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Abstract

To enable robust perception in the multisensory environment, the brain combines
signals from different sensory modalities. Attention and expectation are two top-down
mechanisms that facilitate perceptual processes. Previous research has shown that
attentional resources are shared across sensory modalities. However, these studies
often confounded attention and expectation, thus making it difficult to disentangle their
respective effects.

We orthogonally manipulated spatial attention and expectation and evaluated their
modality-specific and crossmodal behavioural and neural effects. We demonstrated
that spatial attention and expectation are intimately linked by co-determining response
probabilities. Furthermore, we showed that they rely on partly overlapping neural
systems. From the multisensory perspective, we showed that behavioural modality-
specific effects of response probability are larger than crossmodal effects and that
auditory and visual expectation are differently built over time. At the neural level, we
demonstrated that spatial attention engages neural resources interactively across
sensory modalities, whereas spatial expectation is encoded in a modality-specific
fashion. Finally, despite the pivotal role attributed to the posterior parietal cortex in
arbitrating between integration and segregation of multisensory signals, we did not
observe changes in the magnitude of audiovisual binding following application of

transcranial magnetic stimulation to the right anterior intraparietal sulcus.
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Chapter 1: General Introduction
Previous research often confounded attention and expectation. Both attention and expectation
facilitate perception but, while attention increases brain activity, expectation reduces it.

Spatial attention engages multisensory processes in association cortices, i.e., PPC. However,
the critical role of PPC in multisensory integration and segregation is debated. Moreover,

multisensory properties of spatial expectation are yet not clear.

-

Y4

AN

Chapter 2: Methodologies

1. Behavioural: GLM, model comparison, SDT
3. Eye-movements: eye-tracking

4. fMRI: preprocessing, GLM

5. TMS: experimental and stimulation protocols

~

J

Chapter 3: Study 1
Orthogonal manipulation of spatial
attention and expectation produces
seemingly contradictory interactive
or additive behavioural effects.

We explain these results by showing
that attention and expectation are
linked in co-determining response
probability.

o

Chapter 4: Study 2
Crossmodal effects of response
probability are similar in audition
and vision. We attribute differences
between modality-specific effects of
response probability in audition and
vision to the way probabilities are
learnt over time, potentially
influenced by sensory reliabilities.

Chapter 5: Study 3
Spatial attention and expectation
engage partly overlapping neural
systems. However, we show that
attention activates frontoparietal
regions interactively across audition
and vision, whereas expectation
activates sensory and frontoparietal
regions selectively for the modality
where it is directly manipulated.

Chapter 6: Study 4
Audiovisual binding depends on
top-down attention, spatial
proximity and sensory reliability,
which we show is different in
audition and vision. We find that
neither audiovisual binding nor
sensory reliability are altered by
right anterior IPS-TMS.

-

task and decision-making processes.

Chapter 7: Final remarks
1. The operational definition of attention as ‘task-relevance’ and expectation as ‘signal probability’ sets up an artificial dichotomy.
2. It remains an open question whether it is possible to investigate attention (and expectation) selectively at the perceptual level by fully factoring out

~

3. Sensory-specific features of the signal and different functions of sensory modalities in perception and action are pivotal when investigating modality-
specific and multisensory processes, especially in relation to attention and expectation.

J

Thesis at a glance
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Chapter 1:

General introduction

General introduction






1.1 ATTENTION AND EXPECTATION: TWO SIDES OF THE SAME

COIN?

In everyday life, attention and expectation often interact. For instance, when
looking for an object, prior knowledge of the location of the object makes us direct our
attention toward such location. Another example is surprising events. Our attention is
usually attracted by events we do not expect to happen. While pioneering studies of
spatial attention capitalised on this interaction and intentionally manipulated attention
via stimulus probability, in more recent years a collection of studies strived to
characterise attention and expectation in isolation and aimed to unravel their potential
interactions when not confounded. The key ambition of these studies was to find out
whether attention and expectation are two sides of the same coin or whether it is
possible to outline a dichotomy in which attention and expectation are fully

dissociated.

1.1.1 Definition of attention and expectation

The human brain is constantly exposed to an overwhelming amount of
information and, due to its limited processing capacities, has to separate what is
relevant from what is noise. Attention is a process which facilitates perception and
action by prioritising some information and ignoring other (Carrasco, 2011).
According to the biased competition hypothesis, stimuli which are relevant for
behaviour compete for processing capacity and neural representation. This
competition is biased towards attended stimuli. Furthermore, processing of these
stimuli is facilitated whereas processing of irrelevant stimuli is suppressed (Desimone

& Duncan, 1995; Beck & Kastner, 2005).
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To date, attention has been investigated from multiple perspectives. Attention
was studied in relation to a specific sensory modality (i.e. modality specific attention,
Odegaard et al., 2016), to an object or its feature (i.e. object- and feature-based
attention, Soto & Blanco, 2004) or to a region of space (i.e. spatial attention, Macaluso
& Doricchi, 2013). The way attention is directed may be voluntary (i.e.
endogenous/sustained) or induced by an abrupt change in the environment (i.e.
exogenous/transient). Moreover, attention can be oriented with (i.e. overt) or without
(i.e. covert) a change of eye fixation and head movement (Van Der Stigchel, 2007). In
light of these different features of attention, it is overall clear that this mechanism
entails a process of selection of a region/feature/object which, in the laboratory
environment, is achieved by informing participants via cues or instructions where to
direct their attention to and what to select. For this reason, task-relevance is often used
as synonym of attention (Nobre & van Ede, 2017).

Similarly to attention, expectation (or prediction) facilitates perception and
action. It does so by constraining forthcoming sensory signals and their features on the
basis of prior information (Summerfield & Egner, 2009). This process is formally
quantified in the predictive coding framework which postulates that the brain strives
to minimize surprise, or rather prediction error. Prediction error is defined as the
discrepancy between the brain self-generated predictions (i.e., priors) against the
actual sensory input. Thus, perception is reduced to the problem of estimating priors
given the data (i.e., posterior distribution in terms of Bayesian inference) and of
minimizing prediction error (Friston, 2010). The predictive coding model assumes that
information is passed across different levels of the cortical layers and cortical
hierarchy. Specifically, at each level the prior is updated until prediction error is

minimised. In particular, prediction error is computed at each level as the difference
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between prediction from higher levels and sensory input from lower levels, and it is
then propagated up the hierarchy (Friston, 2005). At the cellular level, it has been
postulated that there exist representational units which encode the prior expectation
about sensory information, and error units which encode the prediction error (Friston,

2010).

