Figure 3A). In the incongruent condition, also, no
main effects were found (stimulation: F(1,31) = .078, p = .781; hemifield: F(1,31) = 1.061,
p = .311), but importantly, the interaction between stimulation and hemifield remained
significant (F(1,31) = 9.178, p = .005; Figure 3B). Follow-up t tests revealed that there was
a left hemifield advantage in sham TMS but not in active TMS (left vs. right in sham: t(31)
= 2,454, p = .020; left vs. right in active: t(31) = .603, p = .551). Also, alerting scores did
not differ in active TMS compared to sham TMS, for neither hemifields (left: t(31) = 1.827,
p = .077; right: t(31) = 1.910, p = .065).
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Figure 3 Latency estimates of alerting for congruent-flanker and incongruent-flanker trials. A
significant three-way interaction between stimulation, hemifield, and congruency was found for the
alerting effect. (A) In the congruent condition, no significant main effects or interactions were found.
(B) In the incongruent condition, stimulation interacted with hemifield (significant
stimulation*hemifield interaction). There was a left hemifield advantage in sham TMS (significant p
value left vs. right in sham), but not in active TMS. Also, comparing active TMS versus sham TMS:
There was a decrease of alerting efficiency in the left hemifield and an increase of alerting efficiency
in the right hemifield (both comparisons not significant). Asterisks (*) depict significant difference (p
<.05). Error bars depict one standard error.
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Effects on orienting

TMS effects on orienting were analyzed using a RM ANOVA on orienting scores with
stimulation (active and sham), hemifield (left and right), and congruency (congruent and
incongruent) as within-subject factors. The statistics revealed no significant main effects
(stimulation: F(1,31) = .062, p = .805; hemifield: F(1,31) = .714, p = .405; congruency:
F(1,31) =.013, p = .909) nor interactions (all p values > .628) (Figure 4).
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Figure 4 Latency estimates of orienting, averaged over congruent and incongruent trials. No
significant main effects or interactions were found. Error bars depict one standard error.

Effects on executive control

TMS effects on executive control were analyzed using a RM ANOVA on executive scores
with stimulation (active and sham), hemifield (left and right), and cue (valid, neutral, invalid
and no cue) as within-subject factors. The analysis revealed a significant main effect of
hemifield, with generally lower cost of conflict in the left hemifield (F(1,31) = 4.165, p =
.050), and a significant main effect of cue (F(3,29) = 4.200, p = .014), due to generally
higher cost of conflict in neutral-cue compared to no-cue trials (p = .003). No main effect of
stimulation was found (F(1,31) = .056, p = .815), but critically, there was a significant
interaction between stimulation and hemifield (F(1,31) =4.188, p =.049; Figure 5). Follow-
up t tests revealed that there was a significantly lower cost of conflict in the left compared
to the right hemifield in sham TMS but not in active TMS (left vs. right in sham: t(31) =
2.762, p =.010; left vs. right in active: t(31) = 1.102, p =.279). Follow-up t tests also showed
that executive scores did not differ in active TMS compared to sham TMS, for neither
hemifields (left: z = 1.459, p = 0.145, r = 0.182; right: t(31) = .735, p = .468). Other
interactions were non-significant (all p values of >.108).
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Figure 5 Latency estimates of executive control, averaged over all cue levels. A significant
interaction between stimulation and hemifield was found for the executive control effect. There was a
significant difference between the left and the right hemifield in sham TMS (significantly lower
executive score for left compared to right hemifield in sham TMS) but not in active TMS. Also,
comparing active TMS versus sham TMS: We found a reduced executive control efficiency in the left
hemifield (i.e., higher cost of conflict, not significant) and an improved efficiency of resolving conflict
processes in the right hemifield (i.e., lower cost of conflict, not significant). Asterisks (*) depict
significant difference (p < .05). Error bars depict one standard error.

Effects on the alerting-executive control interaction

Although stimulation did not interact with cue in the previous section (‘Effects on executive
control”), we were interested to find out whether TMS affected the alerting-executive control
interaction since the executive control score depended on cue type (neutral vs. no cue) in the
sham condition. To this end, we used a RM ANOVA on executive scores with stimulation
(active and sham), hemifield (left and right), and cue (neutral and no cue) as within-subject
factors. We found a significant main effect of cue, with higher cost of conflict in neutral-cue
trials (F(1,31) = 10.098, p = .003). No significant other main effects (stimulation: F(1,31) =
432, p = .516; hemifield: F(1,31) = 2.891, p = .099) nor two-way interactions were found
(all p values of > .496), but critically, there was a significant interaction between stimulation,
hemifield and cue (F(1,31) = 6.736, p = .014).

To further investigate this significant three-way interaction, we reduced the
conditions by subtracting the executive scores of the sham TMS condition from the active
TMS condition, giving us the stimulation-induced changes in the executive score as
dependent variable (Figure 6). We used a RM ANOVA on this new measure with hemifield
(left and right) and cue (neutral and no cue) as within-subject factors. We found no
significant main effects (hemifield: F(1,31) =.302, p = .586; cue: F(1,31) <.001, p =.995),
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nor a significant interaction between hemifield and cue (F(1,31) = 3.994, p = .055; Figure
6).
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Figure 6 TMS-induced change in executive score, shown separately for neutral-cue and no-cue
trials. A higher executive score reflects a higher cost of conflict in the active TMS condition compared
to the sham TMS condition. A non-significant two-way interaction between hemifield and cue was
found. Asterisks (*) depict significant difference (p < .05). Error bars depict one standard error.

Discussion

The objective of the present study was to investigate the role of PPC in the three functional
components of attention as proposed by the framework of Petersen and Posner (2012;
alerting, orienting, and executive control) in both hemifields. To this end, we applied acTBS
protocol to disrupt right PPC in 32 healthy volunteers and subsequently used the LANT to
assess behavioral performance.

LANT performance in the sham condition

The behavioral outcomes under baseline conditions showed that we successfully replicated
previously reported effects of cues and flanker arrows on RTs in our implementation of the
LANT. We observed the typical pattern of RTs across cueing and flanker conditions;
participants responded faster to targets as cues became increasingly informative, and
responded slower to targets that created conflict.

Similar to Greene and colleagues (2008), we found no significant main effect of
hemifield. However, we did find a significant interaction between hemifield and

51



Bringing Neglected Space to Light

congruency. When hemifield differences were analyzed separately for the congruent-flanker
and the incongruent-flanker trials, the asymmetry turned out to be near significant in the
congruent trials only. Responses were faster on right than on left congruent trials. This
finding may be explained by the Simon effect because participants had to respond with their
right hand. The Simon effect is the well-known phenomenon that people are faster when
responding to stimuli that are in the same relative location as the response, even though the
location information is irrelevant to the actual task (Simon & Rudell, 1967). In the
incongruent trials, however, we saw faster responses on left compared to right trials,
although this difference was not significant. Asanowicz and colleagues (2012) also found a
left hemifield advantage in the incongruent-flanker trials and suggest this may indicate the
right hemisphere’s dominance in resolution of conflict.

We also found an interaction between cue and congruency. Significantly faster
responses were observed when cued in the correct direction than responses to neutral cues,
but this finding was only found in trials that created conflict (incongruent trials). In
congruent trials, responses to validly cued trials were not significantly faster than responses
to neutral cues (Figure 2). This is in line with the findings of Greene and colleagues (2008),
who also found a higher facilitative effect of valid cues in incongruent trials as compared to
congruent trials. Further, we corroborated previous evidence (Asanowicz et al., 2012;
Callejas et al., 2005, 2004; Chica et al., 2011; Lupiafiez & Funes, 2005), by showing that
valid orienting cues improve resolution of conflict (lower cost of conflict in valid-cue trials
as compared to neutral-cue trials). This indicates that when attention is oriented to the target
location there is a reduced interference from incongruent flankers.

The current study brought interesting findings on the relationship between alerting
and executive control. In line with the finding of Greene and colleagues (2008), the alerting
effect was less in incongruent trials. This suggests that the longer time that is needed to
respond to targets in incongruent (more difficult) trials, cancels out the advantage of having
been alerted by an alerting (c.q., neutral) cue. Or, in other words, how Greene and colleagues
(2008, p.30) put it: “the more one is engaged in conflict resolution processing, the less
benefit will be gained from a temporally alerting cue”. In accordance with previous studies
(Callejas et al., 2005, 2004), we found a higher cost of conflict in neutral-cue trials as
compared to no-cue trials, demonstrating an inhibitory relationship between alerting and
executive control processes. This inhibitory influence between alerting and executive control
has previously been described by Posner (1994). Posner proposed that the anterior cingulate
cortex, which has shown to be associated with the executive control network, is inhibited
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when the alerting network is highly activated, to prevent the system from engaging in higher
level processing in order to promote a fast response to the stimulus rather than concentrating
on control functions.

To conclude, our findings on LANT performance under baseline conditions are in
agreement with previous work and provide evidence on the behavioral level that different
aspects of attention interact. In the following section we discuss how stimulation affected
the performance of each of the three attention functions and their interactions.

Stimulation effects

Until now, to our knowledge only two previous studies have investigated effects of repetitive
TMS protocols on the performance of all three attention functions, thereby giving a broader
perspective on attention by also quantifying alerting and executive control functioning, next
to the classical effects on orienting (Xu et al., 2016, 2013). However, these studies did not
take hemifield-specific effects into consideration, presenting targets above and below
fixation. This limitation is particularly relevant here, because attentional biases are generally
hemifield-specific and NIBS to attention-related regions in a single hemisphere have
repeatedly been shown to have hemifield-specific effects on task performance (Duecker et
al., 2017; Duecker & Sack, 2015a). Thus, for studies that implement a hemisphere-specific
neuromodulation approach, hemispheric contributions are elementary and outcome
measures should aim to capture lateralization of attention processes.

In the current study, we compared active TMS to sham TMS to investigate the role
of PPC in the three functions of attention (alerting, orienting, and executive control), and
their interactions, within each hemifield. Since it has been proposed that the PPC in each
hemisphere biases attention toward the contralateral hemifield, we expected hemifield-
specific effects after applying TMS over right PPC, and more specifically, a rightward shift
of attention. The pattern of effects we found on alerting and executive control seems to be
in line with this expectation, but the effect on orienting is in contrast to previous TMS studies
that have used Posner, line bisection or extinction paradigms (Bien et al., 2012; Brighina et
al., 2002; Cazzoli et al., 2009; Dambeck et al., 2006; Fierro et al., 2000; Hilgetag et al., 2001;
Koch et al., 2005; Szczepanski & Kastner, 2013; Thut et al., 2005).
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Effects on alerting

Alerting was defined as performance in the no-cue condition minus performance in the
neutral-cue condition. We found a significant interaction between brain stimulation and
hemifield on incongruent trials. Follow-up analyses showed a significant left hemifield
advantage in sham TMS but not in active TMS. Compared to sham, active TMS reduced
alerting performance in the left hemifield and enhanced performance in the right hemifield
(note that these are interpretations based on the descriptives following the significant
interaction term, rather than on the pairwise follow-up comparisons). Thus, by applying
TMS over right PPC, we found the expected rightward shift of alerting attention.

Previous studies have suggested that the alerting system is controlled mostly by
right frontal and right parietal lobes (Fan et al., 2002; see also references in Introduction).
Indeed, in our study the left hemifield advantage in the sham condition indicates a right
hemisphere dominance, and, in their LANT study, Greene and colleagues (2008) too suggest
that alerting is dominated by the right hemisphere. However, Asanowicz and colleagues
(2012) did not find a visual field asymmetry for the alerting effect and they give several
interesting interpretations of this lack of asymmetry which we believe can be tested with
TMS. For instance, fMRI studies have reported a greater involvement of the left hemisphere
in the processing of alerting cues (Coull et al., 2001, 2000; Fan et al., 2005), and several
authors suggest that this discrepancy may result from differential specialization of the
hemispheres, namely, more engagement of the left hemisphere in phasic alertness, and
superiority of the right hemisphere in tonic alertness (Coull et al., 2000; Okubo & Nicholls,
2008; Posner, 2008). To shed more light on the organization and laterality of the alerting
network, it seems promising to further investigate the effects on alerting functioning in left
and right hemifields by applying TMS over left PPC and to compare this with right PPC
stimulation.

Effects on orienting

We found no stimulation effects on orienting, which was defined as performance in the
invalid-cue condition minus performance in the valid-cue condition. This is in contrast to
several previous studies investigating spatial orienting effects of TMS over parietal cortex.
For instance, Thut and colleagues (2005) found a general impairment of target detection
following leftward cues and an enhancement in the right hemifield following rightward cues
after low-frequency TMS over right PPC. This resembles the general finding of contralateral
disruption seen in other experimental paradigms, using line bisection tasks and visual
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extinction tasks, applying TMS over PPC (line bisection tasks: Brighina et al., 2002; Fierro
et al., 2000; Szczepanski & Kastner, 2013; visual extinction tasks: Bien et al., 2012; Cazzoli
et al., 2009; Dambeck et al., 2006; Hilgetag et al., 2001; Koch et al., 2005).

There are several potential explanations for the absence of a TMS effect on
orienting. Perhaps the selection of the stimulation site based on the international 10-20 EEG
positioning system was suboptimal compared to, for example, (f)MRI-guided localization
(Sack et al., 2009), and therefore did not lead to the expected TMS-induced orienting effects.
In the absence of individual fMRI data, we cannot rule out that TMS coil positioning was
suboptimal, thus leading to weak or no effects in a subset of participants. However, many
previous studies used the 10-20 system, just like we did here and reported positive results.
Somewhat surprisingly, we recently even failed to find an effect on orienting after cTBS to
right PPC with fMRI-guided localization (Gallotto et al., 2022).

It thus seems that other factors may be at play. The absence of effects on orienting
performance could be explained by the fact that the task required participants to maintain
relatively high levels of sustained attention throughout the task. In the current study we used
a lateralized flanker-type task (a small target needs to be differentiated among flankers),
whereas in previous studies that have used TMS in investigating functional asymmetries
between the left and right hemisphere with regard to spatial attentional control, single
lateralized targets were used that had to be detected by participants. Also, compared to
Greene and colleagues (2008) and Asanowicz and colleagues (2012), our design was more
intensely lateralized (target stimuli at 7° eccentricity in our study, 1° in Greene et al., 2008,
and 5° in Asanowicz et al., 2012). It is important to note that all these aspects might have
put more demands on attentional resources and might have required higher levels of
sustained attention (i.e., tonic alertness). Since it has been shown that the alerting system
‘co-activates’ the parietal cortex involved in spatial orienting (Fernandez-Duque & Posner,
2001; Posner & Petersen, 1990; Robertson et al., 1998), high levels of voluntary, sustained
attention may have eliminated a possible induced orienting deficit. That orienting deficits
can be successfully treated with self-instructional or computerized training methods that
focus on improving intrinsic/sustained alertness (Robertson et al., 1995; Sturm et al., 1997;
Sturm & Willmes, 2001) further supports the idea that non-spatial aspects of attentional
mechanisms, such as alerting, can have modulatory effects on the orienting system (Chica
et al., 2011; Fernandez-Doque & Posner, 2001; Sturm et al., 2005). It may therefore be the
case that orienting performance on the LANT is more robust against TMS modulation.
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Itis also plausible that the stimulation on the right PPC was not enough to interfere
with the task. In previous studies, in general, exogenous orienting tasks (eliciting bottom-up
mechanisms) are used (e.g., Bien et al., 2012), while in this study an endogenous task (with
a top-down component) was used. Given that top-down orienting is implemented in a
bilateral network (Corbetta & Shulman, 2011, 2002), stimulation of the right PPC may not
have been enough to interfere with the task. However, for exogenous orienting, which is
more right lateralized (Corbetta & Shulman, 2011, 2002), the stimulation of the right PPC
would have more consistent effects.

Effects on executive control

As for alerting, there was a significant interaction between brain stimulation and hemifield.
We observed a significantly lower cost of conflict in the left compared to the right hemifield
in sham TMS, but not in active TMS. Furthermore, regarding the alerting-executive control
interaction that was present in the sham data, we found that TMS influenced this relationship
in a hemifield-specific way. The significant interaction between stimulation, hemifield, and
cue (neutral vs. no cue) reflected an increased cost of conflict due to active TMS compared
to sham TMS in the left compared to the right hemifield (significant for the neutral cue, c.q.,
alerting cue, trials only). Thus, by applying TMS over right PPC, we found the expected
rightward shift of executive control. As for alerting, this conclusion should be read with
caution because difference scores did not reach significance in active versus sham TMS, for
neither hemifields.

Executive control resolves conflict among competing stimuli (Fan et al., 2002). In
the LANT, it is assessed by the flanker task. Although the anterior cingulate cortex and the
dorsolateral prefrontal cortex are usually associated with the executive control system
(Botvinick et al., 2001; Bush et al., 2000), there is evidence that links parietal cortex to
executive control. Firstly, a study found that a patient with bilateral posterior parietal lesions
was impaired at filtering out distractors (Friedman-Hill et al., 2003) suggesting that the PPC
plays a role in the top-down filtering of irrelevant visual information. Furthermore,
neuroimaging and patient studies support the theory that several largely non-overlapping
networks — including a fronto-parietal control network with areas of the PPC — are involved
in cognitive control, in which conflict resolution is an essential feature (for review, see
Marek & Dosenbach, 2018).

In sum, it is not inconceivable that the behavioral consequences of the stimulation
in our study were caused by direct effects by directly hitting the areas of the executive
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system. Our observed effects on executive control suggest not only a correlational
relationship but causality between the PPC and executive control.

Limitation

Our study could be criticized for the specific implementation of the sham stimulation.
Instead of a purpose-built sham TMS coil, we simply tilted the coil by 90° so that the
magnetic field was not directed toward the brain. While this approach has been widely used
by the TMS community, it can be criticized for multiple reasons. For example, the auditory
and somatosensory effects of TMS may not be perfectly matched as the TMS pulse may feel
weaker, and the sound may be different. In this context, it seems worthwhile to point out
that all control strategies come with their unique disadvantages (Duecker & Sack, 2015b).
However, our tilted TMS coil approach is widely accepted as it does mimic sound and
sensation (the latter better than a placebo TMS coil). The clicking sound and feeling the
weight of the coil on the head of the tilt-sham approach are known to be well-matched with
active TMS (Duecker & Sack, 2015b). But most importantly, we want to highlight that TMS
in our study was not applied during the execution of the task, but rather well before the task
started, and therefore we consider it unlikely that our observed behavioral effects after
(active or sham) TMS were produced by the clicking or bone-conducted sound of the TMS
coil or sensations on the head. This would be more of a risk when stimulation is given during
the execution of a task.

While sham TMS may account for a general placebo (expectation) effect and may
also control for direct sensory-driven behavioral or cognitive changes (clicking and
somatosensation), only a control site can test the site-specificity of our TMS findings and in
this sense test how specific these effects are to, for example, parietal cortex. Indeed, in the
absence of a control site, no claims can be made about the specific role of PPC and the site-
specificity of our findings. However, this was not the gist of our study. Instead, our study
aims to build upon this established and often replicated functional relevance of PPC for
attention, now directly comparing three different aspects of attention — orienting, alerting,
and executive control. Our main gist is therefore the task-specificity of these TMS over PPC
effects, not site-specificity. Therefore, we decided for a sham control rather than a control
site.
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Conclusion

Neuroimaging evidence from previous studies implicated PPC in neural networks sub
serving three different types of attention functions: alerting, orienting and executive control.
By assessing them separately one can assess differential effects of TMS-PPC on these
functional components of attention. Our results clearly demonstrate differential brain
stimulation effects on two of these components: alerting and executive control. For both
these components, TMS over right PPC led to the expected rightward shift (based on the
descriptives following the significant interactions). We want to stress here again that the use
of flankers made our task clearly different from prior TMS-PPC studies. This perhaps made
orienting performance on the LANT more robust against TMS modulation and may explain
why we did not find a direct stimulation effect on orienting. But the demonstrated effects on
attention mechanisms of alerting and executive control, rather than the previously revealed
role in spatial orienting, emphasize the multifaceted functional contributions of PPC to a
range of attention mechanisms. In turn, this implies that future research would benefit from
a more inclusive approach, moving from isolated studies of specific aspects of attention to a
more integrated approach designed to reveal the intrinsic interplay between attention
processes at the behavioral and the neuronal level.
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Supplementary material

To be transparent about the greater experimental context of this research report, in this
paragraph we describe additional details of the procedure. In both sessions, in addition to
(active or sham) TMS, participants received placebo transcranial alternating current
stimulation (tACS) to left parietal cortex, and brain activity (electroencephalography, EEG)
was recorded. TACS and EEG electrodes were attached to the participant’s head using the
10-20 system. Sham tACS was applied to P3 (left PPC) at individual alpha frequency, with
intensity set to 1.5 mA peak-to-peak, and consisted of a brief ramping up and immediate
ramping down. Sham tACS was delivered during task performance; task duration was
between 40-45 minutes. EEG leads were applied to P5, PO3, PO4, P6, left mastoid (Al,
online reference), right mastoid (A2, offline reference), and forehead (ground). EEG was
recorded three times in each session; before and after (active or sham) TMS and after (sham)
tACS (at the end of the session). Participants were required to relax and keep eyes closed
during three minutes of EEG recording.
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Abstract

Non-invasive brain stimulation techniques such as transcranial alternating current
stimulation (tACS) may help alleviate attention deficits in stroke patients with hemispatial
neglect by modulating oscillatory brain activity. We applied high-definition (HD-)tACS at
alpha frequency over the contralesional hemisphere to support unilateral oscillatory alpha
activity and correct for the pathologically altered attention bias in neglect patients. We
performed a within-subject, placebo-controlled study in which sixteen subacute stroke
patients with hemispatial neglect underwent 10 Hz (alpha) as well as sham (placebo)
stimulation targeting the contralesional posterior parietal cortex. Attentional bias was
measured with a computerized visual detection paradigm and two standard paper-and-pencil
neglect tests. We revealed a significant shift of attentional resources after alpha-HD-tACS,
but not sham tACS, toward the ipsilateral and thus contralesional hemifield leading to a
reduction in neglect symptoms, measured with a computerized visual detection paradigm
and a widely used standard paper and pencil neglect test. We showed a significant alpha-
HD-tACS-induced shift of attentional resources toward the contralesional hemifield, thus
leading to a reduction in neglect symptoms. Importantly, HD-tACS effects persisted after
the stimulation itself had ended. This tACS protocol, based on intrinsic oscillatory processes,
may be an effective and well-tolerated treatment option for neglect.
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Introduction

Each year more than twelve million people worldwide suffer from the devastating
consequences of a new stroke, including severe cognitive deficits in attention and memory
(Feigin et al., 2022). Among these cognitive deficits, visuospatial hemineglect is a common
and disabling problem and is marked by the inability to attend to the contralesional side of
space (Buxbaum et al., 2004; Osawa & Maeshima, 2021). These pronounced spatial
attention deficits in hemineglect have a substantial negative impact on stroke patients’
everyday life and are a strong predictor of poor functional recovery (Di Monaco et al., 2011;
Stone et al., 1992). Current rehabilitation options include a number of cognitive trainings,
such as visual scanning training (VST), prism adaptation, or limb activation training.
However, although the VST is generally advised as a preferred treatment option (Ten Brink
et al., 2016) and implemented in many rehabilitation centers, recent randomized controlled
trials find only limited clinical benefits (Azouvi et al., 2017; Fasotti & Van Kessel, 2013).
To achieve higher clinical benefit, new treatment options have to be explored, possibly
aiming at a neuromodulation of brain structures involved in visuospatial processing.

Fundamental neuroscientific research has started to unravel the functional
organization and brain network communication underlying the control of spatial attention in
the healthy brain (Morishima et al., 2009; Ruff et al., 2008; Sack et al., 2007), linking spatial
attention bias to cortical excitability (Klimesch et al., 2007, 1998) and oscillatory activity in
posterior parietal cortices (Fiebelkorn & Kastner, 2019). Modulating unilateral cortical
excitability by noninvasive brain stimulation (NIBS) to create (or restore) an imbalance
between competing hemispheres that suppress each other via interhemispheric inhibition,
has shown to significantly affect spatial attention performance in a hemifield-specific way
(Battelli et al., 2009; Bien et al., 2012; Dambeck et al., 2006; Hilgetag et al., 2001; Sack et
al., 2002). Several small-scale clinical trials have tried to exploit this link between cortical
excitability and attentional bias in patients with visuospatial neglect. In these studies, NIBS
is applied to counteract the pathological attentional bias caused by the stroke through
decreasing cortical excitability within the contralesional, i.e., unaffected, posterior parietal
cortex, expecting to reduce its hyper-excitability and to thereby restore the interhemispheric
balance. Unfortunately, although promising, reported clinical effects have remained rather
small and heterogeneous (Koch et al., 2012; Lefaucheur et al., 2020, 2014; Longley et al.,
2021).
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NIBS protocols are not limited to modulating cortical excitability, but can also be
tuned to influence oscillatory brain activity. Specifically, intrinsic brain oscillations can be
amplified by alternating currents using transcranial alternating current stimulation (tACS)
with the appropriate frequency, leading to entrainment and/or resonance effects (Lakatos et
al., 2019). In the context of attention, oscillatory activity in the alpha range (8-12 Hz) over
the posterior parietal cortex has been linked to attentional bias and attentional orienting (Thut
et al., 2006; Worden et al., 2000). Mechanistically, it is often argued that alpha oscillations
are crucial for gating information flow between different regions within a brain network by
functional inhibition (Jensen & Mazaheri, 2010; Klimesch et al., 2007). Accordingly,
shifting attention to the right hemifield is accompanied by alpha power decreases in the left
hemisphere (release from inhibition) and alpha power increases in the right hemisphere
(inhibiting the unattended left hemifield). Modulating this alpha power lateralization, instead
of merely changing local cortical excitability, may therefore be a promising new and
mechanistically different approach to correct for a pathological spatial attention bias after
stroke using NIBS. Yet, until today, no study has tested this oscillation-based NIBS
intervention in stroke patients suffering from visuospatial neglect to evaluate its feasibility
and clinical efficacy.

Here, we present a proof-of-concept study for the use of high-definition (HD-)tACS
in subacute stroke patients with visuospatial neglect aimed at reducing the visuospatial
attention bias. To this end, we applied both sham and active HD-tACS at alpha frequency
over the contralesional posterior parietal cortex in two different sessions. Based on the
fundamental neuroscientific insights obtained in healthy volunteers outlined above, we
expected an alpha-tACS-induced shift of attentional resources toward the ipsilateral and thus
contralesional hemifield leading to a reduction in neglect symptoms measured with a novel
computerized visual detection task and two widely used standard paper and pencil neglect
tasks.

Methods

Study design

We performed a single center, within-subject, placebo-controlled study. Each patient
underwent 10 Hz (alpha) as well as sham (placebo) stimulation in two separate HD-tACS
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sessions. The order of sessions was counterbalanced and the two sessions were performed
on two different days with at least one-day inter-session interval. In both sessions, patients
had to perform three different tasks, administered before (baseline), during, and immediately
after HD-tACS. Patients gave written informed consent before participating in this
experiment, in accordance with the 2008 Declaration of Helsinki and with the approval of
the Medical Ethics Committee of the University Hospital Maastricht and Maastricht
University (METC MUMOC, registration number METC143030), The Netherlands.

Participants

We recruited seventeen subacute stroke patients from Adelante Rehabilitation center,
Hoensbroek, The Netherlands in the period of October 2015 to April 2017. Patients with a
recent clinically diagnosed first and/or recurrent stroke (ischemic or intracerebral
haemorrhagic lesion) were considered eligible. Patients had to fulfil the inclusion criteria of
having visuospatial neglect symptoms (either left- or right-sided neglect) based on clinical
judgment and of having sufficient communication skills to understand the researcher’s
instructions. Patients were excluded if they had dementia and/or cochlear implants.
Demographics (age, gender) and stroke-related characteristics (time since stroke, stroke
type, stroke side) were collected from the patients’ medical records. Sixteen of the patients
were right-handed, one patient was left-handed. Independence in activities of daily living
(ADL) was assessed using the Barthel index (Collin et al., 1988) within two weeks after
having been admitted to the rehabilitation center. Barthel scores ranged from 0 (completely
dependent) up to 20 (completely independent).

Transcranial alternating current stimulation

HD-tACS was performed using a small circular (diameter: 2.1cm, thickness: 2mm) and a
large rubber ring (outer diameter: 11 cm; inner diameter: 9 cm, thickness: 2 mm) tACS
electrode (NeuroConn, limenau, Germany) that were both placed onto the contralesional
posterior parietal cortex, with the small electrode positioned over P3 or P4 (based on the
international 10-20 EEG system) and the large electrode centered on it. This ring electrode
montage enables a higher spatial focality as compared to standard rectangular electrodes
(Datta et al., 2008) (Figure 1). Conductive gel (ten20 paste, Weaver and Company, Aurora,
CO, USA) was applied between skin and electrodes to reduce the impedance to below 10
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kQ. Stimulation frequency and intensity were respectively set to 10 Hz and 1.5 mA peak to
peak, phase offset was set to 0 and 100 cycles were used for ramping up. The control
intervention consisted of sham stimulation and included ramping up and then immediately
ramping down with each 100 cycles. This way, the patient feels the ramp-up and ramp-down
events (which are the most noticeable in TES), but does not receive a significant dose of
TES (Paulus et al., 2013). Unlike for TMS, this placebo/sham condition is indistinguishable
from active HD-tACS for participants, ensuring successful blinding. Stimulation in both
conditions lasted for maximally 30 minutes.

tACS

Figure 1 Schematic figure of the HD-tACS set-up. HD-tACS was performed using a small circular
(diameter: 2.1 cm, thickness: 2 mm) and a large rubber ring (outer diameter: 11 cm; inner diameter: 9
cm, thickness: 2 mm) tACS electrode (NeuroConn, Iimenau, Germany) that were both placed onto the
contralesional posterior parietal cortex, with the small electrode positioned over P3 or P4 (based on
the international 10-20 EEG system) and the large electrode centered on it.

Primary outcome: computerized visual detection task
(CVDT)

The CVDT measures perceptual sensitivity and attentional selection in each hemifield
separately, but also in the context of competition between visual stimuli in both hemifields.
Itis a simple and sensitive assessment of unilateral neglect and extinction (Bien et al., 2012;
Duecker et al., 2017; Schuhmann et al., 2019). During the task, patients were seated in front
of a computer screen at a distance of 57 cm. They were asked to fixate on the center of the
screen, marked with a bull’s-eye. Gabor patches (spatial frequency = 1.5 cycles per degree,
envelope standard deviation = 0.75°, random orientation) were presented to the left, right,
and bilateral sides of the screen at 14° eccentricity. Stimuli were shown for 100 ms and
stimulus size was 10°. Patients had to verbally indicate whether they saw the stimulus
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appearing on the left, right, or both sides of the fixation bull’s-eye. For each trial, the
stimulus position, contrast level, and response were recorded.

For each of the three locations (left, right, and bilateral) independently, the contrast
of the stimuli was adaptively changed on a trial-by-trial basis using the QUEST staircase
algorithm (Watson & Pelli, 1983), as implemented in the Psychophysics Toolbox extension
(Brainard, 1997) for MATLAB (The MathWorks, Inc., Natick, MA). We supplied the
following parameters: prior mean was based on a short calibration procedure (see below),
prior standard deviation = 1, beta = 3.5, gamma = 0.01, delta = 0.01, and aim performance
= 0.5 (50% detection rate). The next contrast value was requested with QuestQuantile, and
we obtained final detection threshold estimates with QuestMean.

Participants initially performed a short calibration procedure to obtain a first
estimate of the individual detection threshold, which was used as a prior for the Bayesian
staircase procedure. During this calibration, bilateral stimuli were presented on the screen,
matching the positions used during the experimental task, and participants adjusted the
contrast level of the stimuli until they could barely see them. At the beginning of the
experimental task, two warm-up trials with high-contrast stimuli were included for each
condition (left, right, and bilateral) that were easy to detect and not part of the staircase
procedure. Then, participants completed three randomly interleaved staircases (left, right,
and bilateral) with 40 trials each. The overall duration of this task never exceeded ten
minutes.

Stimuli were presented on a Dell Latitude E6540 laptop. The video mode was 1920
x 1080 at 60 Hz, and background luminance was 105.55 cd/m2. The Presentation software
package (NeuroBehavioural Systems, Albany, CA) was used to control stimulus
presentation and recording of behavioral responses, interfacing with MATLAB for running
QUEST functions.

Secondary outcomes

We administered two neuropsychological paper-and-pencil tasks to assess the presence and
severity of visuospatial neglect. The bells task (BT) is a cancellation task which directly
reflects the basic direction-specific deficit in visual searching (exploratory deficit) that is so
characteristic of neglect patients’ clinical behavior (Ferber & Karnath, 2001). The test
consists of an A4 sheet of paper with 315 black objects printed on it. Of the 315 objects, 35
are target items (bells) and the other 280 are distractor objects (houses, horses, etc.).
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Although the objects appear to be presented in random order, they are distributed equally
into seven columns across the A4 sheet with five targets and 40 distractors per column.
Patients were seated such that the center of the sheet was aligned to their midsagittal plane
and instructed to circle all target items as quickly as possible. The total number of omitted
targets was recorded, ranging from 0 to 35. The spatial distribution of the omitted targets
determines the direction and severity of the visual neglect.

We also used the line bisection task (LBT), which is a quick quantitative assessment
of the presence and severity of unilateral spatial neglect (Schenkenberg et al., 1980). Line
bisection necessitates correct perception of the size of a single stimulus, and a displacement
of the bisection mark toward the ipsilesional side is interpreted as a symptom of neglect
(Ferber & Karnath, 2001). The LBT requires patients to place a mark through the center of
a series of twelve horizontal lines on a page placed in front of them. The test was scored by
measuring the deviation in millimeters of the patient’s bisection mark from the true center
of the line. Deviations were scored positive for marks placed on the ipsilesional side of the
center of the line and scored negative for marks placed on the contralesional side of the line-
center (potential score range: -590 to +590 mm). Trials with omitted lines were scored as if
patients put the mark all the way to the right or left side (in case of right or left hemisphere
damage, resp.).

Data analysis

Detection performance of the CVDT was tested in three conditions (ipsilesional stimulus,
contralesional stimulus, and bilateral stimulus), with the unilateral conditions directly
relating to neglect symptoms, and the bilateral condition relating to extinction symptoms.
Task performance was initially defined as detection thresholds for the three stimulus
conditions. However, detection thresholds could not be used in some patients because they
had so severe deficits that parameters were outside the test range and thus unreliable. The
number of correct hits could be used as an alternative but this ignores the fact that contrast
levels varied on a trial by trial basis, thus failing to take task difficulty into account. Hits
were therefore weighted by the contrast level, according to the following formula: x =
log10(max_contrast) / logl10(trial_contrast). This measure accounts for the logarithmic
nature of contrast detection, and makes trials count more when the contrast was low. This
results in a potential scoring range of 0 to 76.49 weighted hits per condition. To illustrate,
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trials detected at maximum contrast received a score of 1, whereas trials with a relatively
low contrast level of 10% received a score of 2.

Performance in visual search as measured by the BT was tested in two conditions
(contralesional side and ipsilesional side). To derive performance in the contralesional side,
we calculated the average of missed targets in the three far-most contralesional columns, and
to derive performance in the ipsilesional side, we calculated the average of missed targets in
the three far-most ipsilesional columns.

Performance of the LBT was defined as the deviation of the patient’s bisection mark
from the true center of the line. The relative deviation was used to analyze the LBT data and
was derived by means of the formula: x = deviation score / true half line length * 100.
Relative deviation scores were then averaged across all twelve lines.

To quantify the patients’ spatial attention deficits, we analyzed the baseline
measurements (before stimulation) of both sessions (active and sham HD-tACS sessions
averaged) per task. In the results we report our findings per task; always first showing the
patients’ spatial attention deficits (sensitivity of the task), followed by the inference analyses
performed using IBM SPSS Statistics version 25. For all repeated measures (RM) ANOVAs,
we reported the multivariate test statistics (Pillai’s trace). Follow-up analyses were
conducted with paired t tests. Significance was determined at p <.05.

Results

We recruited seventeen subacute stroke patients from Adelante Rehabilitation center. One
patient decided to stop participating after one session and was not included in the analyses.
The final study sample comprised of sixteen patients, aged 37 to 76 years (M = 57.8 years,
SD =9.7). Time since stroke ranged from 39 to 127 days (M = 87.4 days, SD = 24.6). Patient
characteristics are shown in Table 1. All patients included in the analyses were right-handed.
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Table 1 Patient characteristics (n = 16).

Characteristics Outcome
Gender: males, n (%) 12 (75.0)
Age in years, mean * SD (range) 57.8£9.7 37.1 - 76.1)
Time since stroke in days?, mean + SD (range) 87.4 £24.6 (39.0 - 127.0)
Stroke type: n (%)
Ischemic 10 (62.5)
Haemorrhagic 6 (37.5)
Stroke side: right, n (%) 15 (93.8)
Barthel index®, mean + SD (range) 83 %7.1(1.0-20.0)

aTime between stroke and baseline measurement of first session. ® Scores 1-20, higher score
means higher degree of independence.

Computerized visual detection task

Out of the sixteen patients, one patient was not able to perform the CVDT, and two patients
displayed very high variability and were identified as statistical outliers (> 3.0*IQR from
Q1 and Q3). We here report the results of thirteen patients. All analyses of the CVDT were
conducted on weighted hits. A RM ANOVA of the baseline measurements averaged over
both sessions, with spatial location (contralesional, bilateral, ipsilesional) as within-
participant factor showed a significant effect of spatial location (F(2,11) = 54.049, p <
.00001, n,> = .908). Follow-up analyses showed a significant difference between
contralesional and ipsilesional stimuli (t(12) = 8.289, p < .00001) and between bilateral and
ipsilesional stimuli (t(12) = 7.115, p < .0001), demonstrating the strong attention deficits of
the neglect patients in detecting stimuli in the contralesional hemifield. There was no
significant difference between contralesional and bilateral stimuli (t(12) = .176, p = .864),
indicating that performance in both conditions was equally impaired.

The CVDT data was then split up to test the three hypotheses. First, we assessed
the effect of unilateral HD-tACS stimulation over the contralesional parietal cortex on
performance in the contralesional hemifield and expected an improvement in visual
detection in active compared to sham tACS. Including only trials with stimuli in the
contralesional hemifield, we performed a RM ANOVA with HD-tACS (active, sham) and
time (baseline, during stimulation, after stimulation) as within-participant factors, revealing
no main effects of HD-tACS (F(1,12) = 1.724, p = .214, n,?=.126) or Time (F(2,11) = .729,
p = .504, ny? = .117). However, the interaction between HD-tACS and time was significant
(F(2,11) = 8.895, p = .005, np? = .618), indicating that the difference between detection
performance before, during, and after stimulation was significantly different between the
active alpha HD-tACS and the sham alpha HD-tACS stimulation conditions (Figure 2A).
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Regarding differences in performance between active and sham HD-tACS sessions,
performance was equal at baseline (t(12) = .975, p = .349), but during stimulation
performance was significantly improved in the active compared to the sham session (t(12)
=4.472, p = .001). This improvement was not significant after stimulation (t(12) = 1.566, p
=.143).
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Figure 2 Computerized visual detection task: baseline corrected weighted hits (A) in
contralesional hemifield, (B) in ipsilesional hemifield, and (C) when stimuli compete in both
hemifields, for active and sham HD-tACS. A positive value indicates an improvement in detection
performance over time (from baseline). A negative value indicates decreased performance compared
to baseline, presumably due to increasing fatigue. Error bars depict one standard error. Asterisks (*)
depict significant difference (p < .05).

We then assessed the effect of unilateral HD-tACS stimulation on performance in the
ipsilesional hemifield and expected no (or a negative) effect in visual detection performance
in active compared to sham tACS. Including only trials with stimuli in the ipsilesional
hemifield, a RM ANOVA with HD-tACS (active, sham) and time (baseline, during
stimulation, after stimulation) as within-participant factors showed no main effect of HD-
tACS (F(1,12) = .901, p = .361, np2=.070), or time (F(2,11) = .409, p =.674, n,?> = .069), or
interaction between these factors (F(2,11) = 1.084, p = .372, np? = .165) on the performance
on the ipsilateral hemifield (Figure 2B).

Lastly, we assessed the effect of unilateral HD-tACS on performance when visual
stimuli compete during bilateral presentation and expected an improvement in visual
detection performance in active compared to sham sessions. Including only trials with
bilateral stimuli, a RM ANOVA analyzing the performance on the bilateral trials, with HD-
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tACS (active, sham) and time (baseline, during stimulation, after stimulation) as within-
participant factors again revealed no main effect of time (F(2,11) = .106, p = .901, np? =
.019), but a significant main effect of HD-tACS (F(1,12) =5.179, p = .042, ny>=.301) and
a significant interaction between HD-tACS and time (F(2,11) = 24.895, p < .0001, n,? =
.819). Follow-up analyses revealed no difference at baseline between the two stimulations
(t(12) = .281, p = .783), but during the stimulation itself, performance was significantly
improved in the active compared to the sham session (t(12) = 3.209, p = .008) and this
difference was still present after stimulation (t(12) = 3.325, p = .006). Thus, HD-tACS
affected performance during bilateral presentation of stimuli during and after the stimulation
(Figure 2C).

Bells task

One patient was identified as statistical outlier (> 3.0*IQR from Q1 and Q3), thus the data
presented here includes fifteen patients. To quantify the patients’ spatial attention deficits
on the BT a paired-samples t test on baseline measurements averaged over both sessions
revealed a significantly higher average of omitted targets in the contralesional side compared
to the ipsilesional side (t(14) = 2.870, p = .012).

A RM ANOVA including only the number of missed bells in the contralesional
side with HD-tACS (active, sham) and time (baseline, during stimulation, after stimulation)
as within-participant factors did not reveal a main effect of HD-tACS (F(1,14) = .215, p =
.650, np?=.015) nor time (F(2,13) =.038, p =.963, ny>=.006), but it did reveal an interaction
between HD-tACS and time (F(2,13) = 5.347, p = .020, ng? = .451). Since baseline
differences between active and sham sessions (t(14) = 2.578, p = .022) were found, we
further explored the interaction by analyzing changes from baseline. A RM ANOVA on
change scores, with HD-tACS (active, sham) and time (during stimulation, after stimulation)
as within-participant factors showed a main effect of HD-tACS (F(1,14) = 7.261, p = .017,
Mp? = .342), but not time (F(1,14) = .021, p = .887, np? = .001) nor an interaction between
HD-tACS and time (F(1,14) = .015, p = .905). The average number of misses in the
contralesional side was lower during and after stimulation in the active sessions as compared
to the sham sessions (Figure 3A).

A RM ANOVA including only the number of missed bells in the ipsilesional side
with HD-tACS (active, sham) and time (baseline, during stimulation, after stimulation) as
within-participant factors revealed no main effects (HD-tACS: F(1,14) = .009, p = .925, n,?
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= .001; time: F(2,13) = 2.836, p = .095, np? = .304) nor an interaction (F(2,13) = .064, p =
.939, np? = .010). This implies that HD-tACS had no effect on the performance in the
ipsilesional side (Figure 3B).
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Figure 3 Bells task: baseline corrected average misses (A) in contralesional side and (B) in
ipsilesional side, for active and sham HD-tACS. A negative value indicates an improvement in
performance in visual search over time (from baseline). A positive value indicates decreased
performance compared to baseline, presumably due to increasing fatigue. Error bars depict one
standard error. Asterisks (*) depict significant differences (p < .05).

Line bisection task

No patients were identified as statistical outliers (> 3.0*IQR from Q1 and Q3), and the data
reported below is based on sixteen patients. Baseline performance on the LBT averaged over
both sessions revealed a displacement of the bisection mark to the ipsilesional side,
compared to 0 (t(15) = 3.610, p = .003). A RM ANOVA with HD-tACS (active, sham) and
time (baseline, during stimulation, after stimulation) as within-participant factors revealed
no main effects of HD-tACS (F(1,15) = .055, p = .818, ny>=.004) nor time (F(2,14) = 2.170,
p =.151, np?=.237) nor an interaction between HD-tACS and time (F(2,14) = .254, p=.779,
Mp? = .035) (Figure 4). This implies that tACS had no effect on the visual bias in the LBT.
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Figure 4 Line bisection task: baseline corrected visual bias for active and sham HD-tACS. A
negative value indicates that, compared to baseline, the bisection mark was placed less toward the
ipsilesional side of space and more toward the contralesional (affected) side of space. Error bars depict
one standard error.

Discussion

This study aimed to alleviate attention deficits in hemineglect patients by using noninvasive
transcranial brain stimulation to target functionally relevant oscillatory activity as a critical
mechanism of attentional control. To this end, we applied high-definition transcranial
alternating current stimulation (HD-tACS) at alpha frequency to the contralesional posterior
parietal cortex of seventeen hemineglect patients to modulate alpha power lateralization and
to consequently correct their pathologically altered spatial attention bias. Compared to sham
stimulation, patients significantly improved in allocating their attentional resources toward
the contralesional hemifield leading to a reduction in neglect symptoms measured with a
novel computerized visual detection paradigm (CVDT) and a widely used standard paper
and pencil neglect task (bells task, BT), but not on the line bisection task (LBT). This effect
could be seen in the unilateral/contralesional as well as the bilateral condition (measured
with the CVDT), where performance depends on the contralesional and ipsilesional
hemifield. Interestingly, the effects in the bilateral condition of the CVDT as well as the
amount of misses in the BT in the contralesional side outlasted the stimulation time, meaning
that the effect of the brain stimulation was still visible after stimulation. These results are
the first proof-of-concept demonstration that this oscillatory-based transcranial stimulation
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approach is feasible, tolerable, and potentially clinically effective in treating hemineglect
after stroke.

Our HD-tACS approach continues a recent trend toward directly targeting the
biological basis for stroke-related impairments by non-invasive brain stimulation (NIBS).
Previous studies aiming to reduce local cortical excitability in the contralesional hemisphere
of patients with visuospatial neglect have produced some promising results, but the overall
small and heterogeneous clinical effects at present only warrant a level-C recommendation
according to the most recent European guidelines. Our hope is that improvements of efficacy
can be made by tuning the brain stimulation protocol to the fundamental properties of
network communication supported by oscillatory activity within and between functional
brain networks.

This is exactly the mechanism based on which the here presented novel oscillation-
based NIBS approach was developed. Instead of changing local cortical excitability, we
aimed to entrain alpha oscillatory activity in the posterior parietal cortices to gate top-down
selective information flow by functional inhibition (Jensen & Mazaheri, 2010; Klimesch et
al., 2007). The oscillatory alpha band has been shown to be causally linked to such inhibitory
gating with shifting attention to the right hemifield being accompanied by alpha power
decreases in the left hemisphere (release from inhibition) and alpha power increases in the
right hemisphere (inhibiting the unattended left hemifield).

We here show that modulating this alpha power lateralization with HD-tACS in
neglect patients holds the potential to correct for a pathological spatial attention bias after
stroke. Importantly, while classical excitability-based brain stimulation protocols often also
achieve ipsilateral attention improvement but at the costs of contralateral attention
impairments (shifting the balance toward the neglected side of space), our approach of
enhancing alpha oscillatory activity in the left hemisphere did not negatively affect
performance in the contralateral, i.e., ipsilesional hemifield as a consequence of the revealed
significant performance improvement in the contralesional (neglected) hemifield. From a
clinical standpoint, this novel brain stimulation approach may therefore be more beneficial
and desirable as compared to the current standard of decreasing unilateral excitability levels.

Interestingly, alpha-HD-tACS differentially affected the different paradigms used
to assess attentional performances in our patient sample. The absence of effects on the LBT
is somewhat unexpected, and likely due to compensatory strategies patients learned during
cognitive training. This compensatory effect in the LBT has been reported previously (Keller
et al., 2005).
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A second possible explanation is that a deviation in line bisection is not
fundamentally related to spatial neglect, but may also arise from disturbances of other
sensory and cognitive processes, such as hemianopia (Ferber & Karnath, 2001). Our tACS-
therapy targets attentional processes in the brain and does not treat visual deficits. It may
well be that some neglect patients in our sample also suffered from visual field deficits, since
visual neglect and visual field deficits commonly co-occur after unilateral brain damage such
as stroke (Halligan, 1999). In a study that compared the accuracy of the LBT and
cancellation tests (including the BT) in detecting spatial neglect, cancellation tests proved to
be far superior, suggesting they reflect spatial neglect symptomatology more distinctly
(Ferber & Karnath, 2001). This demonstrates that carefully selected tasks are very relevant
to reveal attention deficits. Even though the BT worked as intended in our current study, we
believe adaptive testing as used here during our CVDT is very promising as it allows
assessment across the entire spectrum of neglect severity (at least in the ideal case).