1.1.2 Effects of attention and expectation

1.1.2.1 Behavioural level: similar effects of attention and expectation

Facilitation at the behavioural level is observed for stimuli which are attended.
A vast literature explored the effects of attention on behaviour, generally employing
discrimination judgment or detection tasks. Facilitation is observed in terms of reaction
times (Coull & Nobre, 1998; Geng & Behrmann, 2002, 2005), sensitivity (Wyart et
al., 2012) and accuracy (van Ede et al., 2012). Attention also increases reliability of
stimuli in the attended sensory modality (Vercillo & Gori, 2015). A similar pattern is
evident for expectation: stimuli that are predicted are associated to improved

performance at the behavioural level (Doherty et al., 2005; Rohenkohl et al., 2014).

1.1.2.2 Neural level: different effects of attention and expectation

At the neural level, attention is associated to increased brain activity in sensory
areas. In particular, functional magnetic resonance imaging (fMRI) studies have shown
that attention increases neural activity in primary sensory areas in the presence or
absence of stimulation (Grady et al., 1997; Tzourio et al., 1997; Watanabe et al. 1998;
Kastner et al., 1998, 1999; Somers et al., 1999; Kastner & Ungerleider, 2000; Liu et
al., 2007; Silver et al., 2007; Serences et al., 2009; Carrasco, 2011). The effect of
attention is not limited to sensory cortices but can also be observed in higher-order

regions such as parietal and frontal cortices. A dorsal frontoparietal network (i.e.,
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dorsal attention network) including intraparietal sulcus (IPS), superior parietal lobule
(SPL) and frontal eye field (FEF) is activated when attention is (endogenously)
oriented to a specific object or location (Kastner et al., 1999; Corbetta et al., 2000;
Hopfinger et al., 2000; Shomstein & Yantis, 2006; Corbetta & Shulman, 2002, 2011).
A (right-lateralised) ventral frontoparietal network (i.e., ventral attention network)
including superior marginal gyrus (SMG), superior temporal gyrus (STG), inferior and
middle frontal gyrus (IFG, MFG) and insula is activated for task-relevant (exogenous)
reorienting of attention (i.e. stimulus driven reorienting, Kincade et al., 2005; Shulman
et al., 2010; Corbetta & Shulman, 2011) or contextual updating (Geng et al., 2013).
Reorienting to irrelevant events is prevented by suppressing the ventral network
(Corbetta & Shulman, 2002). Conversely, when behaviourally relevant stimuli entail
reorienting of attention, the two networks interact to shift attention (Corbetta et al.,
2008). From an electrophysiological perspective, modulation of attention is broadly
associated to a decreased power of alpha (8-12 Hz) oscillations for task-irrelevant
stimuli (Worden et al., 2000; Thut et al., 2006; Héndel et al., 2011; Weisz et al., 2011;
Mazaheri et al., 2014). It has been hypothesised that alpha could reflect functional
inhibition which would serve to gate sensory processing within the cortex (Jensen &
Mazaheri, 2010; Jensen et al, 2014).

Differently from attention, expectation is shown to reduce neural response in
sensory cortices when stimuli are expected or repeated (Murray et al., 2002; Grill-
Spector et al., 2006; den Ouden et al., 2009; Alink et al., 2010; Todorovic et al., 2011;
Kok et al., 2012a). A correspondent increase of activation is observed in frontal areas
(Summerfield et al., 2006), which would support predictive coding models that
hypothesise that prior expectation is sent top-down. In terms of electrophysiological

findings, predicting an event contributes to delta-theta (2-8 Hz) phase resetting at the
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prestimulus level and desynchronization of alpha oscillations at the stimulus onset
(Arnal & Giraud, 2012).

Conversely, unexpected relative to expected stimuli elicit higher activation in
primary sensory areas. This is interpreted in the predictive coding framework as
evidence for larger prediction error in correspondence to unexpected events (Yoshiura
et al., 1999; den Ouden et al., 2009, Lee & Noppeney, 2014). When a deviant event
(i.e., a stimulus with different frequency/duration/location) interrupts a sequence of
identical events, it is possible to observe a negative event-related potential (ERP)
peaking at 150-250 ms from the deviant stimulus. This ERP is called mismatch-
negativity and, together with an increase of gamma-band activity (> 30Hz), is thought
to represent prediction error (Friston 2005; Néétinen et al., 2007; Arnal & Giraud,

2012).

1.1.3 Two sides of the same coin?

1.1.3.1 The Posner task and the confound between spatial attention and spatial
expectation

Behavioural and neural aspects of spatial attention have been widely investigated
in hemineglect patients due to the distinctive spatial connotation of this syndrome.
Spatial neglect (or hemineglect) is a disabling neurological condition associated to
unilateral right hemisphere lesion after a stroke (the right hemisphere is lesioned in
over 90% of stroke survivors with spatial neglect, Corbetta et al., 2005) which is
characterized by difficulties to process (i.e., attend, respond to) stimuli in the
contralesional hemifield (generally the left hemifield), in the case when vision and
motor control are not impaired. As a consequence, these stimuli often get unreported.
Neuropsychological research on spatial attention has often employed the Posner task

(or Posner cuing paradigm, Posner, 1980). In this task, participants are presented with
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a cue which indicates the probability for a subsequent stimulus to be presented at a
certain location. Participants are instructed to shift their attention to the most likely
location. In the pioneering work of Corbetta et al. (2005), neglect patients were
presented with a central arrow indicating which hemifield to attend. In 75% of the
trials, the target was valid (i.e., presented in the hemifield indicated by the arrow) and
in 25% of the trials the target was presented in the other hemifield (i.e. invalid). At the
behavioural level, facilitation effects of validity (or attention) were observed. At the
neural level, fMRI results showed that the activity in the parietal and dorsolateral
prefrontal cortex (i.e., dorsal attention network) and in the tempo-parietal junction
(TPJ) (i.e., part of the ventral attention network) in relation to attention orienting was
weaker compared to that of healthy participants who performed the same task. The
authors concluded that deficits in orienting and reorienting of attention were caused
by an abnormal interaction between ventral and dorsal attention networks, underlying
the importance of the interplay between these two networks for attentional processes
(Corbetta & Shulman, 2011). Therefore, this unbalanced interaction would be the
cause of the right-lateralised spatial bias that can be observed in neglect patients and
also of their critical difficulties in disengaging attention to reorient it elsewhere
(Corbetta et al., 2000; Corbetta & Shulman, 2011). Critically, because in the Posner
task spatial attention is manipulated via signal probability, in this study attention and
expectation were confounded. In fact, the experimental design of Corbetta et al. (2005)
can be reduced to two main conditions: either stimuli are attended and expected (e.g.,
75% of trials are presented in the valid hemifield, which is indicated by the attention
cue) or they are unattended and unexpected (e.g., 25% of trials are presented in the
invalid hemifield). Consequently, behavioural and neural effects of spatial attention

and spatial expectation cannot be disentangled, making it difficult to separate
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differential contributions of these two mechanisms in attention orienting (Summerfield
& Egner, 2009).