We were able to show immediate stimulation effects, but also effects outlasting the
stimulation itself. This not only suggests that our approach does qualify for a clinical
treatment protocol aimed at achieving longer lasting after-effects, but also indicates that the
task-specific effects we find are not confounded by the stimulation itself. It should be noted
that the current study only included sixteen patients, and future studies with more patients
are recommended. Future studies could also include electroencephalography (EEG), not
only to measure and show potential changes in oscillations after stimulation, but also to
individualize the stimulation parameters themselves. We were able to show in a healthy
population group that stimulation at the individual frequency, compared to stimulation at
flanker frequencies lead to larger alpha lateralization after stimulation (Kemmerer et al.,
2022). The oscillatory-based approach described thus allows personalizing the treatment
protocol by stimulating based on individual oscillatory frequency parameters (Zaehle et al.,
2010) but it also allows extending to different frequency bands. In addition, HD-tACS has
shown to be a very well tolerated, feasible, low-cost and portable technique, which therefore
lends itself perfectly to be amended by cognitive training and even used in a home-setting
(at-home use with remote supervision). Based on this proof-of-concept, a larger randomized
controlled clinical trial is needed to evaluate the clinical efficacy of many repeated treatment
sessions over the course of rehabilitation to hopefully induce long-lasting changes, which
has already been demonstrated in psychiatric disorders, such as depression.
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Conclusion

Administering HD-tACS at alpha frequency over the contralesional hemisphere improves
spatial attention deficits in subacute stroke patients. Oscillatory-based tACS might be a
promising therapeutic tool in patients with attentional deficits.
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Abstract

A frequent post stroke disorder in lateralized attention is visuospatial neglect (VSN). As
VSN has a strong negative impact on recovery in general and independence during daily
life, optimal treatment is deemed urgent. Next to traditional stroke treatment, non-invasive
brain stimulation offers the potential to facilitate stroke recovery as a complementary
approach. In the present study, visual scanning training (VST; the current conventional
treatment) will be combined with transcranial alternating current stimulation (tACS) to
evaluate the additive effects of repeated sessions of tACS in combination with six weeks
VST rehabilitation. In this double-blind randomized placebo-controlled intervention study
(RCT), we will compare the effects of active tACS plus VST to sham (placebo) tACS plus
VST, both encompassing eighteen VST sessions, 40 minutes each, during six weeks.
Chronic stroke patients with VSN (> six months post-stroke onset) are considered eligible
for study participation. In total 22 patients are needed for the study. The primary outcome is
change in performance on a cancellation task. Secondary outcomes are changes in
performance on a visual detection task, two line bisection tasks, and three measures to assess
changes in activities of daily living. Assessment is at baseline, directly after the first and
ninth training session, after the last training session (post training), and one week and three
months after termination of the training (follow-up). If effective, a tACS-VST rehabilitation
program could be implemented as a treatment option for VSN.
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Introduction

Visuospatial neglect (VSN) is a common syndrome after unilateral stroke; 25-30% of all
stroke patients have VSN (Appelros et al., 2002; Buxbaum et al., 2004). VSN patients show
a failure or slowness to report, respond or orient to events and stimuli located in the
contralesional side of space (Buxbaum et al., 2004; Heilman et al., 2000). It is thought that
the brain damage causes impairment of the brain’s spatial attention mechanisms, resulting
in VSN (Corbetta & Shulman, 2011; Heilman & Van Den Abell, 1980). VSN patients show
slower and more attenuated motor recovery patterns (Nijboer et al., 2014) and need more
help in activities of daily living (ADL) compared to stroke patients without VSN (Nijboer,
Van de Port, et al., 2013). Moreover, VSN negatively influences participation in society,
increases caregiver burden (Bosma et al., 2020) and is negatively related to life satisfaction
(Verhoeven et al., 2011). These findings show the considerable impact of VSN on daily life
and stress the importance of adequate treatment.

Over the past decades, many therapeutic interventions aiming to improve VSN have
been developed and evaluated (for overview, see Azouvi et al., 2017) ranging from
treatments using top-down strategies such as mental imagery training (Smania et al., 1997),
to bottom-up methods such as prism adaptation (Rossetti et al., 1998; Ten Brink, Visser-
Meily et al., 2017), and from sustained attention training (Robertson et al., 1995), to non-
invasive brain stimulation (NIBS) techniques (Jacquin-Courtois, 2015). Currently, the
standard treatment for VSN is a visual scanning training (VST), an intensive compensatory
training with emphasis on top-down strategies designed to improve viewing and searching
behavior (Pizzamiglio et al., 1992). However, generalization of the effects of VST to
everyday life is insufficiently established (Azouvi et al., 2017; Ten Brink, Van Kessel et al.,
2017) and there exists a large variability in patients’ benefits from VST (Van Kessel et al.,
2013). It is unclear why some patients benefit from the training while others do not. One
reason could be that top-down methods such as VST may be limited as they solicit the
attentional abilities, which may be hampered by lack of awareness of the spatial neglect
behavior (Azouvi et al., 2017; Van Kessel et al., 2013). The heterogeneity of VSN, with high
variability of symptoms within and between patients, may also play a role in the variability
of responsiveness to interventions for neglect (Ten Brink, Visser-Meily et al., 2017).
Because neglect is a multifaceted disorder, it is suggested that the best treatment might
involve a combination of different methods to improve their overall effectiveness (Azouvi
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etal., 2017; Fasotti & Van Kessel, 2013; Jacquin-Courtois, 2015; Kerkhoff & Schenk, 2012;
Saevarsson et al., 2011; Ten Brink, Visser-Meily et al., 2017).

NIBS offers a completely different strategy to facilitate recovery, not by means of
a behavioral approach submitting the patient to a program of standardized behavioral tasks
that require a voluntary (attentional) effort by the patient to follow a therapist’s instructions
(such as VST), but by directly inducing neuroplastic changes in the patient’s brain, hoping
to positively affect cognitive functioning. For example, brain stimulation protocols can be
tuned to modulate oscillatory brain activity (for review, see Abd Hamid et al., 2015). This
is particularly interesting in the field of neglect rehabilitation, as oscillatory activity in the
alpha range (8-12 Hz) in posterior parietal cortices has been linked to spatial attention bias
in healthy subjects (Gould et al., 2011; Handel et al., 2011; Sauseng et al., 2005; Thut et al.,
2006; Worden et al., 2000). In our recent studies, we showed that transcranial alternating
current stimulation (tACS), applied at alpha frequency, can be used to influence visuospatial
attention performance in healthy participants (Schuhmann et al., 2019) and in sub-acute
VSN patients (Schuhmann et al., 2022) in a single session.

To our knowledge, no study has yet reported the combined impact of this
oscillatory-based NIBS approach and conventional neglect therapy on rehabilitation
outcome. The overall aim of the current study is therefore to evaluate the effects of repeated
sessions of tACS in combination with six weeks VST rehabilitation. Our primary research
question is: Does VST complemented with active tACS improve neglect-related symptoms
to a larger extent compared to VST with sham (placebo) tACS post training compared to
baseline? Secondary questions are: 1) whether long-lasting effects occur, 2) whether effects
already occur earlier during the six weeks training, and 3) whether effects generalize to daily
life situations.

Methods

Design

This study is a double-blind randomized placebo-controlled intervention study (RCT;
Figure 1). We will compare the effects of active tACS to sham (control) tACS, both
combined with conventional rehabilitation (VST). Irrespective of the intervention group, all
patients will receive VST during the (active or sham) stimulation.
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‘ Eligibility assessment |
I |

I3 gl Exclusion |

‘ Screening for VSN severity |

i > Exclusion

‘ Baseline measurement T0 |

I
—{ Randomization l—

A4 A4

Experimental condition: Placebo condition:
Active tACS + VST Sham tACS + VST
(6 weeks) T1 /T2 (6 weeks) T1 /T2
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|
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(1 week after ending training)

|

Follow-up measurement T3
(3 months after ending training)

Figure 1 Study flow chart.

This study is conducted according to the principles of the Declaration of Helsinki (59th
WMA General Assembly, Seoul, Korea, October 2008) and in accordance with the Medical
Research Involving Human Subjects Act (WMO). The study is approved by the Medical-
Ethical Committee azM/UM of Maastricht University (NL70256.068.19 / METC 19-047)
and registered in ClinicalTrials.gov (Non-Invasive Brain Stimulation as an Innovative
Treatment for Chronic Neglect Patients (NibsNeglect), NCT05466487).

Patient sample — inclusion and exclusion criteria

Patients with a clinically diagnosed, chronic stroke and with signs of neglect symptoms
(based on clinical judgment), will be considered eligible for our study. Patients will be
recruited by psychologists of healthcare organizations in The Netherlands that are
specialized in supporting and treating people with acquired brain injury (InteraktContour,
De Hoogstraat Revalidatie, Heliomare, De Noorderbrug, Esdégé-Reigersdaal). The
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inclusion of participants started in September 2020 and data will be collected until
September 2023.

Inclusion criteria are: 1) neurologically objectified stroke (first or recurrent,
ischemic or intracerebral or subarachnoid haemorrhagic lesion); 2) stroke occurred when
patient was 18-80 years of age; 3) chronic stroke (> six months post-stroke onset); 4)
sufficient comprehension and communication skills to benefit from training (based on
clinical judgment); and lastly 5), a screening containing four neuropsychological tests will
be performed to evaluate the current severity of the neglect, since the diagnosis of neglect
may have been established months or even years ago in our sample of chronic stroke patients.

Exclusion criteria are: 1) currently engaging in cognitive rehabilitation treatment or
neglect treatment; 2) physically or mentally unable to participate (based on clinical
judgment); 3) hemianopia (based on clinical judgment); 4) severe communicative disability,
as task descriptions need to be understood; 5) local scalp injuries; 6) eczema on scalp or
psoriasis; 7) diagnosed (neuro)psychiatric or neurodegenerative diseases; 8) current alcohol
and/or drug abuse; and 9) pregnancy, due to tACS safety considerations (5-9).

Procedure, neglect screening, outcome measures and
baseline descriptors

Patients are allowed to proceed in the study when they show neglect on minimally one of
the four screening tasks, on the basis of standard norms: bells task (BT) (Gauthier et al.,
1989), balloons-subtest B (BB) (Edgeworth et al., 1998), Schenkenberg line bisection task
(SLBT) (Schenkenberg et al., 1980), and MclIntosh line bisection task (MLBT) (Mclintosh
et al., 2017, 2005). Patients who show neglect during screening will be randomly assigned
to either the experimental (active tACS) or placebo (sham tACS) condition, and will receive
VST training for six weeks. Enrolled patients will be tested six times on an array of tasks:
before the training (TO; baseline), after the first (T1), ninth (T2), and eighteenth (T3) training
session, as well as one week (T4) and three months (T5) after termination of the training
(Figure 1). The star cancellation task (SCT), computerized visual detection task (CVDT),
MLBT-digitized (MLBT-d), and SLBT will be assessed during all six testing-time points in
the study (TO-T5). The baking tray task (BTT), Catherine Bergego scale (CBS), and
subjective neglect questionnaire (SNQ) will be administered at four testing-time points (TO,
T2, T4, and T5).
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Screening tasks

Bells task (BT)

This cancellation task will be presented on an A4 paper and consists of 35 target items
(bells), interspersed among 280 distractor objects (Gauthier et al., 1989). Patients will be
instructed to mark all bells. Four or more omissions are considered as indicative for VSN
(Van Kessel et al., 2013).

Balloons-subtest B (BB)

The scores of subtest B of the balloons test (Edgeworth et al., 1998) will be used to calculate
a total score (total number of targets cancelled) and a laterality score (number of targets
cancelled on the left side of the page expressed as a percentage of the total number of targets
cancelled). Subtest B consists of an A3 paper with twenty targets (circles) and 180 distractors
(balloons). A total score of less than 17 and a laterality score of less than 45% is indicative
of left VSN.

Schenkenberg line bisection task (SLBT)

The SLBT consists of twenty horizontal lines, varying from ten to twenty cm in length
(average fifteen cm), at three different positions (left, middle, right) on a landscape-oriented
A4 sheet (Schenkenberg et al., 1980). Patients will be asked to mark their perceived midpoint
of every line. The following formula will be used to calculate the relative deviation score:

o (bisection mark — true center)
deviation = * 100%
true center

Where values are always measured from the left end of the line. The relative deviation scores
will then be averaged across all twenty lines to generate the summary score, and across the
three line positions to generate the left, middle, and right average score, respectively. VSN
is indicated when the average bisection mark deviates more than 10% from the true center
(Schenkenberg et al., 1980).

Mclntosh line bisection task (MLBT)

The MLBT provides a simple measure of lateral asymmetry, the endpoint weightings bias
(EWB) (Mclintosh et al., 2005, 2017). The EWB is a different approach to line bisection to
diagnose VSN. Compared to classical line bisection tests, the EWB is a more theoretically
neutral and parsimonious approach, based on the weight one distributes to both of the
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endpoints of the line, rather than using the deviation from the midpoint. The MLBT consists
of 32 horizontal lines (width: 3 mm), each presented individually on an A4 sheet. The patient
is asked to mark the subjective midpoint of each line. There are eight repetitions of each of
four unique lines (lines A, B, C, D), presented in a fixed-random order (Mclintosh et al.,
2017, 2005). We refer to Mcintosh and colleagues (2017) for the arrangement of the four
lines. Each response is coded as a horizontal coordinate relative to the center of the page.
The analysis then focuses on how this response position varies from trial-to-trial as a
consequence of changes in the left endpoint (lines A & C vs B & D) and changes in the right
endpoint (lines A & B vs C & D). Thus, the left endpoint weighting (dPL), the right endpoint
weighting (dPR), and the bias toward one of the two endpoints (EWB) are derived as
follows:

(Ppean inline A and C) - (Pyeqn in line B and D)
40
(Ppean inline C and D) - (By,oqn in line A and B)
40
EWB = dPR — dPL

dPL =

dPR =

Where dPL and dPR are expressed as a proportion of the endpoint change (40 mm), and
range from O to 1. Perfect performance would yield symmetrical right and left endpoint
weightings of 0.5, and an EWB-value of 0. An EWB-value above 0 indicates a greater
influence of the right endpoint (over the left), and would be a sign for left-sided neglect. To
define cut-off scores for the MLBT, we administered the task to healthy controls (n = 46,
female = 47.7%, age = 57.8 years, SD = 9.2). This yielded a mean EWB of -.0217 (SD =
.0546). Scores of 2 SD’s above and below the mean are considered to exceed normal range,
leading to upper and lower cut-offs for left and right neglect respectively, of +0.09 and
—0.13. Study protocol was approved by the ethical committee of the Faculty of Psychology
and Neuroscience at Maastricht University (ERCPN number: 177_03_03_2017_S32).

Primary outcome measure: star cancellation task (SCT)

The SCT is developed to detect the presence of VSN in the near extra personal space in
patients with stroke, and consists of 52 large stars, thirteen letters, and ten short words
interspersed with 56 smaller stars (Wilson et al., 1987). In our study, the SCT will be
presented on a laptop screen (screen size: 14 inch). The patient is instructed to mark all
targets by touching the screen with the finger (small stars). After each touch, a small circle
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appears at the touched location and remains on the screen. Two small stars in the center are
used for demonstration. To determine the severity of the VSN, quality of search (QoS) for
the left and right visual fields will be derived. This score combines speed and accuracy in a
single measure, and is calculated using the equation as shown below (Dalmaijer et al., 2014).
A high score reflects a combination of a high number of cancelled targets, and a high
cancellation speed.

QoS = Ncor2

Nigr = tot

Where N,,, is the number of cancelled targets (correct responses), N, is the total number
of targets, and t,,, is the total time spent.

The SCT, as well as the CVDT and the MLBT-d (see subsection ‘Secondary
outcome measures’), Will be administered on the same touch screen laptop as will be used
for the training (HP EliteBook x360 1040 G5 Notebook; screen size: 14 inch). PsychoPy
will be used to control stimulus presentation and recording of behavioral responses.

Secondary outcome measures

Computerized visual detection task (CVDT)
The CVDT measures perceptual sensitivity and attentional selection in each hemifield (Bien
etal., 2012; Duecker et al., 2017; Schuhmann et al., 2022, 2019). During the task, the patient
is seated in front of the laptop screen at 52 cm distance. The patient is asked to fixate on the
fixation cross at the center of the screen. Gabor patches (spatial frequency = 1.5 cycles per
degree, envelope standard deviation = 7.5°, random orientation) are presented to the left,
right, and bilateral sides of the screen at 14° eccentricity. Stimuli are shown for 100 ms and
stimulus size is 10°. The patient is instructed to indicate the position of the stimulus (left,
bilateral, or right) by pressing the <, V, or > key, respectively. For each trial, the stimulus
position, contrast level, and response are recorded. Video mode is 1280 x 720 at 60 Hz.
For each of the three locations (left, bilateral, right) independently, the contrast of
the stimuli is adaptively changed on a trial-by-trial basis. The following parameters are used:
prior grating contrast = 1, prior standard deviation = 0.5, beta = 3.5, gamma = 0.01, delta =
0.01, and aim performance = 0.5 (50% detection rate). At the beginning of the task, nine
practice trials are presented (i.e., three for each condition; left, bilateral, right) for the patient
to become familiar with the task. The stimuli are at maximum contrast, are not part of the
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staircase procedure, and are not saved. After each practice trial, short written feedback is
given (‘Correct’, ‘Wrong”) in the center of the screen. Then, in the actual task, three
randomly interleaved staircases are included (left, right, bilateral), with 40 trials each.
Correct hits will be weighted by the contrast level, according to the following formula:

log,o contrast .

weighted hits =
g log,o contrast,yiq

Where contrast,,,, is 100% (Schuhmann et al., 2022). This variable accounts for the
logarithmic nature of contrast detection, and makes trials count more when the contrast was
low. To illustrate, trials detected at maximum contrast receive a score of 1, whereas trials
detected at minimal contrast level of 10% receive a score of 2. Performance of the CVDT
will be the sum of weighted hits per condition (ipsilesional stimulus, contralesional stimulus,
bilateral stimulus), resulting in a score of 0 to 76.49 per condition.

Mclntosh line bisection task-digitized (MLBT-d)

A digitized version of the above described MLBT (subsection ‘Screening tasks’) is also used
as study outcome measure. Each of the 32 lines of the MLBT-d are presented individually
on a laptop screen. The patient is asked to mark the subjective midpoint of each line by
touching the screen with the finger.

Schenkenberg line bisection task (SLBT)

In addition to the MLBT(-d), which is still a novel method for administering and analyzing
line bisection, we will administer the SLBT, which is a simple line bisection task, widely
used in the diagnosis and study of VSN (Schenkenberg et al., 1980). A description of the
SLBT is already given in subsection ‘Screening tasks’.

Baking tray task (BTT)

The patient is asked to distribute sixteen cubes of 3.5 cm as evenly as possible over a 75 x
100 cm board (as if spreading out buns on a baking tray) (Tham, 1996). The entire board
will be scanned using the Microsoft Lens iOS app. Coordinates of all cubes will be manually
identified using a custom Python script. An average positive x-coordinate indicates a
rightward bias.
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Catherine Bergego scale (CBS)

The CBS is an observation scale for VSN in ADL (Azouvi et al., 2003; Ten Brink et al.,
2013) and will be filled out by a therapist or proxy (partner or caregiver). Neglect severity
will be scored for each of ten items, resulting in a total score of 0 (no neglect) to 30 (severe
neglect).

Subjective neglect questionnaire (SNQ)

The SNQ is a nineteen-item questionnaire that will be administered to patients and proxies,
asking them to rate the presence of common problems associated with neglect (Towle &
Lincoln, 1991). Each item will be scored on a five-point scale according to the frequency of
the occurrence of the difficulty (ranging from at most once a month to at least once a day).
The minimum score of 19 indicates no reported problems, the maximum score is 95 (Van
Kessel et al., 2013).

Baseline descriptors

The following data will be collected: demographics (age, gender, handedness, educational
level), stroke characteristics (time post-stroke, lesion side, stroke type (ischemic,
intracerebral or subarachnoid haemorrhage) and stroke history (first-ever or recurrent)), and
global cognitive functioning (Montreal Cognitive Assessment; MoCA version 8.1;
Nasreddine et al., 2005).

Randomization, blinding and treatment allocation

Participants will be randomly assigned to either the active tACS plus VST group or the sham
tACS plus VST group. We will apply minimization, a method of adaptive stratified
sampling, to prevent imbalances of potential confounders between the active and sham
group. This will be achieved using MinimPy, an open-source customizable minimization
program for allocation of patients to parallel groups in clinical trials (Saghaei & Saghaei,
2011). Patients will be stratified according to the following factors: age (18-59/60-80),
gender (male/female), and having had previous neglect treatment (yes/no). The software will
automatically send an e-mail with the randomization results to a not-closely involved and
only unblinded research assistant. This assistant will then pick a five-digit code from the list
of codes provided in the NeuroConn DC Stimulator user manual (neuroConn GMBH) that
either initiates the preprogrammed active stimulation protocol or the sham protocol. The
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unblinded assistant will assign this unique code to the enrolled patient in question and will
send the code to the blinded researchers. The unblinded assistant will further not be involved
in the study, so will play no further role in inclusion, testing or analyses. The blinded
researchers will perform the intervention and administer the outcome measurements,
independently of the unblinded assistant. Patients will also be blinded to treatment
allocation.

Intervention

The intervention (VST with active or sham ACS) will be offered by the researchers at the
patients” homes. In every training session, the patients will perform the VST on a touch
screen laptop (HP EliteBook x360 1040 G5 Notebook; screen size: 14 inch), whilst also
receiving the (active or sham) stimulation. The VST lasts as long as the stimulation is applied
(40 minutes). In total, patients will receive eighteen training sessions in six weeks (three
sessions per week).

VST

All patients will receive computerized VST. The aim of the conventional VST is to train
VSN patients to actively explore and consciously pay attention to stimuli on the
contralesional side (Pizzamiglio et al., 1992). The conventional VST is similar to our
digitized version. Patients’ visual search is systematically guided by contralesional cues
(e.g., a visual stimulus of reference on the left) and by the researcher’s feedback (Pizzamiglio
etal., 1992).

Our VST program consists of several digitalized, evidence-based training tasks: 1)
digit detection; 2) copying of line drawings on a dot matrix; 3) figure description; 4) reading
training (tasks 1-4 based on Pizzamiglio et al., 1992); 5) fill-out objects (based on Priftis et
al., 2013); 6) figure search (based on cancellation tasks, e.g., Gauthier et al., 1989; Weintraub
& Mesulam, 1985); 7) congruent movement training (Elshout et al., 2019); and 8) eye-
movement training (‘standard VST’ in Elshout et al., 2019).

Active tACS

The experimental group will receive active tACS during each session of the VST. To
understand how tACS can correct for the attentional bias seen in VSN patients, in the next
paragraph we elaborate on the rationale of our study.
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Previous electroencephalography studies with healthy participants have linked
attention shifts to alpha power in posterior parietal cortices (Gould et al., 2011; Handel et
al., 2011; Sauseng et al., 2005; Thut et al., 2006). To specify, increased alpha power reflects
suppression of incoming sensory information. Thus, shifting attention to the right hemifield
is accompanied by alpha power increases in the right hemisphere (inhibiting the unattended
left hemifield) and alpha power decreases in the left hemisphere (release from inhibition).
Interesting for the field of neglect rehabilitation is that previous studies have shown that
tACS can increase the power of the alpha frequency (Neuling et al., 2013; Zaehle et al.,
2010). If indeed alpha power is increased in the ipsilateral relative to the contralateral side
of attention, we hypothesize that the bias in visuospatial attention seen in neglect patients
can be corrected for by boosting the alpha power in the contralesional parietal cortex by
tACS.

Therefore, in the current study a small circular (diameter: 2.1 cm, thickness: 2 mm)
and a large rubber ring (outer diameter: 11 cm; inner diameter: 9 cm, thickness: 2 mm) tACS
electrode (NeuroConn, Ilmenau, Germany) will be placed onto the contralesional parietal
cortex, with the small electrode positioned over P3 or P4 (based on the international 10-20
EEG system) and the large electrode centered around it. This ring electrode montage enables
a higher spatial focality as compared to standard rectangular electrodes (Datta et al., 2008).
TACS ring electrodes will be attached to the patient’s head with conductive gel (ten20 paste,
Weaver and Company, Aurora, CO, USA). The conductive gel will be used to reduce the
impedance between skin and electrodes to below 10 kQ.

Stimulation frequency and peak-to-peak intensity will be set to 10 Hz and 1.5
milliampere (mA), phase offset will be set to 0 and 100 cycles (10 s) will be used for ramping
up. At the start of the VST, the tACS will be started. When the training is finished, after
maximally 40 minutes, the tACS will be switched off.

Sham tACS

The placebo group will receive sham tACS, using the same device and electrodes positioned
over the same location (P3 or P4), which is an inactive form of stimulation during which the
patient believes they are being stimulated normally. We will implement sham tACS by
ramping down the current immediately after the ramp-up period. This way, the patient feels
the ramp up and ramp down (which are the most noticeable in transcranial current
stimulation), but does not receive a significant dose of transcranial current stimulation
(Paulus et al., 2013).
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Sample size estimates

To our knowledge, we are the first to combine an oscillatory-based transcranial brain
stimulation protocol (10-Hz tACS) with conventional neglect treatment (VST). Other forms
of NIBS (repetitive transcranial magnetic stimulation, rTMS; theta burst stimulation, TBS;
transcranial direct current stimulation, tDCS) have indeed been used in combination with
neglect treatment previously, but there, however, the rationale was to improve neglect based
on conventional theoretical models, which prescribe ‘re-balancing’ activity between the
hemispheres, via excitatory stimulation of the under-active injured hemisphere, or inhibition
of the hyperactive intact hemisphere, or a combination of both. Since the current study is a
conceptually novel approach, we estimated the necessary sample size based on the results of
previous neglect studies that combined neglect treatment with NIBS that aimed at such re-
balancing in repeated sessions. The review of Van Lieshout and colleagues (2019) reports
four such RCT’s for which effect sizes are known or could be calculated. Cohen’s d ranged
from 1.07-5.27 in two rTMS studies (Kim et al., 2013; Yang et al., 2015), 1.48-7.14 in two
TBS studies (Fu et al., 2015; Yang et al., 2015), and 1.50-2.35 in one tDCS study (Bang &
Bong, 2015). In summary, all of the studies showed large effect sizes. Since these previous
studies all took place in (sub-)acute patients, in which spontaneous neurological recovery
can still occur (Nijboer, Kollen, et al., 2013), we choose an effect size of .80, which is lower
than the previously reported range of effect sizes, but which is still commonly considered as
a large effect size.

In our study, we will compare the SCT test score before and after the six-week
training period. To calculate the required sample size of our study population, we made use
of G*Power (version 3.1) (Faul et al., 2007). To find an effect size of d = .80 (Cohen’s f =
.40), we calculated parameters for a repeated measures ANOVA with a 2x2 design (within-
between interaction, two groups, and two testing sessions), a power of .80 and an alpha of
.05, which yielded a total required sample size of sixteen patients (eight per group). This is
a conservative estimate, as mixed linear modeling, the method we will use to analyze our
data, is more powerful than repeated measures ANOVA (Goedert et al., 2013). We choose
to set this to 22 patients (eleven per group) because patients may dropout due to the relatively
long training period of six weeks (dropout estimated at 25%). The abovementioned RCT’s
included a comparable number of patients per group (approximately ten per group) and
reported significant effects and large effect sizes, so we too expect that our design will have
sufficient power, which we confirm with our a priori sample size calculation.
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Statistical analyses

The background characteristics of the patients will be described by using descriptive
statistics. Baseline characteristics of the intervention and control group will be compared to
detect differences at the start of the trial. Linear mixed model regression analyses with
random effects for intercept and slope will be used to test for change in the primary and
secondary outcome measures both within and between group. The predictors of theoretical
interest are the effects of time and group and the interaction between time and group (fixed
effects). Baseline score of the outcome measure, time since stroke, gender, and age will be
introduced as potential fixed covariates. This is regardless whether or not these variables
differ between groups, to enhance the fit of the model. Post hoc contrasts will be performed
for the interaction between time and group to test differences in treatment effects by
intervention group allocation. The intention-to-treat principle is used by including all
patients as randomized in the analyses, regardless of whether they received the complete
program (dropout, non-adherence). Significance is set to p < .05 (two-sided). Analyses will
be performed in IBM SPSS Statistics version 26.

Data monitoring committee

No data monitoring committee was set up for this research.

Discussion

One of the most important aspects of tACS is its ability to achieve cortical (brain activity)
changes (even outlasting the stimulation) and to be able to put the brain in a state in which
the effects of standard treatment can be bigger and/or longer-lasting. Modification of brain
activity, by means of cortical stimulation, may improve the patient’s ability to relearn or
acquire new strategies for carrying out a behavioral task, by facilitating local activity or by
inhibiting maladaptive competing activity from other brain areas (Miniussi et al., 2008).
Previous studies have shown that NIBS during or before a learning process may vyield
behavioral improvements that are more robust and stable (O’Shea et al., 2017; Pascual-
Leone, 2006; Rossi & Rossini, 2004). Highly relevant in the context of tACS, is that the
effect of tACS depends on the state of the brain (Feurra et al., 2019, 2013; Silvanto et al.,
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2008), and this state-dependence further offers currently unexplored options such as
combining tACS with cognitive-behavioral interventions for synergistic augmentation.

Another strength of this study is that the use of digitized tests and training tasks will
allow for a highly precise and detailed data collection, which opens the possibility to assess
(subtle) progression on innovative outcome measures during training. Other strengths
concern the study design (i.e., randomized and double-blind design), and range of outcome
measures (i.e., ADL measures, follow-up assessments).

In the current study, the intervention (VST and active/sham tACS) will be offered
by the research team. If proven effective, an exploration of the implementation of a tACS-
VST rehabilitation program in chronic stroke care will be necessary, after which tACS-VST
could be implemented as a treatment option for VSN.
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Bringing Neglected Space to Light

Abstract

Visuospatial neglect (VSN) is a common and debilitating condition following unilateral
stroke, significantly impacting cognitive functioning and daily life. There is an urgent need
for effective treatments that can provide clinically relevant and sustained benefits. In
addition to traditional stroke treatment, non-invasive brain stimulation, such as transcranial
alternating current stimulation (tACS), shows promise as a complementary approach to
enhance stroke recovery. In the current study, we aimed to evaluate the additive effects of
multi-session tACS at alpha frequency when combined with visual scanning training (VST)
in chronic stroke patients with VSN. In this double-blind randomized controlled trial, we
compared the effects of active tACS at alpha frequency to sham (placebo) tACS, both
combined with VVST. Both groups received eighteen 40-minute training sessions over a Six-
week period. A total of 22 chronic VSN patients participated in the study (active group n =
12, sham group n = 10). The median age was 61.0 years, with a median time since stroke of
36.1 months. We assessed the patients at six time-points: at baseline, after the first, ninth
and eighteenth training sessions, as well as one week and three months following the
completion of the combined neuromodulation intervention. The primary outcome measure
was the change in performance on a visual search task, specifically the star cancellation task.
Secondary outcomes included performance on a visual detection task, two line bisection
tasks, and three tasks evaluating VSN in daily living. We found significantly improved
visual search (primary outcome) and visual detection performance in the neglected side in
the active tACS group, compared to the sham tACS group. We did not observe stimulation
effects on line bisection performance nor in daily living. Time effects were observed on all
but one outcome measures. Multi-session tACS combined with VST may be a more effective
treatment for chronic VSN than VST alone. These findings provide valuable insights into
novel strategies for stroke recovery, even long after the injury, with the aim of enhancing
cognitive rehabilitation outcomes and improving the overall quality of life for individuals
affected by this condition.
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Introduction

Visuospatial attention allows us to select and prioritize input from specific locations in space
of our visual environment. In patients with visuospatial neglect (VSN), lateralized spatial
attention processes are disrupted, usually due to unilateral stroke, leading to the inability to
attend and respond to the contralesional side of space (Buxbaum et al., 2004; Heilman et al.,
2000). While spontaneous neuronal recovery occurs in many VSN patients (Nijboer et al.,
2018), up to 40% of patients continue to experience neglect symptoms even up to 1 year
post-stroke (Nijboer et al., 2013). VSN is a strong predictor of poor functional recovery and
significantly impairs activities of daily living (ADL) (Bosma et al., 2023; Di Monaco et al.,
2011; Embrechts et al., 2021; Stone et al., 1992). As such, adequate treatment of neglect is
of utmost importance.

In recent decades, a wide range of rehabilitation methods has emerged to attenuate
neglect symptoms, spanning from those that enhance awareness of neglect behavior through
a top-down approach to those involving a low-level bottom-up approach with many trials
and few therapeutic-guided cueing (Azouvi et al., 2017). Current neglect treatment
guidelines primarily recommend behavioral compensation-based approaches such as visual
scanning training (VST) (Pizzamiglio et al., 1992), aimed at improving viewing and
searching behavior through top-down strategies (Van Kessel et al., 2013); yet, the supporting
evidence for these methods remains limited (Azouvi et al., 2017; Kerkhoff & Schenk, 2012;
Longley etal., 2021). However, it should be noted that the review by Longley and colleagues
(2021) ignores crossover design studies thereby not giving a full picture of all existing
studies. In past years, noninvasive brain stimulation (NIBS) techniques have been explored
as a potential rehabilitation tool aimed at directly modulating brain network activity
implicated in visuospatial processing. NIBS techniques in rehabilitation treatment are often
based on the interhemispheric rivalry model proposed by Kinsbourne (1977), typically
utilizing inhibitory stimulation protocols to reduce contralesional cortical excitability and
restore interhemispheric balance in VSN patients. Yet, while promising, reported clinical
effects of these NIBS interventions for VSN have remained small and heterogeneous (Elsner
et al., 2020; Lefaucheur et al., 2020; Longley et al., 2021).

Recently, researchers have focused on NIBS techniques that utilize oscillatory-
based neural entrainment, capable of modulating the intrinsic brain rhythms associated with
brain network communication. Transcranial alternating current stimulation (tACS) has
gained attention for its ability to entrain or synchronize neural oscillations. This entrainment
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significantly enhances the coherence and power of these oscillations, thereby influencing
associated network communications, cognitive processes and behavior (Lakatos et al., 2019;
Wischnewski et al., 2023).

To comprehend the association between oscillatory frequencies and cognitive
processes, neuroimaging techniques such as electroencephalography (EEG) have proven
invaluable. In the realm of attention, EEG studies in healthy participants have shown that
posterior oscillatory activity within the alpha range (8-12 Hz) is crucially involved in the
mechanisms underlying the control of visuospatial attention (Gould et al., 2011; Héandel et
al., 2011; Sauseng et al., 2005; Schuhmann et al., 2019; Thut et al., 2006; Worden et al.,
2000). Voluntary shifts of attention toward one visual field are associated with oscillatory
alpha lateralization in parieto-occipital areas. For example, shifting attention to the right
hemifield is accompanied by alpha power decreases in the left hemisphere and alpha power
increases in the right hemisphere. The successful tACS-induced modulation of alpha power
lateralization in healthy individuals including corresponding improvements in visuospatial
attention (Kasten et al., 2020; Kemmerer, Sack, et al., 2022; Radecke et al., 2023;
Schuhmann et al., 2019), indicate that such an entrainment-based neuromodulation approach
may also represent a novel treatment approach for patients suffering from asymmetric
attentional deficits like VSN. It must be mentioned here that several other previous
experiments have reported no or inconsistent effects (Coldea et al., 2021; Van
Schouwenburg et al., 2018; Veniero et al., 2017).

We recently put this oscillation-based NIBS intervention to the test in subacute
stroke patients suffering from VSN, and were able to reduce the spatial attention bias with
tACS at alpha frequency targeting the contralesional posterior parietal cortex in a single
session (Schuhmann et al., 2022). Besides immediate stimulation effects, we were also able
to show that effects were outlasting the stimulation itself, suggesting that our approach
qualifies for a clinical treatment protocol aimed at achieving longer lasting and sustainable
clinically relevant improvements. It is likely that long-term benefits would require a multi-
session multi-day protocol, like is demonstrated in depression treatment with rTMS (Perera
et al., 2016), but to this day the cumulative effects of multi-session tACS remain largely
unknown as extended human trials with tACS are lacking (Wischnewski et al., 2023).

Importantly, when designing clinical protocols using neuromodulation techniques,
one should consider that one of the most compelling aspects of tACS is its capacity to
support neuroplasticity. As such, it induces a brain state at which the effects of other
treatments are facilitated, potentially amplifying both the magnitude and duration of its
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benefits (Wischnewski et al., 2023). The impact of tACS on the local neural entrainment is
contingent upon the state of the brain (Kasten & Herrmann, 2022; Neuling et al., 2013), as
brain networks tend to be more responsive when they are already in an active state. For
example when the targeted brain rhythm is already task-engaged and the frequency and
phase of endogenous and exogenous oscillations align (Nguyen et al., 2018; Wischnewski
et al., 2023). Thus, neuronal plasticity induced by stimulation could be stronger when
patients are currently active in a spatial training task. Therefore, to prime the brain for
optimal learning conditions and to optimize the outcomes of the treatment, it is important
that required attentional networks are activated through attention task performance (VST),
executed concurrently with the application of tACS.

In the current study, we therefore combined tACS at alpha frequency with VST
rehabilitation in a multi-session protocol, offered three times a week for six weeks (eighteen
sessions). The overall aim was to evaluate the additive effects of multi-session (active) tACS
in combination with VST, compared to multi-session sham (placebo) tACS with VST, in
chronic VSN patients. Effects were measured on a cancellation task (primary outcome), a
visual detection task, two line bisection tasks, and on three measures assessing VSN
behavior in basic ADL. Based on our previous work, we expected to achieve a synergistic
effect in which tACS strengthens the efficacy of other neurobehavioral interventions, such
as VST, and potentially lead to long-lasting benefits (Wischnewski et al., 2023).

Materials and methods

Study design

A double-blind randomized placebo-controlled intervention study with an allocation ratio of
1:1 was conducted. We compared the effects of active tACS to sham tACS, both combined
with VST. Written informed consent was obtained from each participant by the researcher
before participation. The study was approved by the Medical-Ethical Committee azM/UM
of Maastricht University (NL70256.068.19 / METC 19-047) and is registered at
ClinicalTrials.gov (NCT05466487). More specific information of the methodology of the
study can be obtained from our protocol paper published earlier (Middag-van Spanje et al.,
2022). At the time of registration (July 2022), thirteen out of 22 patients had already
participated in the study.
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Participants

Chronic stroke patients, as defined by stroke occurrence more than six months ago, with
VSN were considered eligible for our study. Patients were recruited by psychologists of
healthcare organizations in The Netherlands that are specialized in supporting and treating
people with acquired brain injury. Recruitment of participants started in September 2020
and data collection ended in March 2023.

Inclusion criteria were: 1) neurologically objectified stroke (first or recurrent,
ischemic or intracerebral or subarachnoid haemorrhagic lesion); 2) stroke occurred at 18-80
years of age; 3) at least six months ago; 4) sufficient ability to comprehend and communicate
as assessed by a psychologist; and 5) presence of VSN as confirmed with a screening (see
screening tests and associated cut-off criteria in Supplementary Table 1). Exclusion criteria
were: 1) current engagement in cognitive rehabilitation treatment or other neglect treatment
to avoid potential cross-contamination; 2) physically or mentally unable to participate as
assessed by a psychologist; 3) presence of hemianopia based on clinical judgment; 4) severe
communicative disability as task descriptions need to be understood; 5) local scalp injuries;
6) eczema on scalp or psoriasis; 7) diagnosed (neuro)psychiatric or neurodegenerative
diseases; 8) current alcohol and/or drug abuse; and 9) pregnancy. Excluding patients with
hemianopia means that it is possible that there was a stronger focus on more restricted middle
cerebral artery strokes, primarily located outside the temporal lobe (due to the presence of
the optic radiations there; Rodrigues et al., 2022) and the inferior parts of the parietal lobe.

We determined the required sample size based on the results of previous studies
that combined VSN treatment with NIBS in repeated sessions (Bang & Bong, 2015; Fu et
al., 2015; Kim et al., 2013; Yang et al., 2015). Following an a priori power analysis with
effect size of d = .80 and power of .80, and taking into consideration a drop-out estimated at
25%, a total sample size of 22 patients was necessary (Middag-van Spanje et al., 2022).

Interventions

Transcranial alternating current stimulation

The experimental group received active tACS and the placebo group received sham tACS
using a DC-stimulator plus (NeuroConn, llmenau, Germany). A small circular tACS
electrode was placed onto the contralesional parietal cortex (either P3 or P4, according to
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the international 10-20 system), and a large ring electrode was centered around it. TACS
ring electrodes were attached to the patient’s head with conductive gel (ten20 paste, Weaver
and Company, Aurora, CO, USA). The gel was used to reduce the impedance between skin
and electrodes to below 10 kQ. Stimulation frequency and peak-to-peak intensity was set to
10 Hz and 1.5 mA, phase offset was set to 0 and 100 cycles was used for ramping up. Figure
1 illustrates the size and position of the electrodes on the scalp as well as a current simulation
for the electrode montage.

At the start of every first VST task in a session, the tACS device was turned on.
When the VST ended, after maximally 40 minutes, the tACS was switched off. For sham
tACS, we used the same electrode montage and stimulation frequency as for active tACS,
but the current was immediately ramped down after the ramp-up period.

A TACS electrode configuration B Simulation of electric field

A
tACS NormE (V/m) Electrode currents (A)
0 0.123 0.247  -0.0015 0 0.0015
L - | -

Figure 1 TACS electrode montage and simulation of the electric field. (A) A small circular tACS
electrode (diameter: 2.1 cm, thickness: 2 mm) was placed onto the contralesional parietal cortex (either
P3 or P4, according to the international 10-20 system), and a large ring electrode (outer diameter: 11
cm; inner diameter: 9 cm, thickness: 2 mm) was centered around it. (B) Simulation of the electric field
in a standard head model (MNI 152 space). The software SimNIBS was used to run the simulation.
Abbreviations: A, ampere; normE, norm electric field; tACS, transcranial alternating current
stimulation; V/m, volt per meter.

Visual scanning training

In every session, patients performed the VST on a touchscreen laptop (HP EliteBook x360
1040 G5 Notebook; screen size: 14 inch). The aim of the VST was to train patients to actively
explore and consciously pay attention to stimuli on the contralesional side (Middag-van
Spanje et al., 2022; Pizzamiglio et al., 1992). The VST program comprised eight evidence-
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based training tasks (Middag-van Spanje et al., 2022). In these tasks, while predominantly
employing top-down techniques relying on a voluntary effort from the patient, bottom-up
elements such as exogenous cues were also integrated if the patient showed difficulty in
initiating head and eye movements. Each session featured a variable combination of three to
five tasks, depending on the patient’s speed and performance. Tasks were designed with
multiple levels of difficulty, ensuring task difficulty aligned with the patient's level of
performance, as individuals varied substantially in their capabilities and neglect severity.
This allowed for individualized sessions, with different tasks to be conducted in each
session, ultimately ensuring that all tasks were covered over multiple sessions.

Primary outcome measure: star cancellation task (SCT)

The SCT consisted of 52 large stars, thirteen letters, and ten short words interspersed with
56 smaller stars (Wilson et al., 1987), presented on a laptop screen. The patient was
instructed to mark all targets (small stars) by touching the screen with the finger. The quality
of search (QoS) score combines accuracy and speed in a single measure (i.e., optimal
accuracy/speed search ratio; see formula in Supplementary Table 2) (Dalmaijer et al.,
2014). A high score reflects a combination of a high number of crossed out targets and a
high cancellation speed (Dalmaijer et al., 2014).

Secondary outcome measures

Computerized visual detection task (CVDT)

The CVDT measures perceptual sensitivity and attentional selection in each hemifield (Bien
et al., 2012; Duecker et al., 2017; Schuhmann et al., 2022, 2019). The patient was asked to
fixate on the fixation cross at the center of the laptop screen. Gabor patches were presented
to the left, right and bilateral sides of the screen (40 trials per location) and the patient had
to indicate the location of the stimulus by pressing the <, >, or V key, respectively. For each
of the three locations independently, the contrast of the stimuli was adaptively changed on a
trial-by-trial basis. For (offline) analysis, correct hits were weighted by the contrast level
(see formula in Supplementary Table 2) and performance of the CVDT was the sum of
weighted hits per condition (ipsilesional, contralesional, bilateral), resulting in a score of 0
to 76.49 per condition. As we expected attention deficits in the contralesional hemifield
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(Schuhmann et al., 2022), our primary focus was directed toward the analyses of the
contralesional and bilateral conditions and we only briefly reported on the ipsilesional
condition. In the bilateral condition, the score depends on performance in both contralesional
and ipsilesional hemifields.

Mclntosh line bisection task-digitized (MLBT-d)

The MLBT-d was used to measure the so-called endpoint weightings bias (EWB), a measure
of lateral asymmetry (Mclintosh et al., 2017, 2005). There were eight repetitions of each of
four unique lines, presented in a fixed-random order on the laptop screen. The patient was
instructed to mark the subjective midpoint of each line by touching the screen with the finger.
The analysis then focuses on how this response position varies from trial-to-trial as a
consequence of changes in the left endpoint and changes in the right endpoint (see formulas
in Supplementary Table 2). An EWB value above 0 indicates a greater influence of the
right endpoint (over the left), and would be a sign for left-sided neglect.

Schenkenberg line bisection task (SLBT)

The SLBT consisted of twenty horizontal lines, varying from ten to twenty cm in length, at
three different positions (left, middle, right) on a landscape-oriented A4 sheet (Schenkenberg
et al., 1980). The patient was asked to mark their perceived midpoint of each line. The
relative deviation scores were then calculated (see formula in Supplementary Table 2) and
were averaged per line position to generate the left, middle, and right average scores. We
analyzed only the lines positioned on the contralesional side as we expected worst
performance there.

Daily living tasks

Baking tray task (BTT)

The patient was asked to distribute sixteen cubes of 3.5 cm as evenly as possible over a 75
x 100 cm board (as if spreading out buns on a baking tray) (Tham, 1996). The entire board
was scanned using the Microsoft Lens iOS app. Coordinates of all cubes were manually
identified using a custom Python script. An average positive x-coordinate indicates a
rightward bias.

163



Bringing Neglected Space to Light

Catherine Bergego scale (CBS)

The CBS is a ten-item observation scale for measuring VSN severity in ADL, and results in
a total score of 0 (no neglect) to 30 (severe neglect) (Azouvi et al., 2003; Ten Brink et al.,
2013). The CBS was filled out by the patient’s therapist or proxy (partner or caregiver), but
we only considered data from forms completed by therapists, as intended. In case < 50% of
the items of the CBS were observed, the total score was considered not reliable and therefore
a missing value.

Subjective neglect questionnaire (SNQ)

The SNQ is a nineteen-item questionnaire for measuring the presence of common problems
associated with VSN (Towle & Lincoln, 1991). The SNQ is scored on a five-point scale
according to the frequency of the occurrence of the difficulty, resulting in a score of 19 (no
reported problems) to 95 (many/frequently reported problems) (Van Kessel et al., 2013).
The SNQ was administered to patients and proxies, but our analysis was based exclusively
on forms completed by patients, as intended. In case < 50% of the items of the SNQ were
filled out, the total score was considered not reliable and therefore a missing value.

Demographic and injury characteristics

Baseline descriptors were collected, including demographics (age, gender, and educational
level), stroke characteristics (time post-stroke onset, stroke history, stroke type, and lesion
side), and global cognitive functioning as measured by the Montreal Cognitive Assessment
(MoCA version 8.1; Nasreddine et al., 2005).

Procedure

Eligible patients who met the inclusion criteria were identified by psychologists. After
informed consent was given, baseline measurements were performed. Included patients were
then randomly assigned to either the experimental or placebo group and received eighteen
training sessions spread over six weeks (i.e., three sessions per week). The training sessions
(including tACS and VST) were offered by the researchers at the patients’ homes. The
researchers tested the patients six times on an array of tasks: at baseline (T0), after the first
(T1), ninth (T2), and eighteenth (T3) training session, as well as one week (T4) and three
months (T5) after termination of the training. The SCT, CVDT, MLBT-d, and SLBT were
assessed during all six assessments in the study (TO-T5). The BTT, CBS, and SNQ were
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administered at four assessments (TO, T2, T4, and T5). The SCT, CVDT, and MLBT-d were
presented on the same touchscreen laptop as was used for the training. PsychoPy was used
to control stimulus presentation and recording of behavioral responses.

Blinding, randomization and treatment allocation

Researchers, therapists and patients were blinded to treatment allocation. We applied
minimization as randomization method, using MinimPy (Saghaei & Saghaei, 2011). Patients
were stratified according to age, gender, and having had previous neglect treatment. To
double-blind the tACS protocols, the ‘study mode’ of the NeuroConn DC Stimulator
(neuroConn GMBH) was implemented using five-digit codes that either initiated the
preprogrammed active stimulation protocol or the sham protocol. There was only one
unblinded research assistant who assigned a unique code to every enrolled patient and sent
the code to the (blinded) researchers who then carried out all other study procedures
(including the interventions and assessments). The unblinded research assistant was not
further involved in the study. Blinding was removed after data analysis was finalized.

Statistical analyses

Chi-square (32) and nonparametric Mann-Whitney tests were used to compare demographic
and stroke-related characteristics between both groups. Baseline performance on neglect
outcome variables was compared with a t test or Mann-Whitney test where appropriate, to
detect differences at the start of the trial. To study any associations between the outcome
variables, we conducted correlation analyses at TO and at T5.

To test for change in the primary and secondary outcome measures both within and
between groups, linear mixed model regression analysis was used, with a spatial power
covariance structure to account for (time-decaying) residual covariance between repeated
measures and a random intercept for patients. The predictors of interest were the effects of
time and the interaction between time and group (fixed effects). We tested linear, quadratic,
and cubic effects of time, although conceptually the latter was not expected to be plausible.
Gender, age, and time since stroke were introduced as potential fixed covariates. A
maximum likelihood estimation was used in the process of model selection. We started by
focusing on potential removal of higher order interactions between group and time, and
higher order effects of time, and finally the covariates. Terms were removed from the model

165



Bringing Neglected Space to Light

if p > .05. The coefficients (and their tests) of the final model are reported per outcome
measure, based on restricted maximum likelihood estimation. Supplementary post hoc
contrasts with Bonferroni correction were performed to probe the interaction between time
and group by testing differences between groups at specific time-points. As the actual time-
points (in days) of measurement vary between patients, we used the mean number of days
(across participants) since baseline (T0) to determine the time-points of interest.