To date, a conspicuous number of behavioural and neuroimaging studies
employed the Posner cuing paradigm to investigate spatial attention across different
healthy and patient populations, with different techniques and across different sensory
modalities (for a brief review, Hayward & Ristic, 2013). Hence, facilitation effects of
spatial attention and the neural correlates of orienting and reorienting reported in
previous studies employing the Posner task (Nobre et at., 2000; Kincade et al. 2005;
Bressler et al., 2008; Smith et al., 2010; Langner et al., 2011) might reflect expectation
manipulation or the interaction between attention and expectation. Only recently has

research delved further into the confound that the Posner task introduces.

1.1.3.2 Beyond the Posner task: spatial attention not confounded with spatial
expectation

To disentangle the effects of spatial attention and expectation, the attention cue
should not carry any information about the probability for a stimulus to be presented
in either hemifield. Shulman et al. (2009) separately manipulated reorienting of
attention and the probability of reorienting. The attention cue instructed participants
about whether to maintain attention in a specific hemifield or to shift it to the other
hemifield. Thus, the target stimulus always appeared in the cued hemifield.
Additionally, the probability to maintain or shift attention was manipulated. Their
results showed that both maintained attention and attentional shifts activated the dorsal
attention stream. The precuneus showed higher activations for maintained attention,
whereas IPS for shifts of attention in an increasing fashion for unexpected vs expected
cue. FEF showed a mixing of both. Conversely, the right TPJ showed higher

activations in correspondence to stimulus-driven reorienting independently of
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expectation and thus functioned as a ‘switch’ to disengage attention. Separately, it also
showed higher activation for breaches of expectation. These two effects were
independent. Differently, right inferior frontal gyrus (IFG) was activated for
unexpected reorienting only. Overall, these results suggest that, when attention and
expectation are not confounded, different brain regions exhibit activations in
correspondence to one or the other. Nevertheless, attention and expectation also share
neural systems. In fact, certain brain regions (i.e., IPS, TPJ) showed a pattern of
activation which depended on the contribution of the two.

The study of Kok et al. (2012b) similarly aimed to investigate the different
contributions of spatial attention and expectation in the visual cortex. They
manipulated spatial attention via an arrow indicating which hemifield to direct
attention to and expectation via a cue that, before each block, indicated the hemifield
where the stimulus was more likely to appear. Participants had to perform a
discrimination task only for targets in the attended hemifield which could be presented
with high or low probability in different blocks. The results of this orthogonal
manipulation showed that unexpected relative to expected stimuli elicited higher
activations in the primary visual cortex when they were unattended but the opposite
pattern was found when stimuli were attended. Kok et al. concluded that attention
reversed the effect of expectation. This interactive pattern speaks against the
hypothesis that attention and expectation have additive effects and rather supports the
hypothesis suggested by the predictive coding framework that attention and
expectation function synergistically (Friston, 2009). Accordingly, attention would
increase the precision of perceptual inference. This hypothesis postulates that attention
works as a filter of relevant information which gets thereby higher precision, where

precision is the inverse variance. Prediction errors are weighted by the precision of the
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sensory information and by the prior information. Thus, perception is optimised by a
smaller mismatch between prior expectation and sensory signal but also by a high
precision of prediction errors. Hence, the sensory silencing induced by expectation

would reverse in the presence of attention (Friston, 2009).

1.1.4 First aim of this thesis

The first aim of this thesis is to contribute to the understanding of the
(independent or interactive) role that spatial attention and expectation play in
perceptual decisions. In chapter 3, 4 and 5 we manipulate attention and expectation in
an orthogonal fashion using a novel multisensory paradigm. Our multisensory
approach allows us to evaluate the effect of spatial attention also at the behavioural
level. In fact, if attention is manipulated as task-relevance, i.e., participants are asked
to perform a task only for targets presented in the attended hemifield, no response is
available for the unattended hemifield. This makes it impossible to investigate the
main effect of attention and its interaction with expectation at the behavioural level.
Using this multisensory approach, in chapter 3 we evaluate whether the behavioural
effects of spatial attention and expectation are additive or interactive. In chapter 4 we
extend the results of chapter 3 by swapping the roles of sensory modalities in the
experimental design. Chapter 5 follows up the behavioural results of chapter 3 to
further explore the (additive or interactive) effects of spatial attention and expectation

at the neural level.
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1.2 MULTISENSORY PROCESSES

Attention and expectation are often investigated in one single sensory modality.
Nevertheless, to build a coherent percept of the surrounding environment the brain has
to make sense of signals in multiple sensory modalities. Among others, previous
studies focused on the following research questions: (1) where and how in the brain
multisensory information is integrated and how this reflects on behaviour and (2) how

multisensory processes are affected by attention and expectation.

1.2.1 Multisensory integration and segregation

1.2.1.1 Neural correlates of multisensory processes

A given brain region is defined as multisensory in virtue of the fact that unimodal
areas converge to it, it shows activations for stimuli in different sensory modalities or
if, when lesioned, a deficit involving multiple sensory modalities can be observed
(Ghazanfar & Schroeder, 2006; Schroeder et al., 2009). Brain areas that are
traditionally considered to be the locus of convergence of unisensory information (i.e.,
association or heteromodal areas) are the frontal cortex, the superior temporal sulcus
(STS) and IPS (Calvert et al., 2001; Calvert & Thesen, 2004; Ghazanfar & Schroeder,
2006). Importantly, also areas which were initially considered as unisensory (i.e.,
specialised in the processing of signals in one sensory modality) have been shown to
have multisensory properties (Falchier et al., 2002; Leitao et al., 2013). For instance,
activity of the visual cortex can be modulated by auditory information and vice-versa,
in the form of activation or deactivation (Laurienti et al., 2002; Johnson & Zatorre,
2005; Werner & Noppeney, 2011). Furthermore, unisensory areas reveal response

enhancement following stimulation in multiple sensory modalities (Calvert et al.,
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1999; Werner & Noppeney, 2011). Corroborating these results, animal and human
studies have demonstrated that auditory and visual cortices are interconnected

(Falchier et al., 2002; Eckert, 2008).