The intention-to-treat principle was used by including all patients as randomized in
the analyses, regardless of whether they received the complete program. In the context of
mixed-model analysis, it is important to note there is no case-wise deletion, but all available
data is incorporated. Alpha was set to .05. Analyses were performed in IBM SPSS Statistics
version 26. Besides the correlation analyses, other analyses were preregistered (Middag-van
Spanje et al., 2022).

Results

Patient characteristics

A total of 125 VSN patients were recruited by the healthcare organizations (Figure 2). Forty-
two patients were screened for inclusion, of whom 22 were included in the study.
Supplementary Table 3 depicts the patients’ performances on each screening test on the
basis of which they were admitted to the study. The median age of the study sample was
61.0 years and 72.7% (n = 16) was male. Of the 22 included patients, ten were randomly
assigned to the sham group and twelve to the active tACS group (Table 1). Three patients
in the active tACS group terminated participation prematurely as a result of illness (n = 2)
or mismatched expectations of the program (n = 1), and two patients in the sham group did
not perform assessments at T1, both due to fatigue. Figure 2 depicts the remaining number
of patients included in each assessment.

The two groups were not significantly different with respect to demographic and
stroke-related characteristics (all p values > .165, Table 1). Also, baseline scores on neglect
outcome variables were comparable between groups, except for the BTT scores where
patients in the active tACS group scored significantly lower (i.e., better performance) at
baseline compared to patients in the sham group. Raw mean scores for all assessments (TO-

166



Transcranial alternating current stimulation as add-on to neglect training

T5) are shown in Supplementary Table 4. Results of the correlation analyses between the
outcome variables are shown in Supplementary Table 5.

| Assessed for eligibility (= 125)

Excluded (n = 83)
Did not meet inclusion criteria (n = 36)

k.

| Screened for inclusion (= 42)

Declined to participate (1 = 26)
Unable to reach/passed away (n = 21)

Excluded (7 = 20)

Did not show neglect on screening tasks (n = 18)
Declined to participate (= 2)

| Evaluated at baselme TO (n = 22)

Randomized (n = 22)

C

Allocated to sham tACS condition (7 = 10)

|

Discontinued intervention (n = 0)

|

Evaluated at:
Tl (n=8)*
T2 (n=10)
T3 (n=10)
T4 (1 =10)
T5 (n=10)

]

‘ Allocated to active tACS condition (= 12)

!

Discontinued intervention (n = 3)
- Illness (n=12)
- Mismatched expectations of the program (n = 1)

l

Evaluated at:
Tl (n=12)
T2 (n=10)
T3(n=9)
T4 (n=9)
T5(n=9)

Figure 2 Patient flow through the study. Assessments took place before the training (TO, baseline),
after the first (T1), ninth (T2), and eighteenth (T3) training session, as well as one week (T4) and three
months (T5) after the end of the training.  Two patients did not perform assessments at T1, due to
fatigue. Abbreviation: tACS, transcranial alternating current stimulation.
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Table 1 Baseline demographic, and stroke- and neglect-related characteristics.

Sham tACS Active tACS Comparison
n Median n Median
(IQR) (IQR)
Demographics
Age, years 10 61.00 (12.50) 12 61.00 (20.50) U =52.00, z =-0.528, p = 0.597
Gender, % male 10 70 12 75 p=1.000"2
Educational level, Verhage 10 6.00 (1.25) 12 4.50 (2.00) U =40.50, z =-1.389, p = 0.165
0-7)
Stroke characteristics
Time post-stroke onset, 10 31.80(55.82) 12 39.88 U =52.00, z =-0.528, p = 0.598
months (116.86)
Stroke history, % first ever 10 80 12 67 p=0.646"°
Stroke type, % X2 =0.76,df=2,p = 0.683
Ischemic 10 60 12 75
Intracerebral hemorrhage 10 20 12 17
Subarachnoid hemorrhage 10 20 12 8
Stroke side, % right 10 100 12 100 N/A
Neglect side, % left 10 100 12 100 N/A
MoCA (0-30) 10 23.50 (4.75) 12 24.00 (5.50) U =4250,z=-1.163, p = 0.245
Neglect characteristics
Previous neglect treatment, 10 80 12 83 p=1.000*
% yes
Neglect variables at baseline
SCT
Misses on contralesional 10 2.50 (19) 12 1.50 (3) U =49.50, z =-0.707, p = 0.479
side of screen
CVDT, weighted hits
Contralesional condition 10 6.50 (21.48) I 10.00 (15.01) U =53.00, z =-0.141, p = 0.887
Bilateral condition 10 0.50 (11.48) Il 5.00 (10.90) U =35.00,z=1.437,p =0.151
SNQ (19-95) 10 34.03 (14.50) Il 29.86 (32.99) U =40.00, z = -1.06, p = 0.29
n Mean (SD) n Mean (SD)
SCT
QoS for contralesional 10 0.44 (0.32) 12 0.67 (0.47) t(20) = 1.293, p = 0.21 |
side of screen
MLBT-d, EWB 10 0.25 (0.18) 12 0.23 (0.18) t(20) = 0.34, p = 0.735
SLBT, % deviation 10 23.93 (20.39) 12 21.30 (14.67) t(20) = 0.35, p = 0.729
of contralesional lines
BTT, mean x-coordinate 10 0.13 (0.11) I 0.02 (0.08) t(19) =272, p=0.014
CBS (0-30) 7 10.98 (9.13) 6 10.46 (6.94) t(11)=0.112,p = 0913

2 Fisher’s exact test (two-tailed) is reported when assumptions of 2 have been violated. Abbreviations:
BTT, baking tray task; CBS, Catherine Bergego scale; CVDT, computerized visual detection task;
EWB, endpoint weightings bias; IQR, interquartile range; MLBT-d, Mclintosh line bisection task-
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digitized; MoCA, Montreal Cognitive Assessment; N/A, not applicable; QoS, quality of search; SCT,
star cancellation task; SLBT, Schenkenberg line bisection task; SNQ, subjective neglect questionnaire.

Primary outcome: QoS (SCT)

We derived the QoS score for the contralesional side of the screen. The final regression
model (Table 2) included a linear interaction between group and time (F(1, 96) = 5.527, p
=.021), but not a quadratic (F(1, 98) = .158, p = .692) nor a cubic (F(1, 99) = 2.756, p =
.100) group by time interaction. The significant group by time interaction indicates that the
time effect was significantly different between the active group and the sham group (Figure
3). To conduct supplementary contrast tests of mean treatment differences at specific time-
points, the mean number of days (across participants) since baseline was used to determine
the time-points (in days) of interest: day 0 (baseline), day 4, day 24, day 46, day 53, and day
138. These contrasts showed a significant higher mean QoS at day 138 in the active tACS
group compared to sham (t(33) = 2.532, p = .016; p values at all other time points were >
.092). As can be seen in Figure 3, both groups showed initial improvement in QoS
performance (day 0 —day 53); but in the sham group, this was followed by a decline in scores
(day 53 — day 138). Although further enhancement stagnated, overall, the active group
showed significantly more improvement compared to the sham group.

For the sake of completeness, we conducted a second analysis for the ipsilesional
side of the screen, revealing no group by time interaction (p values for linear, quadratic, and
cubic functions > .655). This outcome aligns with the underlying theory of our interventional
approach, which predicts that contralesional stimulation does not affect (or negatively
affects) performance in the ipsilesional side compared to sham stimulation. The final model
is depicted in Supplementary Table 6.

Note that Figures 3 and 4 plot model-predicted means, and not observed means,
since the actual time-points (days) of measurement vary between patients (i.e., unbalanced
longitudinal data).

169



Bringing Neglected Space to Light

Table 2 Final model of fixed-effect predictors and covariates for predicting primary and
secondary outcomes.

Predictor B* SEs Iqosjfeflbound z:ﬁ;‘ bound P value
QoS, contralesional side of screen (SCT) across TO to T5 (n = 22)

Time 0.001 0.001 2.84E-04 0.003 0.016
Group -0.161 0.155 -0.482 0.160 0.310
Group x Time -0.002 0.001 -0.004 -3.12E-04 0.021
Weighted hits, contralesional condition (CVDT) across TO to T5 (n = 21)

Time 0.032 0.018 -0.005 0.069 0.088
Group -1.370 3.322 -8.257 5.517 0.684
Group x Time -0.074 0.026 -0.126 -0.023 0.005
Gender -9.420 3.482 -16.747 -2.094 0.015
Weighted hits, bilateral condition (CVDT) across TO0 to T5 (n = 21)

Time 0.198 0.050 0.098 0.297 <.001
Time x Time -0.001 3.22E-04 -0.002 -3.06E-04 0.005
Group -2.130 4.621 -11.750 7.490 0.650
Group x Time -0.071 0.027 -0.124 -0.017 0.010
Gender -14.148 4977 -24.581 -3.715 0.011
EWB (MLBT-d) across TO to T5 (n = 22)

Time -0.002 0.001 -0.003 -2.92E-04 0.018
Time x Time | .08E-05 4.51E-06 1.77E-06 1.99E-05 0.020
Relative deviation on contralesional lines (SLBT) across TO to T5 (n = 22)

Time -0.047 0.020 -0.088 -0.007 0.023
Mean x-coordinate (BTT) at T0, T2, T4, and T5 (n = 21)

Group 0.078 0.030 0.014 0.142 0.019
CBS at T0, T2, T4, and T5 (n = 13)

Time -0.134 0.051 -0.239 -0.030 0.014
Time x Time 0.001 3.47E-04 3.89E-05 0.001 0.040
SNQ at TO, T2, T4, and T5 (n = 22)

Time -0.233 0.066 -0.366 -0.101 0.001
Time x Time 0.001 4.39E-04 4.93E-04 0.002 0.003

a8 coefficients are shown in reference to the active group. Abbreviations: BTT, baking tray task; CBS,
Catherine Bergego scale; ClI, confidence interval; CVDT, computerized visual detection task; EWB,
endpoint weightings bias; MLBT-d, Mclintosh line bisection task-digitized; QoS, quality of search;
SCT, star cancellation task; SLBT, Schenkenberg line bisection task; SNQ, subjective neglect
questionnaire.
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Figure 3 Mean model-predicted QoS scores for the contralesional side of the screen. Linear mixed
regression analysis including post hoc contrasts with Bonferroni correction was performed to probe
the interaction between time and group by testing for a difference between active and sham tACS
groups at specific time-points. Predicted scores are based on the model that includes linear and
quadratic group by time interaction terms. 95% confidence intervals for the mean in the active group
(dashed orange line) and the mean in the sham group (solid blue line) are included at the time-points
of interest at which the active versus sham contrasts were tested. Higher scores indicate less severe
neglect. Asterisks (*) depict significant difference (p <.05). At day 138, the active tACS group showed
a significantly higher mean QoS score compared to sham (t(36) = 2.463, p = .019). Please note that
these test statistics deviate slightly from the test statistics as mentioned in the text, as the predicted
scores shown here are based on the regression model that includes linear and quadratic group by time
interaction terms, whereas in the text the comparison is based on the final regression model including
only a linear group by time interaction term. Abbreviations: QoS, quality of search; SCT, star
cancellation task.

Secondary outcomes

Sum of weighted hits (CVDT)

One patient of the active tACS group displayed a very high variability of weighted hits
scores and was identified as statistical outlier (> 3.0*IQR from Q1 and Q3), thus the data
presented here includes a total sample of 21 patients. As expected, the baseline scores were
significantly lower (i.e., worse performance) of the contralesional and bilateral stimulus
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conditions compared to baseline scores of the ipsilesional condition (contralesional vs.
ipsilesional: Z = 4.02, p < .001; bilateral vs. ipsilesional: Z = 3.980, p < .001).

The final model of the contralesional condition (Table 2) included a linear group
by time interaction (F(1, 52) = 8.493, p =.005), but not a quadratic (F(1, 44) = 3.760, p =
.059) nor a cubic (F(1, 78) = .913, p = .342) group by time interaction. Furthermore, only
gender was included as a covariate (F(1, 18) = 7.319, p = .015). The significant group by
time interaction indicates that the time effect was different between the active and sham
group (Figure 4A); there was a positive linear effect of time in the active group (p = .088),
and a negative linear effect of time in the sham group (p =.020). Follow-up contrasts showed
a significant higher mean visual detection performance at day 138 in the active compared to
the sham group (t(40) = 2.933, p = .006; p values at all other time-points were > .108).

The final model of the bilateral condition (Table 2) included a linear group by time
interaction (F(1, 68) = 6.940, p =.010), but not a quadratic (F(1, 60) =.086, p =.770) nor a
cubic (F(1, 82) = 1.194, p = .278) group by time interaction. Also, there was a negative
quadratic effect of time (F(1, 55) = 8.739, p = .005), and gender was included as a covariate
(F(1, 19) =8.082, p =.011). The significant group by time interaction indicates that the time
effect was different between the active and sham group. There was an initial improvement
in both groups (day 0 — day 53; Figure 4B), but in the sham group this was followed by a
decline in scores (day 53 — day 138). Additional contrasts showed significant better mean
performance at day 138 in the active compared to the sham group (t(32) = 2.283, p = .029;
p values at all other time-points were > .208).

For the sake of completeness, we conducted a final analysis for the ipsilesional
condition, revealing no group by time interaction (p values for linear, quadratic, and cubic
functions > .459). Again, this outcome aligns with the underlying theory of our
interventional approach, which predicts that contralesional stimulation does not affect (or
negatively affects) visual detection performance in the ipsilesional hemifield compared to
sham stimulation. The final model is depicted in Supplementary Table 6.
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Figure 4 Mean model-predicted scores of secondary outcomes. Linear mixed regression analysis
including post hoc contrasts with Bonferroni correction was performed to probe the interaction
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between time and group by testing for a difference between active and sham tACS groups at specific
time-points. Predicted scores of (A) sum of weighted hits for contralesional stimuli, (B) sum of
weighted hits for bilateral stimuli, (C) EWB, (D) relative deviation of contralesional lines, (E) CBS,
and (F) SNQ, are based on the models that include linear and quadratic group by time interaction terms.
95% confidence intervals for the mean in the active group (dashed orange line) and the mean in the
sham group (solid blue line) are included at the time-points of interest at which the active versus sham
contrasts were tested. Neglect is less severe when scores are higher (CVDT), or closer to zero (EWB,
SLBT), or lower (CBS, SNQ). Asterisks (*) depict significant difference (p < .05). The active tACS
group showed a significantly higher mean visual detection performance in the contralesional condition
of the CVDT (A) at day 46 (t(25) = 2.146, p = .042), at day 53 (t(27) = 2.343, p = .027), and at day
138 (1(43) = 2.514, p =.016), as well as in the bilateral condition of the CVDT (B) at day 138 (t(34) =
2.288, p = .028). Please note that test statistics presented here deviate slightly from the test statistics
as mentioned in the text, as the predicted scores shown here are based on the regression model that
includes linear and quadratic group by time interaction terms, whereas in the text the comparisons are
based on the final regression models including only a linear group by time interaction term. Asterisks
in green (*) only apply to the regression model that includes both linear and quadratic group by time
interaction terms, but do not apply to the regression model that includes only a linear group by time
interaction term. Abbreviations: CBS, Catherine Bergego scale; CVDT, computerized visual detection
task; EWB, endpoint weightings bias; MLBT-d, Mclntosh line bisection task-digitized; SLBT,
Schenkenberg line bisection task; SNQ, subjective neglect questionnaire.

EWB (MLBT-d)

The final model of the EWB (Table 2) did not include any group by time interaction (linear:
F(1, 78) = 2.610, p = .110; quadratic: F(1, 58) = .314, p = .577; cubic: F(1, 88) =3.354, p =
.070). The final model included not only a linear main effect of time (F(1, 50) = 5.954, p =
.018), but also a quadratic main effect of time (F(1, 54) =5.744, p =.020). Figure 4C shows
that, over the course of six weeks training and one-week follow-up (day 0 — day 53),
regardless of whether tACS was involved or not, patients showed less bias toward the right
endpoints of the lines; however, subsequent to that period (day 53 — day 138), any further
improvement stagnated (active group) or even reversed (sham group).

Relative deviation (SLBT)

As expected, the baseline relative deviation was significantly higher (i.e., worse
performance) of the lines positioned contralesional compared to lines either positioned in
the middle or ipsilesional (contralesional vs. middle: Z = 3.652, p <.001; contralesional vs.
ipsilesional: t(21) = 4.205, p < .001). The final model of the contralesional lines (Table 2)
included no group by time interaction (linear: F(1, 82) = 1.730, p = .192; quadratic: F(1, 68)
= 1.751, p =.190; cubic: F(1, 92) = 2.529, p =.115), and included only a linear main effect
of time (F(1, 81) = 5.348, p = .023). This means that, over the course of time (day 0 — day
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138), regardless of whether patients received tACS, patients showed less bias toward the
ipsilesional side of the lines (Figure 4D).

Mean x-coordinate (BTT)

One patient of the active tACS group did not understand the instructions of the BTT, and
was excluded from the BTT analyses. The final model (Table 2) did not include a group by
time interaction (linear: F(1, 58) = .487, p = .488; quadratic: F(1, 56) = 2.431, p = .125;
cubic: F(1, 57) = .479, p = .492), indicating that patterns of effects over time were similar
for both groups. Furthermore, no time effect was found (linear, quadratic, and cubic; all p
values > .602).

CBS

In eight out of 22 patients (36%), there was no therapist involved in the patient’s care to fill
out the CBS. Of the remaining fourteen patients (64%), there were seven forms that were
not reliable (i.e., < five valid items), four missing forms due to practical concerns (such as
therapist on leave or employed elsewhere), and five missing forms due to dropout. This
eventually led to a sample size of thirteen patients (59%; seven sham group, six active
group), with a mean number of filled out forms per patient of 3.08 (SD = 1.12).

The final model for the CBS (Table 2) did not include a group by time interaction
(linear: F(1, 27) = .063, p = .804; quadratic: F(1, 28) = .417, p = .524; cubic: F(1, 28) = .183,
p =.672), indicating that the time effect was similar for both groups (Figure 4E). There was,
however, evidence not only for a linear main effect of time (F(1, 26) = 6.948, p = .014), but
also a quadratic main effect of time (F(1, 26) = 4.706, p = .040). Over the course of six weeks
training, regardless of whether tACS was involved or not, patients showed less VSN
behavior in daily life activities (day 0 — day 53); however, subsequent to that period, any
further enhancement in effects seemed to stagnate (day 53 — day 138; Figure 4E).

SNQ

Besides the eight forms that were missing due to the three patients that terminated
participation prematurely (dropouts), there was only one form that was not reliable (i.e., <
10 valid items). Thus, sample size remained at 22, with a mean number of filled out forms
per patient of 3.59 (SD = .96).

The final model for the SNQ (Table 2) did not include a group by time interaction
(linear: F(1, 55) = .494, p = .485; quadratic: F(1, 54) =.341, p = .562; cubic: F(1, 54) = .002,
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p = .965), indicating that the time effect was similar for both groups (Figure 4F). As was
seen for the CBS, there was evidence not only for a linear main effect of time (F(1, 53) =
12.741, p = .001), but also a quadratic main effect of time (F(1, 52) = 9.989, p = .003).
Figure 4F shows that, during the training trajectory of six weeks, regardless of stimulation
group, patients experienced less problems due to VSN in their daily lives (day 0 — day 53);
however, this initial phase of progress was followed by a plateau in effects (day 53 — day
138).

Discussion

This study evaluated the additive effects of multi-session transcranial alternating current
stimulation (tACS) at alpha frequency, combined with visual scanning training (VST), on
alleviating attention deficits in chronic stroke patients suffering from visuospatial neglect
(VSN). We found that patients receiving active tACS with VST showed a significantly
stronger improvement in their visual search performance on the contralesional side measured
with a computerized cancellation task (SCT, primary outcome measure), as compared to
patients receiving sham (placebo) stimulation with VST. Additionally, our novel tACS
approach resulted in significantly stronger improvements in the allocation of attention
toward the contralesional side measured with a computerized visual detection paradigm
(CVDT), also compared to sham stimulation. Furthermore, although no differences in
performance were found between active and sham tACS on the line bisection tasks (MLBT-
d and SLBT) and the measures of neglect behavior in basic activities of daily living (ADL;
BTT, CBS and SNQ), significant time-dependent improvements were observed,
emphasizing the potential for recovery through rehabilitation in the later phases following a
stroke.

Our findings closely parallel those of our prior single-session tACS study in
subacute stroke patients (Schuhmann et al., 2022). There too, improvements were found
specific to active tACS on a cancellation task (bells task) and the same visual detection task,
but not on a line bisection task. The repeatedly observed divergent effects are likely due to
the varying cognitive demands of distinct tasks. For example, cancellation tasks require
visual search and tap into a different type of cognitive process than line bisection tasks
(Ferber & Karnath, 2001; Van der Stigchel & Nijboer, 2017). Cancellation tasks may
therefore better correspond with the skills and cognitive processes trained by VST, and,
consequently, are more likely to capture the accurate underlying cognitive process.
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Our current results are the first to show that multi-session tACS complemented with
VST leads to long-term benefits of up to three months post treatment. Stimulation effects
were seen in quality of search (QoS) on the contralesional side and in visual detection in the
contralesional and bilateral conditions. The bilateral condition directly relates to the visual
extinction phenomenon, a neurological syndrome closely associated with VSN. Extinction
is characterized by the failure to process or attend to a contralesional event when a second
competing stimulus is simultaneously presented in the ipsilesional hemifield (Riddoch et al.,
2009; Vossel et al., 2011). These results suggest that our tACS therapy enhances perception
in the neglected side, also/even in the presence of distractors in the non-neglected side.
Additionally, this enhancement of attention in the neglected side was not accompanied by
an impairment of attention in the non-neglected side, because stimulation did not affect
performance in the ipsilesional side/condition of the SCT and CVDT, as may be the case
when simply reducing cortical excitability of the contralesional hemisphere using
conventional NIBS approaches (Dambeck et al., 2006; Hilgetag et al., 2001).

No tACS effects were found on questionnaires/tasks requiring more dynamic
interactions (i.e., ADL-related measures: BTT, CBS and SNQ). This may be because ADL
measures do not, typically, assess the ‘efficiency’ with which daily life activities are carried
out, but merely measure the severity or frequency of occurrence of neglect-related behavior.
In this sense, these measures are different from the SCT and CVDT where a time component
or time restriction is included, and are less capable of detecting changes in performance
efficiency, such as a better quality or effectiveness of the process to perform a daily life
activity (e.g., less steps needed) or less time needed to complete an activity. Another
explanation for the lack of a generalization effect could be the digitalized format of the VSN
training. Possibly, training on a computer screen does not affect daily life tasks. Nonetheless,
significant time-dependent improvements were observed on the CBS and SNQ, irrespective
of stimulation group, suggesting that patients implemented the acquired visual scanning
strategies of the VST in daily life. The digitized VST brings advantages as it is easily usable
on a touchscreen and adapts to the patient’s performance ability. Also, the training program
encompasses a variety of engaging tasks and provides data-driven feedback, ensuring a
varied and stimulating experience to foster commitment and adherence among patients.
Results of the CBS should, however, be interpreted with caution as sample size was reduced
to a mere thirteen patients (59% of 22), reducing statistical power and increasing the
likelihood of Type Il errors.
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The lack of stimulation effects on measures of ADL could have (also) been caused
by the large performance variability seen in our patient sample. Patients were included based
on the presence of VSN symptoms on several conventional, paper-and-pencil neglect tests
(not including any measure of ADL), which, evidently, does not necessarily imply that they
(also) suffered from neglect in dynamic daily living situations. Indeed, dissociations have
been found between patients who displayed symptoms of VSN on conventional, static
measures but not on measures of daily functioning, and vice versa (Azouvi et al., 2017;
Huisman et al., 2013; Spreij et al., 2020).

Overall, assessing the transfer of treatment effects to daily life remains a
considerable challenge. For instance, tools used to evaluate ADL can be significantly
influenced by other VSN-related issues; motor deficits, for instance, have demonstrated
notable effects on measures like the Barthel Index or Functional Independence Measure
(Azouvi et al., 2017). Additionally, both the quantity and duration of treatment sessions can
influence effectiveness. There remains a gap in the literature regarding systematic
exploration of the optimal combination of treatment intensity and duration necessary for
effective transfer of treatment effects to daily life (Azouvi et al., 2017; Kerkhoff & Schenk,
2012).

Shortcomings and strengths

A limitation is the study’s response rate of 17.6% (22 included patients out of 125 eligible
patients), which may raise concerns about the generalizability of findings to the broader
neglect population. The low response rate may have been the result of the rather strict criteria
that we use for research purposes while the clinical stroke population is much more diverse.
Also, some patients were deceased or were unreachable since their discharge from
rehabilitation.

A second limitation regards the novel approach for administering and analyzing the
line bisection task (i.e., ‘endpoint weightings analysis’) that has recently been proposed by
Mclntosh and colleagues (2017, 2005). The endpoint weightings bias (EWB), representing
the lateral attentional bias, has proven to be more sensitive to right-sided brain damage than
the ‘classical’ bisection error, and relates more strongly to cancellation and copying
measures (Mcintosh et al., 2017). However, also on this new, more sensitive measure we
did not observe tACS effects in the current study. We speculate that the means of assessment

employed in this study may not have been the optimal choice; the ‘touch’ of the finger on a
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touchscreen laptop may have resulted in a less precise bisection mark compared to when the
mark would be placed with pencil on paper (as was done in Mclntosh et al., 2017) or even
with pencil on touchscreen laptop or tablet.

While we did not explicitly assess patients' ability to distinguish between active and
sham tACS, it is important to note that tACS does not generate audible signals and
somatosensory sensations during active stimulation (Herrmann et al., 2013). Furthermore,
we included a ramp-up period in both conditions so patients could (potentially) perceive the
onset of stimulation; however, in the sham condition, this was followed by a ramp-down
phase after a brief interval. Blinding effectiveness has previously been demonstrated in
comparable studies involving healthy volunteers, utilizing identical tACS devices and
stimulation parameters (Kemmerer, De Graaf, et al., 2022; Kemmerer, Sack, et al., 2022;
Schuhmann et al., 2019).

Several important strengths of this study are in reference to the double-blind,
randomized controlled study design. All patients, researchers, and therapists were blinded to
treatment allocation, and the outcomes of the assessments did not affect therapists in any
way. Furthermore, we used minimization as randomization method, to ensure balance across
important patient characteristics that could have affected the study outcomes. Lastly, we
adopted an interdisciplinary approach where brain-based NIBS is combined with behavior-
based rehabilitation techniques combined with function-based and clinically relevant
outcome measures, both in the short term and the long term.

Future research and clinical applications

The combined tACS-VST approach should be further tested in a rehabilitation setting, with
subacute patients, and explore patterns of recovery within specific patient profiles. For
instance, VSN involves different clinical subtypes that vary in frame of reference (egocentric
and allocentric), sensory modality (visual, auditory, haptic and tactile), and region of space
(personal, peripersonal and extrapersonal) (Corbetta, 2014; Rode et al., 2017; VVan der Stoep
et al., 2013), and different clinical subtypes have been associated with different lesion sites
(Karnath & Rorden, 2012; Molenberghs et al., 2012). Evaluating at subgroup level, or even
at individual level, with due consideration for distinct clinical subtypes and lesion location,
will bring to light which patients are likely to benefit (most) from the treatment. Also, it is
necessary to explore the most cost-effective setting for implementing the intervention. For
example, although VST is traditionally offered in the clinical setting, our digitized VST
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program, in combination with a portable, low-cost tACS, would lend well to be used in a
home-setting (Perera et al., 2023).

As our VST composed of both bottom-up and top-down strategies, it remains
unclear what component of the training induces the strongest neuronal plasticity when
combined with tACS. Determining the most influential element, whether it is the
strengthening of exogenous orienting toward external cues (associated with the ventral
attention network; Corbetta & Shulman, 2011, 2002) or the enhancement of systematic
learning by top-down mechanisms (linked to endogenous attention regulated by the dorsal
attention network; Corbetta & Shulman, 2011, 2002), warrants further exploration.

Regarding optimization of the tACS protocol itself, significant efforts have been
made toward individualized stimulation parameters (e.g., personalized stimulation
montage/location, dose, and waveform) using individual brain morphology (with
computational head modeling) and neuroimaging (with EEG and fMRI) (Wischnewski et
al., 2023). For example, we demonstrated in healthy individuals that stimulation at intrinsic
individual frequencies, compared to stimulation at flanker frequencies leads to larger alpha
power lateralization after stimulation (Kemmerer, Sack, et al., 2022). Personalizing tACS
frequencies to individual brain rhythms could indeed improve tACS efficacy in a healthy
population group (Zaehle et al., 2010), yet how such approach would be most effectively
implemented to work in clinical populations where brain rhythms are disrupted after brain
damage (Lasaponara et al., 2019, 2018), is clearly less straightforward and should be
addressed through forthcoming research.

Conclusion

In conclusion, multi-session tACS at alpha frequency complemented with VST, led to
significantly stronger improvement in visual search performance and more enhanced
perception in the neglected side in chronic stroke patients with VSN up to three months post
treatment, compared to sham tACS with VST. While we did not find additive effects of
stimulation on other measures (line bisection and ADL), it is noteworthy that time-dependent
improvements on all but one of these measures were observed, regardless of stimulation
group. Future research should focus on specific clinical neglect profiles to account for the
heterogeneous nature of the neglect syndrome, and create stimulation protocols customized
for VSN patient groups to allow enhanced tACS efficacy, that ultimately transfers to

beneficial effects in patients’ daily living.
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Supplementary material

Supplementary Table 1 Cut-off criterion per screening test.

Screening test Cut-off criterion

BT' Four or more total omissions and an asymmetry of 3 or more between left and right
hemifields.

BB? Total score of less than 7 and a laterality of less than 45 percent.

SLBT? Bisection mark deviations of 10% or more.

MLBT** EWB of more than 0.09 and less than —0.13 for left and right VSN, respectively.

Patients were included if performance deviated from normal range on minimally one of the four
following screening tests (all administered on paper): BT, BB, SLBT, MLBT. More detail about the
screening tests can be found in the protocol publication.® Abbreviations: BB, balloons-subtest B; BT,
bells task; EWB, endpoint weightings bias; MLBT, MclIntosh line bisection task; SLBT, Schenkenberg
line bisection task; VSN, visuospatial neglect.

References Supplementary Table 1
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Supplementary Table 2 Formula(s) per outcome measure.

Outcome Formula
measure
T
ScT QoS = Nci‘"z
Ntar - ttot
Where:

QoS is the quality of search score;

N,, is the number of cancelled targets (correct responses);
N¢qr is the total number of targets;

teor is the total time spent.

CVDT? log,, contrast,
weighted hits = 0810 COMT A5 max
log,, contrast, g

Where:
CONtrast ., is 100%.

MLBT-d*® The lines have the following lengths and spatial positions in relation to the midpoint of
the screen:

Line A (-40 mm to 40 mm), Line B (-80 mm to +40 mm), Line C (-40 mm to +80 mm)
and Line D (-80 mm to +80 mm). The center of the laptop screen is aligned with the
patient's vertical body midline. The screen presents a single line at a time to the patient,
who is instructed to bisect the line by marking a position (P). In the endpoint weightings
analysis, the position of the patient’s response and of the left and right endpoints are
coded as horizontal coordinates relative to the midline of the screen. The analysis then
focuses on how this response position varies from trial-to-trial as a consequence of
changes in the left endpoint (lines A & C vs B & D) and changes in the right endpoint
(lines A & B vs C & D). Perfect performance would yield symmetrical right and left
endpoint weightings of 0.5, and an EWB value of 0.

(Ppean inline Aand C) — (Pjeqn in line B and D)

PL =
d 40

(Pnean inline Cand D) — (Ppeqn in line A and B)

PR =
d 40

EWB = dPR — dPL

Where:

P is the position of the patient’s response;

dPL is the left endpoint weighting;

dPR is the right endpoint weighting;

dPL and dPR are expressed as a proportion of the endpoint change (40 mm), and range
from 0 to |;

EWB is the endpoint weightings bias (i.e., bias toward one of the two endpoints).

SLBT® o (bisection mark — true center)
deviation = *100%
true center

Where:
values are always measured from the left end of the line.

Abbreviations: CVDT, computerized visual detection task; MLBT-d, Mclintosh line bisection task-
digitized; SCT, star cancellation task; SLBT, Schenkenberg line bisection task.
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Supplementary Table 3 Overview of performance per screening test of included patients (n =
22).

Patient BT BB SLBT MLBT
| | | | |
2 | | | |
3 0 0 1% |
4 0 0 | |
5 0 0 0 |
6 | | |8 missing
7 0 18 | |
8 missing 0 | |
9 0 0 | |
10 | 0 | 0
11 0 | 1% I®
12 18 | | |
13 18 I® | |
14 | | missing |
15 | 0 | |
16 | 18 | 0
17 0 0 1% 0
18 | | | 0
19 | | 18 |
20 | 0 | |
21 0 0 | 0
22 0 | 18 |

1 = scoring above cut-off, implying an indication of VSN; 0 = scoring below cut-off, implying no
indication of VSN. Grey cells imply a right-sided bias to an extent that is indicative of left-sided VSN,
on the basis of which patients were included in the study. Please note that only included patients (with
right-hemispheric lesions) are shown in this table. Although we also screened patients with left-
hemispheric lesions, none scored above cut-off, thus only patients with right-hemispheric lesions were
included in the study. On average, mild VSN was detected on conventional neuropsychological tests,
known for their notorious insensitivity in measuring VSN during the chronic phase. BT and BB:
Lateralized omissions were calculated for the BT and BB. Distribution of omissions is indicated with
superscript R in case of a right-sided distribution to an extent that is indicative of right-sided VSN, and
with superscript BL in case of a bilateral distribution. SLBT and MLBT: The relative deviation score
and EWB were calculated for the SLBT and MLBT, respectively. Bias is indicated with a superscript
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X in case the bisection mark was placed ipsilesional (indeed implying right-sided bias) but — unusually
— not on the left lines. (One would generally expect most bias on left-sided lines in left-sided VSN.
Relative deviation on left lines is used as a secondary outcome measure of the SLBT in this study.)
Furthermore, superscript R indicates that the bisection mark was placed contralesional implying right-
sided VSN, and superscript BL indicates that both ipsilesional and contralesional biases were shown.
Abbreviations: BB, balloons-subtest B; BT, bells task; MLBT, Mclntosh line bisection task; SLBT,
Schenkenberg line bisection task; VSN, visuospatial neglect.
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Supplementary Table 6 Final models of fixed-effect predictors for predicting performance in the
ipsilesional side of the star cancellation task and the ipsilesional condition of the computerized

visual detection task.

Predictor B' SEe ?()sv?eflbound Z?;(ecl'l bound p value
QoS, ipsilesional side of screen (SCT) across TO to T5 (n = 22)

Age -0.014 0.007 -0.027 -1.18E-04 0.048
Weighted hits, ipsilesional condition (CVDT) across TO to T5 (n = 21)

Time 0.443 0.206 0.034 0.852 0.034
Time x Time -0.013 0.005 -0.023 -0.002 0.016
E:: x Time x 6.56E-05 2.72E-05 I.15E-05 | 20E-04 0018

1 B coefficients are shown in reference to the active group. Abbreviations: ClI, confidence interval,
CVDT, computerized visual detection task; QoS, quality of search; SCT, star cancellation task.
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Supplementary Table 7 SPSS syntax that is generated and used in this work for statistical
analyses of primary and secondary outcomes.

Quality of search, contralesional side of screen (SCT)
* We started by focusing on potential removal of higher order interactions between group and time, and higher
order effects of time, and finally the covariates. Initial model:

MIXED Left_QoS BY Gender Group WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)

PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Gender Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Age Months_since_stroke

Group Group*Time_continuous Group*Time_continuous*Time_continuous
Group*Time_continuous*Time_continuous*Time_continuous | SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)

/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Gender) COMPARE AD)(BONFERRONI)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

* Final model:

MIXED Left_QoS BY Group WITH Time_continuous
/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)
SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)
/FIXED=Time_continuous Group Group*Time_continuous | SSTYPE(3)
/METHOD=REML
/PRINT=DESCRIPTIVES SOLUTION
/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)
/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)
/SAVE=FIXPRED PRED
/EMMEANS=TABLES(OVERALL)
/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

* With use of the final model, we performed supplementary post hoc contrasts with Bonferroni correction to
probe the (significant) interaction between time and group by testing differences between groups at specific
time-points. The syntax presented below is an example and shows the code to calculate contrasts at day = 0
(baseline). In the same way, we calculated contrasts at the other five time-points of interest, using the mean
number of days (across participants) since day O (i.e., day 4.35, day 24.45, day 45.74, day 53.16 and day 138.16).

MIXED Left_QoS BY Group WITH Time_continuous
/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)
SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)
/FIXED=Time_continuous Group Group*Time_continuous | SSTYPE(3)
/METHOD=REML
/PRINT=DESCRIPTIVES SOLUTION
/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)
/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)
/SAVE=FIXPRED PRED
/EMMEANS=TABLES(OVERALL)
/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI) WITH(time_continuous=0.00).
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* We also performed contrasts with the aim of building the graph (see Fig. 3 in the manuscript). To this end,
we used the model that included both linear and quadratic group by time interaction terms. The syntax
presented below is an example and shows the code to calculate contrasts at day = 0 (baseline) for the primary
outcome measure. In the same way, we calculated contrasts at the other five time-points of interest, as well as
for building the graphs of the secondary outcome measures (see Fig. 4 in the manuscript).

MIXED Left_QoS BY Group WITH Time_continuous

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(1)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)

PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Time_continuous Time_continuous*Time_continuous Group Group*Time_continuous
Group*Time_continuous*Time_continuous | SSTYPE(3)

/METHOD=REML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT (Subject) COVTYPE(ID)

/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI) WITH(time_continuous=0.00).

Sum of weighted hits, contralesional condition (CVDT)

* |nitial model:

MIXED CVDT_WH_left BY Group Gender WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(1)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Group Gender Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Age Months_since_stroke Group*Time_continuous
Group*Time_continuous*Time_continuous Group*Time_continuous*Time_continuous*Time_continuous
SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)

/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI)

/EMMEANS=TABLES(Gender) COMPARE ADJ(BONFERRONI).

* Final model:

MIXED CVDT_WH_left BY Group Gender WITH Time_continuous
/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)
SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)
/FIXED=Group Gender Time_continuous Group*Time_continuous | SSTYPE(3)
/METHOD=REML
/PRINT=DESCRIPTIVES SOLUTION
/RANDOM=INTERCEPT | SUBJECT (Subject) COVTYPE(ID)
/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)
/SAVE=FIXPRED PRED
/EMMEANS=TABLES(OVERALL)
/EMMEANS=TABLES(Group) COMPARE AD)(BONFERRONI)
/EMMEANS=TABLES(Gender) COMPARE ADJ(BONFERRONI).

* Note that the table output gives simple effects. We therefore used ‘Transform’ -> ‘Recode into same variables’
to recode the groups, and ran the final model again, giving us the B and p values of the linear effect of time for
the other group.

200



Transcranial alternating current stimulation as add-on to neglect training

* To perform post hoc contrasts at the six time-points of interest, the syntax line ‘WITH(time_continuous=...)’
was added to the final model. See above for an example of the syntax for the primary outcome measure.

Sum of weighted hits, bilateral condition (CVDT)

* Initial model:

MIXED CVDT_WH_bilat BY Group Gender WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Group Gender Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Age Months_since_stroke Group*Time_continuous
Group*Time_continuous*Time_continuous Group*Time_continuous*Time_continuous*Time_continuous |
SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)

/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI)

/EMMEANS=TABLES(Gender) COMPARE ADJ(BONFERRONI).

* Final model:

MIXED CVDT_WH_bilat BY Group Gender WITH Time_continuous

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.00000000000 1) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)

PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Group Gender Time_continuous Time_continuous*Time_continuous Group*Time_continuous
SSTYPE(3)

/METHOD=REML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)

/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI)

/EMMEANS=TABLES(Gender) COMPARE ADJ(BONFERRONI).

* To perform post hoc contrasts at the six time-points of interest, the syntax line ‘WITH(time_continuous=...)’
was added to the final model. See above for an example of the syntax for the primary outcome measure.

Endpoint weighting bias (MLBT-d)

* Initial model:

MIXED EWB BY Gender Group WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Gender Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Age Months_since_stroke Group
Group*Time_continuous Group*Time_continuous*Time_continuous
Group*Time_continuous*Time_continuous*Time_continuous | SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)
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JREPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)
ISAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Gender) COMPARE ADJ(BONFERRONI)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

* Final model:

MIXED EWB BY Group WITH Time_continuous

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)

PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Time_continuous Time_continuous*Time_continuous | SSTYPE(3)

/METHOD=REML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)

/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL).

Relative deviation on contralesional lines (SLBT)

* |nitial model:

MIXED SLBT_left BY Gender Group WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Gender Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Age Months_since_stroke Group
Group*Time_continuous Group*Time_continuous*Time_continuous
Group*Time_continuous*Time_continuous*Time_continuous | SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)

/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Gender) COMPARE AD)(BONFERRONI)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

* Final model:

MIXED SLBT_left BY Group WITH Time_continuous
/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)
SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)
/FIXED=Time_continuous | SSTYPE(3)
/METHOD=REML
/PRINT=DESCRIPTIVES SOLUTION
/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)
/REPEATED=Time | SUBJECT (Subject) COVTYPE(SP_POWER) SPCOORDS(Time_continuous)
/SAVE=FIXPRED PRED
/EMMEANS=TABLES(OVERALL)
/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

Mean x-coordinate (BTT)

* Initial model:
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MIXED BTT_mean_X BY Gender Group WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(1)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Gender Age Months_since_stroke Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Group Group*Time_continuous
Group*Time_continuous*Time_continuous Group*Time_continuous*Time_continuous*Time_continuous
SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT (Subject) COVTYPE(ID)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Gender) COMPARE AD)(BONFERRONI)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

* Final model:

MIXED BTT_mean_X BY Group WITH Time_continuous

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)

PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Group | SSTYPE(3)

/METHOD=REML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

CBS

* Initial model:

MIXED CBS_ therapist_valids5 BY Gender Group WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Gender Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Age Months_since_stroke Group
Group*Time_continuous Group*Time_continuous*Time_continuous
Group*Time_continuous*Time_continuous*Time_continuous | SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT (Subject) COVTYPE(ID)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Gender) COMPARE ADJ(BONFERRONI)

/EMMEANS=TABLES(Group) COMPARE AD)(BONFERRON!I).

* Final model:

MIXED CBS_ therapist_valids5 BY Group WITH Time_continuous
/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)
SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)
/FIXED=Time_continuous Time_continuous*Time_continuous | SSTYPE(3)
/METHOD=REML
/PRINT=DESCRIPTIVES SOLUTION
/RANDOM=INTERCEPT | SUBJECT (Subject) COVTYPE(ID)
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/SAVE=FIXPRED PRED
/EMMEANS=TABLES(OVERALL).

SNQ

* Initial model:

MIXED SNQ_patient BY Gender Group WITH Time_continuous Age Months_since_stroke

/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)

SINGULAR(0.00000000000 1) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)

/FIXED=Gender Time_continuous Time_continuous*Time_continuous
Time_continuous*Time_continuous*Time_continuous Age Months_since_stroke Group
Group*Time_continuous Group*Time_continuous*Time_continuous
Group*Time_continuous*Time_continuous*Time_continuous | SSTYPE(3)

/METHOD=ML

/PRINT=DESCRIPTIVES SOLUTION

/RANDOM=INTERCEPT | SUBJECT (Subject) COVTYPE(ID)

/SAVE=FIXPRED PRED

/EMMEANS=TABLES(OVERALL)

/EMMEANS=TABLES(Gender) COMPARE AD)(BONFERRONI)

/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).

* Final model:

MIXED SNQ_patient BY Group WITH Time_continuous
/CRITERIA=DFMETHOD(SATTERTHWAITE) CIN(95) MXITER(100) MXSTEP(10) SCORING(I)
SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE)
PCONVERGE(0.000001, ABSOLUTE)
/FIXED=Time_continuous Time_continuous*Time_continuous | SSTYPE(3)
/METHOD=REML
/PRINT=DESCRIPTIVES SOLUTION
/RANDOM=INTERCEPT | SUBJECT(Subject) COVTYPE(ID)
/SAVE=FIXPRED PRED
/EMMEANS=TABLES(OVERALL)
/EMMEANS=TABLES(Group) COMPARE ADJ(BONFERRONI).
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Chapter 7

Summary and general discussion






Summary and general discussion

The objective of the research in this thesis was to enhance our understanding of visuospatial
attention and treatment of neglect, a debilitating syndrome commonly observed after
unilateral stroke, characterized by diminished attentional processing toward one side of
space. Over the past two decades, numerous electroencephalography (EEG) studies in
healthy volunteers have indicated that biases in visuospatial attention correlate with an
asymmetry in oscillatory alpha power between the hemispheres, particularly in the posterior
brain regions (Gallotto et al., 2020; Gould et al., 2011; Héandel et al., 2011; Lasaponara et
al., 2019; Newman et al., 2013; Sauseng et al., 2005; Thut et al., 2006; Worden et al., 2000).
Transcranial alternating current stimulation (tACS) has the capability to directly modulate
ongoing rhythmic brain activity by applying sinusoidal currents that synchronize with the
brain’s natural rhythms. Consequently, tACS administered at the alpha frequency has often
been used to modulate the lateralization of alpha power and/or visuospatial attention (Coldea
et al., 2021; Kasten et al., 2020; Kemmerer, Sack, et al., 2022; Schuhmann et al., 2019; Van
Schouwenburg et al., 2018; Veniero et al., 2017). Notably, all of these previous studies have
been conducted exclusively with healthy individuals, and no studies have yet evaluated the
effects of alpha-tACS in individuals experiencing asymmetric attentional deficits such as
neglect due to stroke.

In this thesis, non-invasive brain stimulation (NIBS) techniques were used in
multiple studies, utilizing them either as research tool to influence visuospatial attention in
healthy individuals (part I; chapters 2 and 3) or as therapeutic intervention for patients
with neglect (part I1; chapters 4, 5, and 6). In this concluding chapter, key findings are
summarized, theoretical and methodological considerations are discussed, and suggestions
for future research and clinical practice are provided.

Part |

Part | of this thesis (chapters 2 and 3) presented a novel method for evaluating treatment
options that could be applied in rehabilitation. Transcranial magnetic stimulation (TMS) was
used to induce neglect-like behavioral patterns in healthy volunteers, followed by the
application of tACS at individual alpha frequency (IAF) to ‘virtually treat' these simulated
neglect patients. We used the continuous theta burst stimulation (cTBS) protocol, known for
its capacity to inhibit brain activity (Huang et al., 2005), to disrupt the right posterior parietal
cortex (PPC). Despite its brief stimulation duration of only 40 seconds, cTBS induces
sustained effects that can last up to 60 minutes post-stimulation (Huang et al., 2005; Suppa
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et al., 2016). We took advantage of this timeframe to apply alpha-tACS targeting the left
PPC. Effects were measured both on the behavioral level, using the lateralized-attention
network test (LANT) (Greene et al., 2008) to investigate the three functional components of
attention (alerting, orienting, and executive control) as proposed by the framework of
Petersen & Posner (2012), and on the neuronal level, using EEG.

Is alpha-tACS effective in reducing neglect-like behavioral
patterns in healthy participants that have undergone cTBS
inducing neglect-like symptoms?

In chapter 2, we first aimed to confirm whether cTBS over right PPC led to contralateral
(left) neglect-like symptoms in healthy volunteers. As it has been suggested that parietal
regions within the dorsal attention network engage in inter-hemispheric competition, where
each hemisphere biases attention toward the contralateral visual field (Duecker & Sack,
2015), we anticipated hemifield-specific effects following TMS application over the right
PPC, specifically a rightward shift of attention. The pattern of effects we found on alerting
and executive control were in line with this expectation, but the absence of a TMS effect on
orienting contrasted with previous TMS-PPC studies using Posner, line bisection, or
extinction paradigms (Bien et al., 2012; Brighina et al., 2002; Cazzoli et al., 2009; Dambeck
et al., 2006; Fierro et al., 2000; Hilgetag et al., 2001; Koch et al., 2005; Szczepanski &
Kastner, 2013; Thut et al., 2005; Wang, De Graaf, Tanner, et al., 2023).

Our central argument for the absence of an orienting effect was that the use of
flankers differentiated our task from previous TMS-PPC studies. The lateralized flanker-
type LANT required participants to maintain high levels of sustained attention (i.e., the
ability to maintain a certain level of arousal and alertness which requires mental effort and
also top—down control of attention; Sturm & Willmes, 2001). Since previous research shows
that the alerting system ‘co-activates’ the parietal cortex involved in spatial orienting
(Fernandez-Duque & Posner, 2001; Posner & Petersen, 1990; Robertson et al., 1998), high
levels of sustained attention may have made the orienting performance on the LANT more
resistant to TMS modulation.

In Chapter 3, we explored the neural effects of TMS. As expected, TMS over right
PPC resulted in a more pronounced rightward lateralization of oscillatory alpha power
immediately after stimulation compared to the sham condition. Neural aftereffects had
dissipated at the final resting-state EEG (rSEEG) measurement (around 40-45 minutes post-
TMS), which was not surprising. Furthermore, while there was no TMS-induced
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electrophysiological lateralization of theta power at the group level, the change in orienting
bias after TMS showed a significant dependency on the magnitude of theta power
lateralization. We therefore suggested that the absence of a TMS behavioral effect on
orienting bias (chapter 2) may have pointed toward a cause of inter-individual variability in
our study. Previous studies have indeed shown that TBS-induced neuromodulation, though
popular, exhibit considerable variability between and within individuals (Boucher et al.,
2021; Corp et al., 2020; Jannati et al., 2019; McCalley et al., 2021; Sack et al., 2023), arising
from factors such as measurement methods and biological differences.