1.2.1.2 Multisensory integration in the posterior parietal cortex

In the multisensory field, much attention was devoted to the role of the posterior
parietal cortex (PPC) in multisensory processes. Neuroimaging studies provided
evidence for overlapping parietal cortex activations (especially in IPS) when auditory,
visual or tactile signals are presented in isolation (Bremmer et al., 2001; Klemen &
Chambers, 2012), interpreting this result as prove that PPC integrates signals from
different sensory modalities (Calvert & Thesen, 2004). Multisensory integration
provides an evolutionary advantage as the combination of different information
deriving from different senses disambiguates external stimuli (Stein, 1998). In
particular, when signals are integrated under the assumption that they are produced by
a common source, an improvement in behavioural performance is observed. However,
integration is not always the optimal strategy and, when signals are produced by
different sources, to integrate them would be behaviourally detrimental. Previous
fMRI studies have demonstrated that the brain can indeed perform integration and
segregation of sensory signals in function of common-source judgment (Rohe &
Noppeney, 2015a, Rohe & Noppeney, 2016). They demonstrated that integration and
segregation are performed at different stages of the cortical hierarchy and that PPC is
centrally involved in multisensory integration and segregation. In particular, primary
sensory areas would process sensory stimuli under the assumption that they come from
different sources, whereas the posterior IPS (IPS1-2) under the assumption that they
come from a common source (i.e., forced fusion). It is only at the level of the anterior

IPS (IPS3-4) that common and independent sources assumptions would be combined,
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weighted by their posterior probability as predicted by the Bayesian Causal Inference
(BCI) account (Kording et al, 2007).

To complement neuroimaging results which can only offer correlational
information about the involvement of a brain region in a given task, transcranial
magnetic stimulation (TMS) is often employed to draw conclusions on the causal brain
region-task causal relationship. Previous neurostimulation studies investigated the
causal role of association cortices, especially PPC, and of temporoparietal cortex, in
multisensory processes. While some studies demonstrated that PPC is indeed causally
involved in multisensory processes (Ro et al., 2004; Chambers et al., 2007; Pasalar et
al., 2010; Kamke et al., 2012), others concluded that only temporoparietal regions are
causally involved in such processes, whereas PPC activations found in fMRI studies
would only constitute an epiphenomenon (Bolognini et al., 2009; Bertini et al., 2010).
In light of these contrasting results, the causal and critical involvement of PPC in

multisensory processes remains to date unclear.

1.2.1.3 Multisensory effects on behaviour

The study of behavioural effects of presentation of stimuli in multiple sensory
modalities dates back to at least the beginning of the 20" century (Todd, 1912).
Facilitation at the behavioural level is observed when targets in different sensory
modalities are presented simultaneously, at the same location or are semantically
congruent (Radeau, 1994; Vroomen & de Gelder, 2000; Frassinetti et al., 2002; Teder-
Sélejérvi et al., 2005). For instance, target stimuli in one sensory modality presented
together with a simultaneous stimulus in another sensory modality are detected faster
compared to the target stimuli presented alone (i.e., redundant target effect: Gielen et
al., 1983). To explain this phenomenon, the race model approach has suggested that

each signal elicits a process in parallel to the others and the process which arrives first
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to the response generator determines the response and its speed (Raab, 1962).
Alternatively, the two processes could be combined and such integration could be
responsible for the observed response facilitation (i.e., coactivation model, Miller,
1982).

Multisensory facilitation is less effective when stimuli are discrepant and
perceptual illusions may instead be observed. The McGurk effect is the illusion of
perceiving a certain syllable (e.g., DA) as the result of the combination of two other
syllables presented in the visual and auditory modalities (e.g., GA and BA) (McGurk
& MacDonald, 1976). Another type of illusion observed for spatially discrepant
multisensory signals is the ventriloquist effect. When, for instance, a visual and an
auditory stimuli are presented close in time but at different spatial locations and the
observer is asked to localise only stimuli in one sensory modality, a displacement in
space towards the other sensory modality can be observed (Bertelson, et al., 1998).
Studies showed that the magnitude of this effect depends on stimulus disparity and on
the relative reliability of the sensory stimuli, with visual stimuli generally exerting a
stronger biasing effect on auditory stimuli (Charbonneau at al., 2013; Rohe &
Noppeney, 2015a).

In summary, behavioural facilitation or perceptual illusions are observed for
spatially congruent or incongruent signals respectively. Previous studies aimed to
further characterise such multisensory processes by investigating whether they are

affected by attention and expectation mechanisms.

1.2.2 The interplay between multisensory processes, attention and expectation

1.2.2.1 Attention and multisensory integration
In a multisensory environment, attention often selects relevant information

across several sensory signals. The question arises as to whether mechanisms of
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attention are modality-specific (i.e., there are different attentional resources for
different sensory modalities) or if orienting of attention is supramodal (i.e., attentional
resources are shared across modalities). The pioneering work of Spence & Driver
(1996) played a critical role in the investigation of behavioural mechanisms of
multisensory attention. Using a Posner task, they presented participants with auditory
and visual stimuli in the left or the right hemifield and asked them to judge their
elevation. For one sensory modality only (i.e., primary modality), they instructed
participants to shift their endogenous spatial attention to the hemifield where the
probability for a target in the primary modality to appear was higher. They observed
that participants were faster for targets presented in the attended hemifield in the
primary modality but also for targets in the other sensory modality (i.e., secondary
modality), although spatial attention was not manipulated in this latter modality. This
effect could be observed for audition as primary modality and vision as secondary
modality but also vice-versa. These results indicate that the effects of spatial attention
are not modality-specific but synergistic across modalities. The effect in the secondary
modality was nevertheless smaller than that in the primary modality, indicating that
the attention system is not fully supramodal. Therefore, the authors concluded that
auditory and visual attention resources are ‘separable-but-linked’. Similar behavioural
results were later found for other combinations of sensory modalities (Spence et al.,
2000; Lloyd et al., 2003).

From the neural perspective, following up results investigating the neural
correlates of unisensory spatial attention, previous studies showed that the
frontoparietal attentional networks are recruited regardless of sensory modality.
Nevertheless, for the auditory modality the distinction between dorsal and ventral

attention system is less clear than in the visual modality (Santangelo & Macaluso,
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2012). To date, a conspicuous number of studies (many of them again employing the
Posner task) showed that similar attentional networks are involved in spatial orienting
of attention in different sensory modalities (e.g., Macaluso et al., 2000a, 2003; Wu et
al., 2007). Moreover, previous research demonstrated that spatial attention modulates
also unisensory areas regardless of stimulus modality (Macaluso et al., 2000b, 2002).
All these studies bring data in support of the hypothesis that the attentional system is
to some degree supramodal and that spatial proximity plays an important role in how
attentional resources are shared across sensory modalities.

However, whether multisensory processes depend on (endogenous or
exogenous) attention has been matter of debate. In fact, multisensory integration has
been shown to take place in some cases preattentively (Bertelson, et al., 2000a, 2000b,
Vroomen et al., 2001, Odegaard et al., 2015) and in other cases in function of attention
(van Ee et al., 2009; Santangelo & Macaluso, 2012; Michail & Keil, 2018). In support
of the hypothesis that attention and multisensory processes are interconnected, fMRI
studies found enhancements of sensory activation for bimodal versus unimodal
stimulation when the location was attended than unattended (Busse et al. 2005,
Ciaramitaro et al., 2007) and larger bottom-up attentional capture for multisensory
stimuli (Van der Burg et al., 2008). Furthermore, multisensory integration processes
were shown to be influenced by modality-specific attention (Oruc et al., 2008, Vercillo
& Gori, 2015) and parietal cortices were shown to integrate signals weighted by task-
relevance (i.e., modality-specific attention) (Rohe & Noppeney, 2016). Overall, all
these findings support the hypothesis that attention and multisensory processes interact

in multifaceted ways (Talsma et al., 2010).
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1.2.2.2 Expectation and multisensory integration

Only few studies to date investigated the effects of expectation on multisensory
integration, thus it remains unclear whether expectation is a modality-specific or
supramodal process. Expectation manipulated as audio-visual congruency or
spatial/temporal prediction has been generally shown to interact with multisensory
processes. For instance the McGurk illusion is more likely to be observed if
participants expect the auditory and the visual signals to be incongruent, with inferior
frontal sulcus arbitrating between integration and segregation based on prior
expectations (Gau & Noppeney, 2016); auditory processing is influenced by visual
signals predicting the onset of an auditory event (Stekelenburg & Vroomen, 2007) or
the location of such event (Stekelenburg & Vroomen, 2012), as evidenced by NI
suppression as a measure of lower computational demand in a multisensory context;
moreover, temporal predictability increases in multisensory contexts (Ball et al, 2018)
and, if targets are presented at the expected time, responses are speeded and ERP
enhanced regardless of stimulus modality (Lange & Roder, 2006). However, it should
be noted that spatial/temporal expectation may induce attentional orienting which in
fact could be responsible of such facilitation. Importantly, modality-specific effects of
expectation have also been observed. Temporal expectation increases the perceptual
weight of signal in the visual but not the auditory modality (Menceloglu et al., 2017).
Additionally, if targets are expected in a specific modality, performance is reduced for
targets in another modality (Spence et al., 2001).

In conclusion, different results were obtained for different types of expectation
manipulation. Moreover, previous research suggested that manipulation of expectation
often engages attentional mechanisms, making attention and expectation processes

difficult to disentangle under the hypothesis that they are in fact separable.
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1.2.3 Second and third aim of this thesis

The second aim of this thesis is to investigate whether spatial attention and
expectation similarly engage multisensory brain systems and whether they each have
similar effects on behaviour regardless of stimulus modality. In chapter 4 we
qualitatively evaluate modality-specific and crossmodal effects of the behavioural
interplay of spatial attention and expectation (i.e., response probability) in audition and
vision and quantitatively measure differences attributed to sensory specificity. In
chapter 5 we explore the multisensory effects of spatial attention and expectation at
the neural level by comparing their effects for auditory and visual signals. fMRI studies
only provide correlational information about the involvement of association areas in
multisensory integration and segregation. The third aim of this thesis is to specifically
investigate the causal role of the right anterior intraparietal sulcus in multisensory
processes in function of modality specific attention. Thus, in chapter 6 we employ
TMS to alter the excitability of IPS and evaluate behavioural effects of such

manipulation.
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2.1 ANALYSIS OF BEHAVIOURAL DATA

This chapter aims to give a brief overview of the methods used in this thesis to analyse

behavioural data.

2.1.1 General linear model and model comparison

A general linear model (GLM) is broadly described as:

(1) Yi=Bo + B1Xi

(Rutherford, 2013), where Y represents the dependent variable (e.g., response times),
X represents the independent variable or predictor (e.g., direction of attention) and 3
represents the contribution of the independent variable to the dependent variable’s
prediction. Multiple predictors can enter the model (e.g., direction of attention,
direction of expectation etc.). Importantly, the GLM assumes linearity with respect to
the parameters . This means that no parameter is divided or multiplied with another
parameter and no parameter is above the first power (Rutherford, 2013). In a GLM
analysis, the aim is to estimate 3 for each of the predictors which, in terms of linear
regression, represents the slope of the regression line. Compared to linear regression,
the GLM is more flexible as it introduces the possibility to have multiple dependent
variables which are linearly combined. In the GLM an error term ¢ is included in the
model to account for unexplained differences between the data and the model

(Rutherford, 2013):

2)Yi=Bo+ P1Xi1 + &
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where ¢ is the error term (e ~ N(0, 6°I), where I is the identity matrix).

A more flexible (but still linear) generalization employed when the error
distribution is not normal or when linearity with respect to the predictors is violated is
the Generalised Linear Model. In this case a link function relates the mean of each
observation to its linear predictor (McCullagh and Nedler, 1989).

A linear model which includes both fixed and random predictors is called Linear
Mixed Model. Fixed predictors are factors of interest for which all levels are included
whereas random predictors represent factors which are randomly sampled from a
larger population, thus all level of the factors are not included in the model and
inferences at the population level has to be made. A Linear Mixed Model is defined

as:

3) Yi=piXi1 + biZi + &

where X; is the fixed predictor, Z; the random predictor, [ is the fixed effect parameter,
bi ~ N(0, D) is the random effect parameter and & ~ N(0, 6°]) is the error term. D is the
variance-covariance matrix of the multivariate normal distribution defined by the
variance of each random effect and the covariances between each two random effects
(West et al., 2014; Devore & Farnum, 2015).

GLM incorporates regression, t-test and analysis of variance (ANOVA). The
t-test is used to compare different means obtained in different experimental conditions.
For instance, in an independent samples t-test, the ¢ value is calculated as follows

(Devore & Farnum, 2015):
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@)t = (X1—X3)

X1-X2

where X; and X, are the sample means and Sg, _z,is the pooled standard error of the

mean. This corresponds to testing whether the slope B of the regression line defined
by the two sample means is different from 0. When the two sample means are not
independent (e.g., they are from the same individual), a paired-sample t-test is
appropriate. In this case the numerator in equation (4) is the sample mean of the
differences and the denominator is the sample standard deviation of the differences
(Devore & Farnum, 2015).