Subsequent to TMS, alpha-tACS to left PPC did not affect any of three functions
of attention (chapter 3). The absence of behavioral effects could have been due to the lower
strength of the tACS-induced electric field compared to TMS, suggesting that a single tACS
session at 1.5 mA might be insufficient for recovery of the (TMS-induced) lesion. Stronger
intensities or multi-session protocols might be necessary for greater efficacy (Mohsen et al.,
2019; Perera et al., 2016; Wischnewski et al., 2023). However, our further analyses
investigating tACS effects on oscillatory alpha power indicated a stronger alternative
explanation for our observations (chapter 3). The expected leftward lateralization of alpha
power was found, but only when tACS was preceded by sham TMS, thus in the non-lesioned
(healthy) brain. Surprisingly, preconditioning the brain with TMS reversed the oscillatory
aftereffects of tACS on rsEEG, resulting in significant rightward alpha power lateralization
after left tACS. Our findings add to existing research showing that TMS can alter brain
activity, affecting both local and remote areas, and even reverse the intended changes of
subsequent brain stimulation protocols (Sack et al., 2023).

The importance of a holistic approach in attention research

Attention and its neural correlates cannot be captured by a single concept. Instead,
attentional phenomena are comprised of distinct yet interconnected neurocognitive
mechanisms. Posner & Petersen (1990) identified three components of attention: alerting,
orienting, and executive control. Earlier behavioral and fMRI research indicated that these
attentional networks function independently (Fan et al., 2002, 2005; Fernandez-Duque &
Posner, 1997). However, more recent studies involving behavioral, imaging, and patient data
(Bartolomeo et al., 2012; Callejas et al., 2004, 2005; Chica et al., 2011; Fan et al., 2009;
Posner & Petersen, 1990) suggest that these networks are interconnected and interact
closely, with one modulating the other's efficiency to achieve optimal performance in
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complex situations (Chica et al., 2011). For example, studies have provided evidence on how
the alerting network can modulate the orienting system and the orienting bias seen in neglect
(Chica et al., 2011; Fernandez-Duque & Posner, 2001; Husain & Nachev, 2007; Husain &
Rorden, 2003; Robertson et al., 1995; Sturm et al., 2006). Additionally, damage to specific
anatomical regions, along with large-scale dysfunction across networks of brain regions,
results in the heterogeneous manifestations of neglect (Corbetta, 2014), involving different
clinical subtypes that cannot be fully explained by a single spatial deficit (Rode et al., 2017).
In research, it is therefore essential to consider the entire system, including the
interdependencies among its various components, rather than focusing on isolated parts. Yet,
in TMS research, the majority of attention studies that have used inhibitory protocols to
examine the functional relevance of parietal brain regions in attention, have concentrated
solely on spatial orienting.

Considering the above, in our own TMS studies (chapters 2 and 3), we chose to
use a task that could capture all three attention components separately and in combination
(LANT) (Fan et al., 2005, 2002; Greene et al., 2008). While we observed no TMS effect on
orienting, our findings did reveal significant stimulation effects on (phasic) alerting and
executive control. These stimulation effects further emphasize the multifaceted functional
contributions of the PPC beyond its traditionally recognized role in spatial orienting.

Also under baseline conditions (thus, with sham stimulation), LANT performance
yielded interesting insights into the interplay between the three components of attention. For
instance, the facilitative effect of orienting toward the target location was more pronounced
in the presence of distracting information (flankers), compared to situations with no
distractors — although in these former situations reduced benefits were gained when being in
a state of high (phasic) alertness. Moreover, distracting information was less disruptive when
attention was effectively oriented toward the target location. Our baseline findings showed
remarkable alignment with those of earlier studies (Asanowicz et al., 2012; Callejas et al.,
2004, 2005; Chica et al., 2011; Greene et al., 2008; Lupiafiez & Funes, 2005; Posner, 1994).

The multifaceted contributions of the PPC to attention mechanisms suggest that
future TMS-attention research would benefit from a more integrated or holistic approach.
Uncovering these functional dynamics of the brain not only significantly contributes to the
scientific community but also informs applied sciences and holds substantial clinical
implications. For instance, enhancing alertness through self-instructional or computerized
training programs, has been shown to help patients compensate for deficits in the posterior
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orienting system and is beneficial in reducing neglect (Chica et al., 2011; Robertson et al.,
1995; Sturm et al., 1997; Sturm & Willmes, 2001).

The findings of our own attention studies may contribute to this long-established
body of knowledge, further advancing clinical research and practice. If distractors do indeed
hinder the facilitative effects of alertness (chapter 2), it would be worthwhile to investigate
whether alertness training aimed at addressing orienting deficits, is more effective in
distraction-free, controlled settings. This idea is supported not only by our own findings,
which demonstrate an inhibitory relationship between alerting and executive control
processes (chapter 2), but also by early work of Posner (1994). Posner suggests that the
anterior cingulate cortex, associated with the executive control network, is inhibited when
the alerting network is highly active. This inhibition prevents the system from engaging in
higher-level processing, thus promoting a rapid response to stimuli rather than focusing on
control functions. A final example how fundamental research could enhance clinical work;
if distracting stimuli are indeed less disruptive when attention is oriented toward the target
location (chapter 2), it could be tested if (elements of) programs designed for training
orienting performance might also be beneficial for patients with executive control deficits.
Although often overlooked, patients with neglect frequently experience concurrent space-
related executive dysfunctions (Zebhauser et al., 2019).

Part | summary

In sum, part | of this thesis (chapters 2 and 3) introduced an innovative approach in
evaluating treatment options that could be applied in rehabilitation. By demonstrating cTBS
effects on alerting and executive control in healthy individuals, rather than its previously
recognized role in spatial orienting, the study in chapter 2 emphasized the multifaceted
functional contributions of the PPC to various attention mechanisms. This study also yielded
interesting insights into the interplay between the three components of attention, as well as
confirmed findings from previous attention research, and showed how our findings may
further advance clinical research and practice. Chapter 3 showed that subsequent
application of alpha-tACS was however not effective in reducing neglect-like behavioral
patterns, most likely because prior TMS reversed the oscillatory effects of tACS on rsEEG,
pointing toward the important concept of state-dependence of brain stimulation effects.
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Part 11

Part Il (chapters 4, 5, and 6) focused on evaluating alpha-tACS as a therapeutic approach
in ‘actual’ patients with neglect. In chapter 4, we presented a proof-of-concept study that
evaluated the (clinical) effectiveness of single-session tACS in subacute stroke patients with
neglect. Chapter 5 detailed the rationale and study protocol of a randomized controlled trial,
the results of which are presented in chapter 6. This trial investigated if multi-session tACS
as add-on to rehabilitation (visual scanning training; VST), yielded additional treatment
effects compared to VST alone. We evaluated these effects in chronic stroke patients with
neglect, employing sensitive, digitized testing aiming to capture neglect severity at the
symptom level, alongside assessments of neglect-like behavior in daily activity.

Is alpha-tACS effective in reducing neglect behavioral patterns
after stroke?

In both patient studies (chapters 4 and 6), we observed improvements in performance on
the contralesional (i.e., neglected) side specific to active tACS in a cancellation task and a
visual detection task. Remarkably, in both studies, the enhancement of attention on the
neglected side was not accompanied by an impairment of attention on the non-neglected
side, as stimulation did not affect visual search and visual detection in the ipsilesional
side/condition of the cancellation and visual detection tasks, respectively. This is contrary
to the effects that may be seen when reducing cortical excitability in the contralesional
hemisphere using conventional NIBS approaches (Dambeck et al., 2006; Hilgetag et al.,
2001; Wang, De Graaf, Williams, et al., 2023) — although it must be noted that, in the
auditory domain, unihemispheric alpha-tACS caused a disruption in spatial attention
contralaterally to the stimulated hemisphere (Deng et al., 2019; W&stmann et al., 2018). In
addition, our findings in chapter 6 are the first to show that multi-session tACS
complemented with VST leads to long-term benefits in chronic neglect patients, lasting up
to three months post-treatment, highlighting the potential for recovery through rehabilitation
in the later stages following a stroke.

Interestingly, in both studies, no effect of stimulation was seen on the line bisection
tasks. These (repeatedly) divergent effects likely stem from varying cognitive demands of
each task. For example, cancellation tasks involve visual search and engage different
cognitive processes compared to line bisection tasks (Ferber & Karnath, 2001; Van der
Stigchel & Nijboer, 2017). The line bisection task, as utilized in our studies, focusses more
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on basic perceptual processes and less on systematic searching. While locating the endpoints
of the line involves some eye movements to the left and right, the emphasis shifts away from
the systematic search strategies typically required for visual search or cancellation tasks. In
these latter tasks, the importance of extensive and efficient visual scanning is more
pronounced. Consequently, in chapter 6, where we evaluated the additive effects of multi-
session alpha-tACS, combined with VST, cancellation tasks were better aligned with the
skills and cognitive processes trained by VST, making them more likely to capture the true
underlying cognitive improvements. Although line bisection has long been an important
clinical and experimental task for the study of neglect, bisection deviation has indeed
repeatedly been shown to relate only weakly to core measures of neglect (see list of studies
in Mclintosh et al., 2017).

Lastly, no differences in performance were found between active and sham tACS
in measures of neglect behavior in basic activities of daily living (ADL; BTT, CBS and
SNQ) (chapter 6). Despite this, significant time-dependent improvements were observed on
two of these measures (CBS and SNQ), regardless of stimulation group, suggesting that
patients effectively implemented the visual scanning strategies through VST in their daily
lives.

The challenge of transferring treatment effects to daily life

Assessing the transfer of treatment effects to daily life remains a considerable challenge. A
number of factors may explain why we found no additive effects of the stimulation on ADL-
related tasks (chapter 6), varying from issues related to the method of measurement and
analysis (e.g., CBS analysis most likely suffered from insufficient power because of the
limited sample size), and the format of the scanning training.

First of all, ADL measures typically assess the severity or frequency of neglect-
related behavior rather than the efficiency of performing daily life activities. Unlike the
cancellation task and visual detection task, which include a time component or time
restriction, tools used to evaluate ADL are less capable of detecting improvements in
performance efficiency, such as completing activities with fewer steps or in less time. Also,
ADL measures can be significantly affected by other neglect-related issues. For example,
motor deficits have shown considerable impact on measures such as the Barthel Index and
the Functional Independence Measure (Azouvi et al., 2017).
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The lack of stimulation effects on ADL measures may have been further influenced
by the large performance variability within our patient sample. Neglect includes different
clinical subtypes, for example, varying by frame of reference and region of space (Corbetta,
2014; Rode et al., 2017; Van der Stoep et al., 2013). In our study, patients were included if
they showed abnormal performance on at least one of the screening tests, which comprised
only conventional paper-and-pencil tests and did not assess ADL. Consequently, not all
patients showed neglect on all outcome measures and, importantly, inclusion did not
necessarily mean that they experienced neglect in dynamic daily-living situations. There
have indeed been cases where patients show symptoms of neglect on conventional, static
tests but not on daily functioning measures, and vice versa (Azouvi et al., 2017; Huisman et
al., 2013; Spreij et al., 2020). Given the complexity and heterogeneity of neglect, stratifying
patients could provide more insight into which groups might benefit most from the
intervention. For example, it might be useful to ask patients about the specific difficulties
they face most to individualize outcome measures, ensuring that the assessments capture the
real-world impact of neglect on their daily lives. Standard measures and screenings were
used in our patient studies, which did not focus on individual issues. Because patients had
varying levels of impairment and improvement potential, not every patient could have
improved on each measure and each patient could have improved on (a combination of)
different measures. By personalizing the approach — tailoring analyses and creating
subgroups based on where patients score poorly — we could improve our understanding of
treatment effects. In our patient studies (chapters 4, 5, and 6), our aim was not to group
patients, and statistical limitations made analyzing smaller subgroups unfeasible. However,
examining patterns of recovery within specific patient profiles is an important next step and
should be a focus of future research.

The conventional approach to neglect treatment mainly involves VST (Van
Heugten et al., 2017). VST is often only administered manually using pen and paper,
resulting in variations in protocols across different rehabilitation centers and a lack of
standardized structure. Although the digitized VST offers a range of advantages — such as
being user-friendly on a touchscreen, adapting to patient performance, enabling self-
administration with minimal therapist interaction, convenient data storage, giving room for
many (extra) sensitive measures of cognitive functioning, in between assessment points,
providing engaging tasks, and delivering automatic data-driven feedback to foster patient
commitment and adherence — the digital format may have been another factor contributing
to the lack of generalization effects. It is possible that training on a computer or laptop screen
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does not effectively translate to improvements in non-trained activities and daily life tasks.
There is ample evidence that computerized cognitive training programs do not show far
transfer (Cavedoni et al., 2022; Van Heugten, 2017). A future study could therefore combine
tACS with a more ecologically valid form of scanning training than chosen in this study with
emphasis on generalization to daily life functioning.

In particular, interest in virtual reality (VR) therapies has grown substantially over
the past two decades (Salatino et al., 2023). VR has been defined as “an advanced form of
human-computer interface that allows the user to ‘interact’” with and become ‘immersed”’ in
a computer-generated environment in a naturalistic fashion” (Schultheis & Rizzo, 2001). In
a recent review (Salatino et al., 2023), VR-based treatments have proven effective for the
rehabilitation of neglect regardless of the immersion level. Notably, benefits were also
observed in daily living activities in most of the studies investigating transfer effects in
ecological tasks. Another emerging technology is augmented reality (AR), or mixed reality,
that could also offer promising solutions for neglect rehabilitation (Bakker et al., 2020). AR
facilitates more natural interactions with the environment by superimposing computer-
generated images on top of it. An advantage of an AR-based VST program is that it allows
patients to practice visual scanning in familiar settings, and to do so with greater intensity
and frequency than in a natural environment, potentially making the transition to the real-
world easier (Bakker et al., 2020). Given that AR development is still in its early stages,
more research is needed to determine if patients internalize the scanning behavior and apply
it beyond the context of the AR intervention. Additionally, it would be particularly
interesting to investigate if combining VR- or AR-based VST with alpha-tACS would result
in (even) better outcomes. As VR or AR as well as a portable tACS all lend well to be used
in a home-setting, this combination of interventions offers a promising approach for
accessible, home-based rehabilitation. Home-based interventions are especially crucial in
the later phases of stroke recovery, when patients return home while still experiencing
significant disabilities (Van Heugten et al., 2020), and need to maintain and consolidate the
positive outcomes achieved through rehabilitation training in the clinical setting (Cavedoni
et al., 2022).

Part 1l summary

Part 11 of this thesis (chapters 4, 5, and 6) focused on evaluating the use of alpha-tACS as
a therapeutic intervention for patients with neglect following a stroke. Chapter 4 presented
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the first proof-of-concept evidence that this oscillatory-based transcranial stimulation
method could be clinically effective in treating neglect in subacute stroke patients. Building
on this initial study, in chapter 5 we designed a larger randomized controlled clinical trial
to assess the clinical efficacy of multiple treatment sessions throughout rehabilitation,
aiming to achieve long-term benefits. In chapter 6, we described the results of this study,
which again showed task-specific improvements in performance on the contralesional
(neglected) side, specifically associated with active tACS. This study, which involved
patients with chronic neglect, demonstrated sustained improvements up to three months
post-treatment, underscoring the potential for recovery through rehabilitation even in the
later stages following a stroke. The consistent findings across both patient studies highlight
the robustness and reliability of our results. However, we did not observe additional benefits
of the stimulation on ADL tasks.

Methodological considerations

The studies in this thesis employed various study designs, measurement techniques, and
analysis methods. Specifically, the studies in chapters 2, 3, and 4 used a within-subject,
single-blinded design, while the randomized controlled trial (RCT) in chapters 5 and 6
adopted a between-subject, double-blind design. RCTs are considered the gold standard in
clinical research due to their ability to minimize bias and establish causality (Bouter et al.,
2006). The double-blind design further strengthens the validity of the findings by reducing
the risk of placebo effects and observer bias (Bouter et al., 2006). The studies in this thesis
assessed effects across different populations, including healthy individuals, sub-acute and
chronic stroke patients, and also included therapist evaluations regarding neglect severity in
patients.

Although throughout the thesis we did not explicitly assess the participants' ability
to distinguish between active and sham tACS, it is noteworthy that tACS does not typically
generate audible signals or somatosensory sensations during active stimulation (Herrmann
et al., 2013). To enhance blinding, we included a ramp-up period in both active and sham
conditions; in the sham condition, this was followed by a ramp-down phase after a brief
interval. The effectiveness of this blinding approach has been demonstrated in similar studies
with healthy volunteers using identical tACS devices and stimulation parameters
(Kemmerer, De Graaf, et al., 2022; Kemmerer, Sack, et al., 2022; Schuhmann et al., 2019).
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In chapters 5 and 6, we adopted an interdisciplinary approach, combining brain-
based NIBS with behavior-based rehabilitation techniques. The digitized VST was
developed specifically for the chronic stroke population living at home, with tasks that could
be adjusted to match each patient’s abilities and level of neglect. This made it possible to
provide personalized training sessions. The brain-based NIBS and behavior-based VST
approach was combined with function-based and clinically relevant outcome measures,
assessed both in the short term and the long term, to provide a comprehensive evaluation of
the intervention. EEG data was also collected to allow us to test whether tACS successfully
modulated alpha power lateralization and whether this led to changes in visuospatial
attention performance. Since the EEG analyses are still ongoing, these results have not been
included in this thesis. In these same chapters, we used linear mixed model regression
analysis to address the complexities inherent in stroke rehabilitation studies (Goedert et al.,
2013). These complexities include unbalanced longitudinal data, missing data, small sample
sizes, and significant between-subject variability, common due to the diverse impairments
and recovery trajectories in neglect. Unlike traditional methods such as repeated measures
analysis of variance (ANOVA), linear mixed models are more robust and provide a more
powerful analysis of rehabilitation outcomes (Goedert et al., 2013).

While the patient studies in chapters 4 and 6 demonstrated effectiveness at a group
level, analyzing the data from an individual perspective — such as by assessing whether
patients surpassed thresholds for minimal clinically significant change — could provide
additional relevant insights. Furthermore, the data collected in the studies were entirely
quantitative. Incorporating a qualitative perspective, including the experiences of patients,
caregivers, and therapists, could offer valuable insights and add greater depth to the findings.

Besides the strengths of RCTs, as discussed above, they can be resource-intensive
and may have limitations related to external validity. Chapter 6 indeed reported a low
response rate of 17.6%, which may raise concerns about the generalizability of the findings
to the broader neglect population. This low response rate may be due to the strict inclusion
criteria used for research purposes, which may not fully represent the diversity within the
clinical stroke population. Additionally, some patients were deceased or unreachable after
discharge from rehabilitation, further affecting the response rate.

In terms of generalizability of the studies in healthy participants, the studies in
chapters 2 and 3 highlighted potential causes of inter-individual variability, particularly of
theta burst stimulation (TBS)-induced neuromodulation, and pointed out the brain-state
dependency of tACS. Such variability may have limited the generalizability of the results.
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To improve the generalizability of NIBS, it is crucial to employ strategies that reduce inter-
and intra-individual variability. This issue is further discussed in the following paragraph,
which focuses on reducing variability in tACS response.

TACS in future research and clinical practice

Reducing inter- and intra-individual variability in tACS response

Alongside its role in exploring the interplay between attention processes, as discussed above
in part I, a holistic or integrated approach in (any field of) research encompasses a broader
perspective. It means considering various factors that could impact research outcomes,
including those that cause inter- and intra-individual variability. Overlooking or neglecting
factors that can influence research outcomes may lead to biased results, incomplete
conclusions, and an inaccurate understanding of the subject matter, ultimately leading to
inconsistent findings across studies (inter-study variability). To illustrate, the inclusion of
flankers in the LANT (chapters 2 and 3), clearly distinguished our study’s task from those
used in previous TMS-PPC studies (methodological variability) and led to orienting effects
that are in contrast to those in previous studies.

Besides the large inter- and intra-individual variability that has been found in TMS
response (see part 1), variability in tACS outcome has also been shown, especially over the
past few years, bringing into question the reliability of tACS effects. For example,
investigations into the effects of alpha-tACS on behavior have produced mixed outcomes:
some studies observed significant effects on spatial attention (e.g., Deng et al., 2019; Kasten
et al., 2020; Kemmerer, De Graaf, et al., 2022; Kemmerer, Sack, et al., 2022; Radecke et al.,
2023; Schuhmann et al., 2019; Wéstmann et al., 2018), while others found none or reported
inconsistent results (e.g., Coldea et al., 2021; Hopfinger et al., 2017; Van Schouwenburg et
al., 2018; Veniero et al., 2017). Similarly, concerns regarding the replicability of tACS
effects on oscillatory alpha power have emerged, as some studies (e.g., Clayton et al., 2018;
Coldea et al., 2021; Fekete et al., 2018; Kemmerer, De Graaf, et al., 2022; Stecher &
Herrmann, 2018) using similar protocols have failed to replicate the enhancements observed
in initial (or later) alpha-tACS research (e.g., Kasten et al., 2016; Kemmerer, Sack, et al.,
2022; Neuling et al., 2013; Stecher et al., 2021; Vossen et al., 2015; Zaehle et al., 2010).
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Inconsistent tACS outcomes across conditions were also found in our study
involving healthy individuals (see part I, chapter 3). Specifically, effects of alpha-tACS on
alpha power lateralization were influenced by TMS preconditioning; sham TMS prior to left
tACS led to the expected leftward shift of alpha power lateralization, but active TMS prior
to left tACS oddly reversed this tACS effect, leading to a significant rightward shift of alpha
power lateralization. These findings closely align with the important concept of state-
dependence of brain stimulation effects, indicating that the impact of NIBS on brain
physiology and behavior varies, at least in part, based on different brain states (Bradley et
al., 2022; Feurra et al., 2019; Hartwigsen & Silvanto, 2023; Sack et al., 2023). TACS effects
have indeed shown to depend on different brain states (Kasten & Herrmann, 2022). These
include experimentally induced, relatively long-lasting brain states, such as when alpha-
tACS shows differing responses on endogenous alpha oscillations when eyes are open versus
closed (Neuling et al., 2013; Ruhnau et al., 2016), as well as rapidly and spontaneously
fluctuating neural states that occur within seconds (Kasten & Herrmann, 2022).
Additionally, psychological states, such as an individual’s emotional or affective state prior
to or during stimulation, can substantially influence outcomes (Schutter et al., 2023). Besides
brain state, a large number of other factors might contribute to the inter-individual variability
in transcranial electric stimulation (tES) studies, including individual natural frequency,
brain anatomy (e.g., individual skull thickness and gyri configuration), age, gender, and
hormonal levels (e.g., Krause & Cohen Kadosh, 2014; Veniero et al., 2017).

The numerous factors influencing tES outcome, which lead to variability observed
both within and between studies, underscore the need for a more systematic investigation of
these factors (Coldea et al., 2021; Veniero et al., 2017). By identifying sources of
inconsistencies, it becomes possible to reduce them, such as through the individualization of
stimulation parameters. Given its extensive range of options in the selection of parameters,
tES offers the potential for personalization. This can be achieved, for example, by tailoring
current strength/density, electrode montage, and stimulation frequency, duration, and
location for each individual (Krause & Cohen Kadosh, 2014; Stecher & Herrmann, 2018;
Veniero et al.,, 2017). Since numerous other confounding variables that influence
susceptibility to tACS cannot always be controlled, it might be beneficial for studies to
statistically model these additional factors (Stecher & Herrmann, 2018), in addition to
personalizing tES protocols.
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From basic to applied use of tACS

In contrast to the variable tACS outcomes across conditions in healthy individuals (chapter
3), we found consistent effects of contralesional parietal alpha-tACS across our two patient
studies (chapters 4 and 6). Despite differences in methodology between the two patient
studies — single session versus multi-session — and differences in the populations tested —
subacute versus chronic stroke patients — both studies demonstrated improvements specific
to active 10-Hz tACS in a cancellation task and a visual detection task, but not in a line
bisection task.

The significant effects on specifically visual detection in both patient studies raise
important considerations. Contrary to our findings, in a prior study involving healthy
participants, tACS at 10 Hz led to significant effects on an endogenous attention task but not
on an exogenous attention task or a visual detection task (Schuhmann et al., 2019). These
task-specific effects were later replicated with tACS at IAF, also in healthy individuals
(Kemmerer, Sack, et al., 2022). The repeatedly divergent effects on visual detection between
healthy and patient populations prompts a crucial question: how well do findings from basic
research in healthy, fit individuals translate to applied clinical research? Are we potentially
limiting ourselves by disregarding valuable interventions that did not show significant
cognitive enhancement in healthy populations but may be effective in clinical contexts?