In the ANOVA, the F value is calculated as the ratio of the between-samples variation
(i.e., explained variance) and the within-samples variation (i.e., unexplained variance),

where the variation is expressed in terms of sum of squares, as follows:
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where SSr represents the between-samples variation, or rather the variability between
each sample and the mean of all samples, SSg represents the within-samples variation,
or rather the variability between the mean of all samples and the linear regression
model. k is the number of groups and n is the sample size (Devore & Farnum, 2015).
When the samples are not independent, a repeated measures ANOVA is appropriate.
In this case the error term in the denominator (SSg) of equation (5) is calculated by
subtracting the subject variability from the within-samples variation. This reduces SSg
and increases the power of the test. To compare single main effects, a multiple

comparison correction is applied to avoid inflation of type I error (i.e., to reject the null
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hypothesis when it is true). For example, Bonferroni tests can be employed, by
dividing the significance value by the number of comparisons performed (Frane,
2015).

Frequentist inference uses F and ¢ values for hypothesis testing. A null (e.g., two
group means are equal) and an alternative hypothesis (e.g., two group means are
different) are formulated. The F value comes from an F distribution under the null
hypothesis and the ¢ value from a t distribution under the null hypothesis. The p-value
is calculated as the probability of obtaining an F or ¢ value equal to or more extreme
than the one obtained, under the assumption that the null hypothesis is true (Schervish,
1996). Traditionally, a p-value equal to or smaller than 0.05 (i.e. a probability < 0.05)
is used to reject the null hypothesis.

To measure the magnitude of the effect, the effect size is calculated. The effect
size 1s defined as the degree to which the effect exists in the population (Cohen, 1988).
For paired-samples t-tests, the Cohen’s d (dav) is calculated as the ratio of the
difference of two means and the average standard deviation (Cohen, 1988). For one
sample t-test, dav 1s calculated as the ratio of the sample mean minus the test value
(e.g., 0), and the sample standard deviation. For ANOV As, the partial eta squared (1,°)
is calculated as the ratio of the between-samples variation and the sum of the between-
samples variation and the within-samples variation (Levine & Hullett, 2002; for a
discussion on the interpretation of the effect size values, Lakens, 2013). In the null
hypothesis significant testing (NHST) approach, the main aim is to disprove the null
hypothesis but when the null hypothesis cannot be rejected, it is not possible to prove
whether the data indeed favour the null hypothesis. To overcome this problem, the

frequentist approach can be complemented with a Bayesian framework. This latter
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approach is based on the Bayes theorem which, for parameter estimation, is defined

as:

6)p(8|D,My) = pD| ?)'(l\]gk' ﬁg{@) | My) or posterior =

likelihood x prior

model evidence

where 0 are the parameters, M is the model and D is the data, (Lee & Wagenmakers,
2014). p(6 | D,My) is the posterior, i.e. the probability of a set of parameters 0 of a
model My given the observed data D. p(D | 6,My) is the likelihood: the probability of
the data D given the set of parameters 0 of a model M. p(0 | Mx) is the prior: the
probability of the set of parameters 0 of a model Mk. p(D | Mk) is the marginal
likelihood (or model evidence): the probability of observing the data D as modelled by

Mzk. The marginal likelihood is calculated as:

(7) p(D | M1) =2, p(D | 8;, My) p(8; | My)

(Lee & Wagenmakers, 2014). To select one model over another (e.g., the null
hypothesis vs the alternative hypothesis), the probability of the first model given the
data is compared to the probability of the second model given the data, i.e., p(M; | D)

vs p(M2 | D). Following the Bayes theorem:

[ D | My ) p(My)
M, | D) = P21 Me
(&) p(My | D) ()

Assuming that p(M1) is equal to p(Mo) then:
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p(Mg| D)  p(D|Mo)

where, in this example, M is the alternative hypothesis and My the null hypothesis and
p(D | M1) and p(D | Mo) are the marginal likelihood of the alternative hypothesis and
that of the null hypothesis. The ratio of two marginal likelihoods of two different
models is the Bayes Factor (Quintana & Williams, 2018). The Bayes factor is
conventionally used to select the alternative or null model as follows: a Bayes factor
larger than 3 is considered as moderate to very strong evidence in favour of the
hypothesis under consideration (i.e., the one specified in the numerator) (Quintana &
Williams, 2018).

To compare models with different factors (or even nested models), maximum
likelihood estimation may be employed (i.e., parameters which maximise the
likelihood function, or rather generate the given data with the highest probability, are
estimated) and the information criterion is used to select one model over the others.
The Akaike information criterion (AIC) and Bayesian information criterion (BIC) are

formally defined as:

(10) AIC = -2*In(L) + 2*number of free parameters

(11) BIC = -2*In(L) + log(number of observations)*number of free parameters

The BIC approach is based on the Bayes theorem mentioned in (6) and:

(12)L =p(D |6, M)

where 8 are the parameters maximising the likelihood function (i.e., L).
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The model with the smallest AIC or BIC, meaning the model with the maximum
likelihood (or log likelihood, In) penalised by the number of free parameters, is

selected as the best model and so are its parameters (Chakrabarti & Ghosh, 2011).

2.1.2 Signal detection theory

Signal detection theory (SDT) provides measures to describe and quantify
observers’ performance. This approach is used to analyse data of a task where a
decision between two types of trials has to be performed. Each type of trial comes from
one of two different distributions. One distribution is called noise distribution; the
other is called signal distribution (Fig. 2.1). In e.g. a detection task, when a signal trial
is responded to (i.e., yes response), a kit is produced; when it is not responded to (i.e.,
no response), a miss is produced. When a noise trial is responded to (i.e., yes response),
afalse alarm (FA) is produced; when it is not responded to (i.e., no response), a correct

rejection (CR) is produced (see Table 2.1).

Table 2.1: Types of responses in SDT.

Yes response No response
Signal trial Hit Miss
Noise trial | False alarm Correct rejection

It follows that:
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a. Hit rate = Number of hits / number of signal trials

b. False alarm rate = Number of false alarms / number of noise trials
c. Miss rate = 1 - hit rate
d. Correct rejection rate = 1 — FA rate

The relationship between noise and signal distributions is the observer’s sensitivity, or

the d-prime (d’), and it is calculated as follows (Wickens, 2002):

(13) d’ = z(hitrate) - z(false alarm rate)

with z(+) being the inverse of the cumulative Gaussian distribution.

When d’ is equal to zero, it means that the two distributions are identical (Fig.
2.1). Conversely, large d’ values imply that the observer in more capable of
discriminating signals from noise. Any propensity of the observer to respond yes or no
(1.e., response bias, Fig. 2.1) is called criterion or Acenter and it 1s calculated relative to
half the distance between signal and noise distributions’ means, as follows (Wickens,

2002):

z(false alarm rate)+ z(hit rate)

(14) Acenter = — >

A Acenter €qual to 0 means that the observer has no preference for signal or noise trials.
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p(Hit)

p(False alarm)

noise distribution

signal distribution

0
-

criterion (bias)
Figure 2.1 Illustration of noise distribution and signal distribution.

d’ represents the distance between the two distributions’ means and the criterion
defines the bias of the observer towards one of the two distributions, relative to half of

the two means’ difference.
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2.2 EYE-MOVEMENT ANALYSIS

2.2.1 Attention and eye-movements

Attention can be oriented with (overt) or without (covert) a change of eye
fixation and head movement. To study the effects of attention independently from
other systems, previous studies required participants to direct attention in a covert
fashion. There is evidence, in fact, showing that attention and eye-movements are
independent (Posner & Petersen, 1990). The idea that saccade-preparation is not
involved in spatial attention has nevertheless been challenged by the premotor theory
of attention (Rizzolatti et al., 1987) which argues that attention is in fact the
consequence of eye-movement preparation (Sheliga et al., 1994) and thus, even in the
absence of saccades (i.e., eye movements towards a certain location), the oculomotor
system is involved (Van der Stigchel & Theeuwes, 2007, Hamker, 2005).
Conventionally, if the aim is to investigate covert attention, participants are explicitly
instructed to maintain fixation at a fixation point which is generally located directly in
front of their eyes, 0° of visual angle along the azimuth and the vertical line (e.g.,

Spence & Driver, 1996).

2.2.2 Eye-tracking

In order to monitor participants’ fixation, an eye-tracking device may be
employed. Depending on the device used, fixation and events other than fixation (e.g.
saccades and blinks) are determined using conceptually similar algorithms.

Salvucci & Goldberg (2000) proposed a series of algorithms to identify fixation
events based on spatial and temporal information. When using a slow system (e.g.,

Tobii EyeX, Tobii, Sweden, ~60 Hz sampling rate) a dispersion-based approach is
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preferable to a velocity-based approach as a fine-grained temporal profile of the eye-
movements cannot be obtained. Dispersion-based algorithms define fixation as a
cluster of samples which are close to one another within a radius threshold (i.e., area
of interest) centred at a predefined x and y coordinates. Thus, fixation maintenance is
based on the spread distance of consecutive samples (e.g. three consecutive samples,
as suggested by ASL, Eyenal system) within a particular dispersion threshold. Blignaut
(2009) suggested that a threshold radius between 0.7° and 1.3° ensures replicable
results in terms of reliability of fixation definition. The algorithm consists in (1)
collecting all the samples for each trial and (2) calculating the dispersion from the
centre of fixation. If within one trial more than three consecutive samples are located
outside the threshold radius, then fixation is not maintained (i.e., a saccade is
produced). Importantly, blinks also incorporate saccades due to eyelid-closure and
eyelid-opening events. The difference between a saccade and a blink is that a blink is
followed by an absence of data samples (i.e., eyes are closed) for a duration of 50-500
ms (Caffier et al., 2003). Thus, to disentangle blinks from saccades the following
approach can be used: a saccade followed by a period of no data between 50 and 500
ms is classified as blink, whereas a ‘true’ saccade is not followed by periods of no data.

When using a fast system (e.g. EyeLink, SR Research, 2007, 2000 Hz sampling
rate), motion, velocity and acceleration based algorithms are employed to give a
reliable classification of fixation, saccade and blink events. For instance, EyeLink
classifies saccades based on the instantaneous computation of motion, velocity and
acceleration to evaluate whether each data sample falls within the thresholds.
Examples of thresholds are: saccade velocity of 30°/sec, saccade acceleration of
8000°/sec? and saccade motion of 0.15° (SR Research, 2007). Blinks are defined as

samples where the pupil is missing. A dispersion approach may be employed on events
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classified as ‘saccades’ by EyeLink when the aim of the analysis is to purely ensure

that a good fixation is maintained.
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2.3 FUNCTIONAL MAGNETIC RESONANCE IMAGING

Functional magnetic resonance imaging (fMRI) is a neuroimaging method first
introduced in 1990 which is used to measure changes in the brain metabolism over
time. Changes in the metabolic activity can represent changes in cognitive states due
to e.g. task performance. For this reason, fMRI is widely used in cognitive

neuroscience to indirectly measure brain activity (Glover et al. 2011).

2.3.1 Physics of MRI and fMRI

Magnetic resonance (MR) scanners use large electric current flowing into a loop
to produce a strong static magnetic field (Bo). The hydrogen protons contained in the
water of brain tissue spin about their axes and act like randomly oriented magnets.
When a magnetic field is applied to the brain, the spin of hydrogen protons aligns
parallel or in the opposite direction to Bo, which defines the longitudinal plane. The
difference between the magnetization in the same and opposite direction to By is called
net magnetization and is the source of the MR signal. A radiofrequency (RF) coil is
used to transmit energy to the protons with pulses delivered at the Larmor frequency.
Larmor frequency is equal to a constant (42.6 MHz/T for hydrogen protons) times the
main magnetic field strength. This oscillating/rotating magnetic field (B1) interacts
with the spinning of the protons, causing their precession. This energy makes the net
magnetization rotate away from the longitudinal direction into the transverse plane.
After the pulse, the net magnetization moves back into the original direction
(Longitudinal or T1 relaxation) (Fig. 2.2A) and the magnetic signal is acquired by
receiver coils. Tissues of different types contain protons with different T1 rate. T1 rate

is defined as the time it takes for the longitudinal magnetization to move back to 63%
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of its original value. After the RF pulse, protons start to dephase due to e.g. spin-spin
interactions, magnetic field inhomogeneities, magnetic susceptibility or chemical shift
effects (T2* dephasing) or exclusively to spin-spin interactions (T2 dephasing) (Fig.
2.2B). As for T1, T2 relaxation rate is different for different tissues and it is defined as
the time it takes for the transverse magnetization to move back to 37% of its original
value. T1 relaxation and T2 dephasing occur at the same time. After the 90° RF pulse,
a 180° RF is applied. This makes the spins start rephrasing and this creates an echo
(spin echo). Echo time (TE) is the time between two RF pulses’ peaks and repetition

time (TR) is the time of a whole pulse sequence (Pooley, 2005; Currie et al., 2012).

B .
Longitudinal relaxation Transversal dephasing

z A Z A

Cerebrospinal fluid (CSF)

—— Grey matter (GM)
——  White matter (WM)

Longitudinal relaxation
Transversal dephasing

Time

Time

Figure 2.2: Relaxation and dephasing.