These questions also arise when considering the contrasting effects that we
observed in the two parts of this thesis (part I: healthy participants vs. part Il: stroke
patients). In the case of virtual neglect patients, tACS was preceded by TMS in healthy
participants and showed no effect on visuospatial attention bias (chapter 3). However, in
actual stroke patients, tACS resulted in a significant reduction in neglect symptoms
(chapters 4 and 6). Thus, the sequence of TMS before tACS yielded different behavioral
outcomes compared to tACS alone in brain damaged patients without prior TMS. This
difference was also reflected in the electrophysiological data in chapter 3, where TMS
before tACS reversed the oscillatory aftereffects of tACS on offline rsEEG compared to
tACS following sham TMS, indicating that tACS effects are dependent on prior brain
stimulation protocols. TMS preconditioning clearly impacted the effects of tACS. Therefore,
when evaluating the effects of alpha-tACS (or perhaps also of other NIBS interventions) in
a TMS-induced lesion model in healthy participants, the results are not directly comparable
to those in stroke patients with actual brain damage. This distinction does not diminish the
significant value to brain research of studies investigating neglect-like effects induced by
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TMS in healthy individuals, nor does it lessen the scientific relevance of studies
documenting inconsistent and null findings of tACS in healthy individuals in recent years.
Undoubtedly, the use of NIBS as a research tool has provided great insights and enhanced
our pathophysiological understanding of neglect. The key point here is that for alpha-tACS
to be effectively applied as a therapeutic intervention in stroke patients with neglect, it is
crucial to explore what individual factors could influence the success of the treatment
specifically in this population. Although various suggestions and hypotheses have been
proposed for designing personalized tACS protocols (as discussed above), these have
primarily been based on studies in healthy individuals. To date, no studies have tested these
approaches in patients with neglect.

For instance, tailoring tACS frequencies to match individual brain rhythms has
shown promise in enhancing the efficacy of tACS within healthy groups (Kemmerer, Sack,
et al., 2022; Zaehle et al., 2010). This evidence supports the idea that aftereffects of tACS
are driven by LTP/LTD processes due to entrainment of endogenous oscillations (Helfrich
et al., 2014; Neuling et al., 2015; Stecher & Herrmann, 2018). While it is recommended to
precisely match stimulation with natural frequencies to interact effectively with oscillatory
activity (Stecher & Herrmann, 2018; Veniero et al., 2017), especially in heterogeneous
groups with high variability in 1AFs (Kemmerer, 2022), applying this approach to clinical
populations, such as stroke patients where alpha rhythms are disrupted (Lasaponara et al.,
2018, 2019), is more complex and requires further research. In our patient studies (chapters
4, 5 and 6), tACS frequency was not individually adjusted. This may have resulted in the
stimulation being effective only in a subset of patients whose IAF was close to the
predetermined, fixed stimulation frequency of 10 Hz, potentially leading to an
underestimation of the effects. Future research should explore whether targeting the
disrupted IAF in neglect patients yields better outcomes compared to using a single, prefixed
alpha frequency.

Also, studies have demonstrated that alpha frequency shifts can occur over the
course of a session, suggesting that IAF is not static but varies over time (Benwell et al.,
2019). A potential next step in developing personalized tACS protocols for stroke patients
could therefore be the use of closed-loop tACS (Bergmann et al., 2016; Thut et al., 2017),
which adjusts to these frequency fluctuations in real-time. Although a recent study in healthy
volunteers did not show beneficial effects of using adaptive tACS (closed-loop) over
conventional tACS using a predetermined, fixed frequency (Stecher et al., 2021), this
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method may still provide valuable insights into effectively entraining 1AF for therapeutic
purposes.

Concluding remarks

In conclusion, future clinical studies should combine tACS with more ecologically valid
scanning training to emphasize generalization to daily life functioning. While our findings
across patient studies were consistent and robust, previous research indicates significant
inter- and intra-individual variability in treatment responses in brain stimulation and neglect
studies. This highlights the need for systematic investigation of factors influencing tES
outcomes, including the individualization of stimulation parameters. Although personalized
tACS protocols have been proposed based on studies in healthy individuals, they have not
yet been tested in patients with neglect. This is crucial, as our findings suggest that the
response of an injured brain to tACS may differ from that of a healthy brain. Future research
should therefore focus on tailoring tACS protocols to enhance efficacy in neglect patients,
ultimately translating into meaningful improvements in their daily lives.
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The objective of the research in this thesis was to enhance our understanding of visuospatial
attention and treatment of neglect. Neglect, a frequent and disabling outcome after stroke,
impairs a patient's ability to attend and respond to visual information in one side of space,
leading to significant functional limitations. Despite its prevalence, treatment options for
neglect remain limited, with visual scanning training (VST) as the recommended standard
treatment, though not all patients benefit from this conventional approach. Additionally,
VST and the assessment of neglect is typically conducted using paper-and-pencil tasks and
tests, which, while useful, have limitations in capturing the full extent of a patient's deficits
and in providing dynamic, real-time feedback. Our research represents a crucial step toward
changing this, advancing both the treatment and assessment of neglect. Recognizing the need
for more sophisticated tools, we developed a computerized battery designed for both training
and testing visuospatial attention. This approach allows for the potential for more tailored
and effective interventions, as well as more precise, objective measurements.

Especially in the chronic phase of brain injury, treatment traditionally emphasizes
coping strategies to help patients adapt to their condition. However, there is a growing shift
toward addressing the core deficits to achieve more substantial recovery. Institutions like the
Hersenstichting (Dutch Brain Foundation), are increasingly emphasizing the importance of
treatments that go beyond symptom management to target the root causes of impairments.
Over the past fifty years, extensive fundamental research into the neural basis of brain
deficits following injury, such as spatial attention deficits, has provided a robust scientific
foundation. This substantial body of research, as well as the more recent technological
advancements in neuromodulatory techniques, offers a credible rationale for considering
non-invasive brain stimulation (NIBS) as a potential treatment that directly targets the
biological basis for stroke-related impairments. Although investigations into the precise
mechanisms underlying attention impairment after brain damage are still ongoing, stroke
rehabilitation research has increasingly focused on exploring NIBS techniques in clinical
studies.

In this thesis, NIBS techniques were employed across multiple studies, both as a
research tool to modulate visuospatial attention in healthy individuals (part 1) and as a
therapeutic intervention for patients with neglect (part I1). Over the years, most research in
NIBS has focused on inhibiting the contralesional hemisphere to reduce neglect. However,
this approach has yielded limited and inconsistent results, sometimes even causing undesired
effects on the contralateral side. Our research introduced a new approach based on
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oscillatory entrainment using transcranial alternating current stimulation (tACS), which
targets specific brain oscillations to modulate neural activity.

We firstly introduced a novel method for evaluating treatment options that could be
applied in rehabilitation (part I). Transcranial magnetic stimulation (TMS) was used to
induce neglect-like behavioral patterns in healthy volunteers, which were then ‘virtually
treated” using tACS at alpha frequency. The results from this part clarify the complex role
of the posterior parietal cortex (PPC) in visuospatial attention. By demonstrating that
disrupting the PPC through inhibitory brain stimulation (continuous theta burst stimulation;
cTBS) causes behavioral impairments in alertness and executive control, this research
highlights aspects of the PPC's role that previous TMS-attention studies may have missed,
as they primarily focused on spatial orienting. This multifaceted contribution broadens our
understanding of attention mechanisms and lays the groundwork for further exploration into
how different components of attention interact. Although the subsequent application of
alpha-tACS did not effectively reduce the neglect-like behavioral patterns in this
experiment, the observed dependence of brain stimulation effects on the state of the brain —
illustrated by the interaction between cTBS and tACS — provides critical insights for the
development of more effective neurostimulation protocols.

Our research in part I, by showing the multifaceted contributions of the PPC to
attention mechanisms, thus suggests that future TMS-attention studies could benefit from a
more integrated or holistic approach and further advance clinical research and practice. For
instance, the understanding gained from previous research on the interaction between the
alerting and orienting networks has led to the development of alertness training programs,
which have been shown to help neglect patients compensate for deficits in the orienting
system and reduce neglect. Similarly, our studies uncovered significant interactions between
the three components of attention (i.e., alerting, orienting, executive control) that could also
contribute to clinical applications. For example, the observed inhibitory relationship
between executive control and alerting suggests that alertness training might be more
effective in reducing neglect when conducted in distraction-free, controlled environments.

In part 11 of this thesis, we investigated the effects of alpha-tACS in stroke patients.
The results across our two patient studies are particularly compelling given the robust and
reliable improvements observed. The proof-of-concept evidence presented here
demonstrates that tACS can be an effective therapeutic intervention for patients with neglect
following a stroke, particularly when combined with training (VST). In chronic neglect
patients sustained improvements were observed up to three months post-treatment. These
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long-lasting effects highlight the potential for meaningful recovery, even in the chronic
stages of stroke.

Our tACS approach aligns with the recent trend of directly tackling the underlying
causes of impairments to facilitate improvement rather than solely managing its symptoms.
At the same time, it is essential to complement this brain-targeted approach with a broader,
holistic perspective that considers personal and contextual factors. This perspective aligns
with the International Classification of Functioning (ICF) model, a biopsychosocial
framework that views a person's level of functioning as a dynamic interaction between health
conditions, environmental factors, and personal factors. The ICF model supports an
integrated treatment approach, emphasizing that effective treatment should address not only
the biological aspects of the impairment but also the limitations patients may experience in
their daily lives (activities and participation), as well as other personal and environmental
factors influencing overall functioning. Therefore, while targeting visuospatial attention
bias, the core deficit of neglect, is crucial for advancing recovery, it must be balanced with
an understanding of the individual's context to ensure comprehensive and effective care and
treatment, with the ultimate goal to optimize quality of life.

This multidisciplinary approach highlights the importance of looking beyond the
brain to consider the broader impact of interventions, a practice that will become
increasingly common as NIBS is adopted in clinical settings. In this thesis, our research
embraced such a holistic approach, examining not only the effects of NIBS on brain activity
(electrophysiological effects) but also on clinically relevant functional outcomes, such as
behavioral effects on neuropsychological tasks, and measures of daily life activities. While
improvements were noted in functional measures of visuospatial attention bias, they did not
extend to daily life activities. Future research should focus on enhancing the transfer of these
effects to everyday tasks through more ecologically valid forms of VST.

The clinical and practical advantages of this new approach are significant. When
combined with VST, tACS has the potential to be both safe and effective, with long-lasting
effects. As stroke recovery moves beyond symptom management and given our promising
results, it is time to advocate for the integration of tACS into standard rehabilitation
programs, as part of a more holistic approach, offering a potentially stronger, faster, and
more sustainable recovery path for patients with neglect. Also, the potential for
personalizing the tACS-based VST approach could lead to more tailored rehabilitation
strategies that address the individual variability in treatment responses, thereby enhancing
the efficacy and meaningfulness of interventions. Collaborating with rehabilitation centers

239



Bringing Neglected Space to Light

for future larger trials could validate these results, ensuring that our tACS-based combination
therapy makes a lasting impact on clinical practice. Moreover, this method is adaptable; it
could be implemented as part of a home-based rehabilitation program, making treatment
more accessible to a wider range of patients and reducing the burden on healthcare facilities.
Evaluating the cost-effectiveness of implementing the intervention in a home setting is
crucial, as it may provide a more accessible and sustainable solution for ongoing
rehabilitation.

The societal impact of this research is substantial. Stroke is a leading cause of
disability worldwide, and neglect is a common and debilitating consequence. In The
Netherlands, approximately 40,000 individuals suffer a stroke each year. Due to
advancements in acute and subacute medical care, more individuals are surviving these
events, leading to an increasing number of people living with the chronic effects of stroke.
By introducing a novel and effective treatment option, this research offers hope for
improving the quality of life for stroke survivors.

The research findings are especially relevant for neuroscientists, clinicians,
neuropsychologists, and healthcare providers working in stroke rehabilitation. Scientific
conferences and peer-reviewed publications have ensured — and will continue to ensure in
the future — that the academic and medical communities are informed and able to build upon
this research. Collaborations with rehabilitation centers and stroke support organizations can
help bring these findings into clinical practice. Throughout this research journey, various
Dutch rehabilitation centers and healthcare organizations that are specialized in supporting
and treating stroke patients, have been involved to varying degrees (InteraktContour, De
Hoogstraat Revalidatie, Heliomare, Esdégé-Reigersdaal, De Noorderbrug/’s Heeren Loo).
Their contributions ranged from providing expertise in developing the study protocol and
fully digitized training program to educating their organizations about neglect and the
current evidence for its treatment, as well as recruiting patients. Furthermore, healthcare
policymakers and administrators can benefit from understanding the implications of
adopting innovative treatments like our tACS-based VST approach, which shows promise
for home-based rehabilitation and could lead to better patient outcomes and more efficient
use of healthcare resources.

In conclusion, the research presented in this thesis represents a significant
advancement in the field of neurorehabilitation. By bridging scientific understanding and
clinical application, this work lays the foundation for more effective, personalized, and
accessible treatment options for stroke survivors affected by neglect. The continued
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exploration and application of these findings have the potential to make lasting contributions
to both science and society. As we move forward, it is essential to maintain a holistic and
interdisciplinary approach, integrating brain-based NIBS with behavior-based rehabilitation
techniques and using function-based and clinically relevant outcome measures, both in the
short term and the long term. By doing so, we can ensure that the benefits of these innovative
treatments extend beyond functional improvements to enhance the quality of life for
individuals living with stroke-related disabilities.
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De genegeerde zijde aan het licht

Het beter begrijpen en behandelen van visueel-ruimtelijke
aandachtstoornissen met niet-invasieve hersenstimulatie

Het onderzoek in dit proefschrift heeft tot doel ons inzicht in visueel-ruimtelijke aandacht te
verdiepen en de behandeling van neglect te verbeteren. Neglect is een syndroom dat vaak
voorkomt na een unilaterale beroerte en wordt gekenmerkt door verminderde aandacht voor
één zijde van de ruimte. Het is een beperkende aandoening die dagelijkse activiteiten en
zelfzorg aanzienlijk kan belemmeren. Er is een dringende behoefte aan behandelingen voor
neglect die langdurige en Klinisch-relevante verbeteringen kunnen bieden.

In de afgelopen twee decennia hebben studies bij gezonde proefpersonen,
uitgevoerd met elektro-encefalografie (EEG), inzicht gegeven in hoe visueel-ruimtelijke
aandacht wordt gereguleerd door elektrische activiteit in de hersenen (hersengolven). EEG-
studies hebben specifiek aangetoond dat het verplaatsen van aandacht in de ruimte
samenhangt met een asymmetrie in de sterkte van alfagolven tussen de hersenhelften, vooral
in de posterieure (achterste) hersengebieden. Transcraniéle wisselstroomstimulatie
(transcranial alternating current stimulation, afgekort als tACS) is een vorm van niet-
invasieve elektrische hersenstimulatie die ritmische hersenactiviteit kan beinvlioeden. TACS
kan de natuurlijke ritmes van de hersenen versterken door sinusvormige stroompjes van lage
intensiteit toe te dienen die op dezelfde frequentie trillen als de hersengolven. Omdat deze
stroom in een ritmisch patroon wordt toegediend, kan deze synchroniseren met de
natuurlijke ritmes van de hersengolven en zo de hersenactiviteit moduleren. TACS,
toegediend op de alfafrequentie, is in verschillende recente studies gebruikt om de
lateralisatie van alfasterkte en daarmee visueel-ruimtelijke aandacht te beinvloeden.
Opvallend is dat al deze eerdere studies uitsluitend bij gezonde individuen zijn uitgevoerd,
terwijl er nog geen onderzoek is gedaan naar de effecten van alpha-tACS bij personen met
asymmetrische aandachtstoornissen zoals neglect.

In dit proefschrift ~worden in meerdere studies niet-invasieve
hersenstimulatietechnieken toegepast, hetzij als onderzoeksinstrument om visueel-
ruimtelijke aandacht bij gezonde individuen te onderzoeken (deel 1; hoofdstukken 2 en 3),
hetzij als therapeutische interventie voor patiénten met neglect (deel I1; hoofdstukken 4, 5
en 6).
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Deel |

Het eerste deel van dit proefschrift (hoofdstukken 2 en 3) introduceert een vernieuwende
aanpak voor het evalueren van behandelingsopties die toegepast zouden kunnen worden in
de revalidatie. In de studies in deze hoofdstukken wordt transcraniéle magnetische stimulatie
(TMS) gebruikt om neglect-achtige gedragskenmerken op te wekken bij 32 gezonde
proefpersonen. Vervolgens wordt alpha-tACS toegepast om deze gesimuleerde
neglectpatiénten virtueel te behandelen. Voor de TMS maken we gebruik van een inhiberend
protocol, namelijk het continuous theta burst stimulation (cTBS) protocol dat bekendstaat
om zijn vermogen hersenactiviteit te onderdrukken. Dit protocol wordt toegepast om de
activiteit in de rechter posterieure pariétale cortex (PPC) te verstoren. Deze pariétale
structuren spelen een belangrijke rol in visueel-ruimtelijke aandachtsprocessen. Ondanks de
korte duur van de stimulatie, slechts 40 seconden, kan cTBS langdurige effecten
veroorzaken die tot een uur na de stimulatie kunnen aanhouden. We benutten deze periode
om alpha-tACS toe te passen op de linker PPC. De effecten worden op gedragsniveau
gemeten met een computertaak, de lateralized-attention network test (LANT) waarmee drie
belangrijke componenten van aandacht (alertheid, oriéntatie en executieve controle) worden
geévalueerd. Alertheid verwijst naar het vermogen om in een staat van paraatheid en
waakzaamheid te verkeren, zodat snel gereageerd kan worden op prikkels of veranderingen
in de omgeving. Oriénterende aandacht verwijst naar het vermogen om de aandacht gericht
te verplaatsen naar een bepaalde stimulus of plek in de omgeving. Oriéntatiebias verwijst
naar de neiging om de aandacht consistent naar één kant van het visuele veld te verplaatsen,
zoals bij neglect. Executieve controle helpt bij het selecteren van relevante informatie en het
onderdrukken van irrelevante informatie wanneer er conflicterende of concurrerende
informatie is die om verwerking vraagt. Daarnaast worden de effecten op neuronale niveau
gemeten met behulp van EEG.

Door de effecten van TMS op alertheid en executieve controle bij gezonde
individuen aan te tonen, benadrukt de studie in hoofdstuk 2 de veelzijdige functionele
bijdragen van de rechter PPC aan verschillende aandachtmechanismen. We vinden echter
geen effect van TMS op oriénterende aandacht, hoewel de rol van de PPC in oriénterende
aandacht regelmatig in de wetenschappelijke literatuur is aangetoond.

Zoals verwacht, resulteert TMS op de rechter PPC in een toegenomen sterkte van
alfagolven in de rechterhersenhelft vergeleken met de linkerhersenhelft direct na de
stimulatie, vergeleken met de placebo conditie. De mate van alpha-sterkte lateralisatie
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correleert bovendien met de veranderingen in alertheid en executieve control. Naast
alfagolven onderzoeken we ook de effecten van TMS op theta-sterkte. Hoewel de groep als
geheel geen duidelijke verandering in theta-sterkte lateralisatie laat zien na TMS, blijkt er
wel een significant verband te zijn tussen de mate van theta-sterkte lateralisatie en de
verandering in oriéntatiebias. Dit geeft aan dat er mogelijk individuele verschillen zijn die
niet tot uiting komen in de gemiddelde groepsresultaten, maar wel belangrijke inzichten
kunnen opleveren wanneer op individueel niveau wordt gekeken.

De studie levert ook interessante inzichten op in de interactie tussen de
eerdergenoemde drie componenten van aandacht en bevestigt bevindingen uit eerder
onderzoek. Het laat tevens zien hoe onze resultaten klinisch onderzoek en de toepassing in
de Klinische praktijk verder kunnen helpen. Hoofdstuk 3 toont echter aan dat de
daaropvolgende toepassing van alpha-tACS niet effectief is in het verminderen van neglect-
achtige gedragskenmerken, waarschijnlijk omdat de kort daarvoor toegediende TMS de
effecten van tACS op alfasterkte omkeerde. Dit wijst op het belangrijke concept state-
dependence van hersenstimulatie-effecten, namelijk dat de effecten van stimulatie
afhankelijk zijn van de toestand waarin de hersenen zich bevinden op het moment van
stimulatie. De volgende stap die in de daaropvolgende hoofdstukken wordt beschreven, is
het onderzoeken van de effecten van alpha-tACS bij patiénten met daadwerkelijk neglect.
Dit is belangrijk, omdat de TMS bij gezonde proefpersonen de hersentoestand zodanig
beinvioedt dat de effecten van alpha-tACS mogelijk worden gemaskeerd of zelfs
omgekeerd.

Deel 11

Het tweede deel van dit proefschrift (hoofdstukken 4, 5 en 6) richt zich op de evaluatie van
alpha-tACS als therapeutische interventie voor patiénten met neglect na een beroerte. In
hoofdstuk 4 wordt het eerste bewijs geleverd dat deze stimulatiemethode klinisch effectief
zou kunnen zijn bij de behandeling van neglect bij patiénten in de subacute fase na een
beroerte, zoals gedefinieerd in onze studie als binnen één tot vier maanden na de beroerte.
In dit placebo-gecontroleerde onderzoek ondergaan zestien subacute beroertepatiénten met
neglect zowel alpha-tACS als placebo stimulatie, gericht op de contralesionale PPC.
Aandacht wordt gemeten met een gecomputeriseerd visueel detectieparadigma en twee
veelgebruikte, standaard papier-en-potlood neglect tests (namelijk een cancellatie- en een
lijnbisectietaak). We observeren een significante verschuiving van aandachtbias naar het
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ipsilaterale (contralesionale; verwaarloosde) gezichtsveld na alpha-tACS, maar niet na
placebo-tACS. Dit resulteert in een vermindering van neglect symptomen, zoals gemeten
met de visuele detectie- en cancellatietaak, maar niet op de lijnbisectietaak.

Op basis van de bevindingen uit deze eerste patiéntstudie ontwerpen we een grotere,
dubbelblinde, gerandomiseerde gecontroleerde klinische studie om de effectiviteit van
meerdere behandelsessies tijdens de revalidatie te onderzoeken, met als doel langdurige
effecten te realiseren (hoofdstuk 5). Deze studie richt zich op de toegevoegde waarde van
multi-sessie tACS als aanvulling op een zes weken durende periode van visuele scantraining
(VST). Het doel is om te bepalen of de toevoeging van tACS sterkere effecten oplevert dan
training alleen. We onderzoeken deze effecten bij 22 chronische beroertepatiénten met
neglect, waarbij we gebruikmaken van gedigitaliseerde tests om de ernst van neglect op
symptoomniveau nauwkeurig vast te leggen, naast metingen van neglect-achtig gedrag in
dagelijkse activiteiten.

In hoofdstuk 6 rapporteren we de resultaten van deze tweede patiéntstudie, die
opnieuw taak-specifieke verbeteringen op de contralesionale (verwaarloosde) zijde toont,
specifiek geassocieerd met actieve tACS. Verbeteringen hielden aan tot drie maanden na de
behandeling. Dit wijst op het potentieel voor herstel door revalidatie, zelfs in de latere stadia
na een beroerte. We vinden echter geen significante verbetering van tACS ten opzichte van
placebo op lijnbisectietaken of op metingen van neglect-gedrag in dagelijkse activiteiten.
Mogelijk zou een ecologisch meer valide vorm van scantraining die de nadruk legt op
generalisatie naar het dagelijks functioneren, de impact van de gecombineerde tACS-VST-
interventie op het dagelijks leven kunnen versterken.

Toekomstig onderzoek

In hoofdstuk 7 worden alle bevindingen samengevat en wordt verder gereflecteerd op de
implicaties van deze resultaten. Hoewel onze resultaten in beide patiéntstudies
(hoofdstukken 4 en 6) consistent en robuust zijn, wijzen eerdere hersenstimulatie- en
neglectstudies op aanzienlijke inter- en intra-individuele variabiliteit in behandelresponsen.
Dit benadrukt de noodzaak van systematisch onderzoek naar factoren die de uitkomsten van
onze interventie beinvloeden en naar het personaliseren van zowel de tACS- als de VST-
componenten. Suggesties zijn bijvoorbeeld: het inzetten van augmented reality (AR) voor
VST, het afstemmen van analyses op basis van individuele patiéntprofielen en het
personaliseren van stimulatieparameters. Hoewel gepersonaliseerde tACS-protocollen zijn
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voorgesteld op basis van eerdere studies bij gezonde individuen, zijn deze nog niet getest bij
patiénten met neglect. Toekomstig onderzoek zou zich daarom moeten richten op het verder
ontwikkelen van tACS-protocollen om de behandeling van neglectpatiénten te
optimaliseren. Een gepersonaliseerde en gecombineerde tACS-VST-aanpak zou de
effectiviteit kunnen verhogen en uiteindelijk kunnen leiden tot betekenisvolle verbeteringen
in het dagelijks leven van mensen met neglect.
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