A. Longitudinal relaxation and B. Transversal dephasing. The time it takes for the
longitudinal magnetization to move back to 63% of its original value is T1. The time
it takes for the transverse magnetization to move back to 37% of its original value is
T2. Cerebrospinal fluid, grey matter and white matter have different T1 and T2 rate,
with CSF having the longest T1 and T2 time, white matter having the shortest T1 and
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T2 time and grey matter having an intermediate T1 and T2 time. Adapted from Pooley
(2005).

Depending on which effect is maximised (T1 or T2), different contrast images are
produced: T1 images are used to discriminate anatomical differences in the brain,
whereas T2 images are used to indirectly measure brain activity. Echo-planar imaging
(EPI) is a fast MRI technique which permits to acquire the signal after a single RF
pulse (Currie et al., 2012).

Changes (i.e. increase and decrease) of brain activity are related to changes in
oxygenation concentration in haemoglobin (i.e., neurovascular coupling). Oxygenated
haemoglobin has weak diamagnetic properties and reduces the magnetic field applied
to the brain tissue, whereas deoxygenated haemoglobin has paramagnetic properties
and enhances the magnetic field. The signal which is produced by these magnetic field
changes is referred to as Blood Oxygen Level Dependent (BOLD) signal. When brain
activity increases (e.g. during a task), oxygenated haemoglobin drops whereas
deoxygenated haemoglobin increases (initial dip) followed by an increase of cerebral
blood flow and oxygenated haemoglobin after two to six seconds (peak), which is the
time for the blood to move from arteries to capillaries to veins. An undershoot follows
the peak (Logothetis 2003, Fig. 2.3). More specifically, the BOLD signal arises from
changes of transversal relaxation of the protons which experience dephasing due to
changes in homogeneity, thus it is T2 (or T2*) which defines the BOLD signal. A
slower phase decoupling in correspondence to a higher oxygenated/deoxygenated

haemoglobin ratio corresponds to a higher T2* and thus to a higher BOLD signal.
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Figure 2.3: BOLD signal in function of time.
An initial dip in correspondence to an increase of deoxygenated blood precedes a peak

of oxygenated blood which is followed by an undershoot.

2.3.2 fMRI design

To increase signal-to-noise ratio, experiment designs allow for numerous stimuli
in each experimental condition. Block designs involve the presentation of trials in the
same condition over blocks. This type of experimental design is characterised by a
high statistical power, suitability for detecting regions of interest (ROI) and it is used
in certain tasks where the randomization of stimuli is not possible. Limitations of this
type of design are e.g. susceptibility to habituation effects and impossibility to
distinguish different effects across the same block. Event-related designs involve
intermixed presentation of trials of different conditions and at different inter-trials
intervals. Despite having less power compared to the block design, this design allows
for a better characterization of the hemodynamic response and for a post-hoc
characterization of trials. Mixed designs consist of a combination of block and event-

related designs where, within each block, stimuli from different conditions are
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presented, thus allowing for a characterization of trial-specific activity but also

sustained response (Fig. 2.4) (Petersen & Dubis, 2012).

Figure 2.4: Different experimental designs for fMRI experiments.

Block design

_[_‘ _‘ _I\ Event-related design

— Mixed design

fMRI designs often use baseline periods (e.g., periods of rest of fixation or null
trials) against which it is possible to contrast task activations. During this period
participants do not perform an active task, nevertheless zero activity is never really
achieved (Stark & Squire, 2001). If a brain region is significantly more active than
baseline during a certain task, it is conventionally concluded that that region is
involved in the processing of that specific task.

Parametric designs assume that a variation of a cognitive process corresponds to
a variation in brain activation in a linear or non-linear fashion and include factors with
multiple parametric levels. Conversely, factorial designs include categorical factors

and are used to study the interaction between such factors (Friston et al., 2006).
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2.3.3 fMRI data analysis
2.3.3.1 Preprocessing

Before fMRI data are analysed, volumes (i.e. images) are preprocessed to
account for possible artefacts created by the MRI acquisition or by participants (e.g.,
breathing) and to prepare the data for following stages. Preprocessing is applied to
both anatomical (e.g., T1 image) and EPI images. Different software packages are
available to perform preprocessing and data analysis of fMRI data. Moreover,
preprocessing pipelines closely depend on the experimental design, data acquisition
and analysis (Lindquist, 2008, Poldrack et al., 2011; Ashburner et al., 2016). Finally,
some steps can be applied in different orders and others are optional. The steps that are
described in this paragraph (Fig. 2.5, Friston, 2006; Poldrack et al., 2011) refer to that
used in this thesis (software: SPM, Friston et al., 1995).

Head motion can create a mismatch between the locations of single images in a
time series. To correct for this mismatch, realignment is applied. Realignment is
performed by aligning each image (with rigid body transformations, i.e.
transformations which do not deform the shape of the head but only move the image
via translation and rotation in the x, y and z directions) to a reference image which is
usually the first in the time series or the middle one. Motion which is correlated to the
task is nevertheless difficult to be accounted for because, by removing it, task-related
activation can also be removed.

Unwarping refers to spatial realignment within the same volume and accounts
for distortion in the volume due to magnetic field’s inhomogeneities (i.e., movement-
by-distortion interactions). This correction is applied interactively with realignment to

reach a maximum likelihood solution.
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To correct for differences arising due to different acquisition times (volumes are
in fact acquired one at a time in an ascending or descending order), slice-time
correction is applied. This correction is necessary to align the volumes in time as the
model applied during data analysis assumes that all volumes were acquired at the same
time. Slice-time correction is performed after selecting a reference slice and by
applying temporal interpolation to all the other slices.

To allow for anatomical localization of brain activation and to improve
normalization accuracy, the anatomical image is aligned to a predefined (e.g., mean)
EPI image (i.e., coregistration) via rigid body (or affine) transformations.

Finally, a low-pass filter is applied to all images (i.e., smoothing). Images are
smoothed to increase signal-to-noise ratio and to reduce variability across voxels (i.e.,
three dimensional units in the brain) across different brains. Smoothing is performed
by convolving the volume to a Gaussian kernel of the magnitude of the full width at
half the kernel’s maximum height (FWHM). If a group analysis is performed,
smoothing is usually applied after normalization. If a single-subject analysis is
performed, smoothing is usually applied with a smaller kernel.

To be able to generalise fMRI results, group-analysis are used. To account for
between-subjects brain variability, images of different subjects are aligned: first, the
brain tissue of each participant has to be segmented into grey matter, white matter and
CSF. This preprocessing step is called segmentation and it is based on the calculation
of differences in the intensity of different tissues. Second, a volume-based registration
to a template image is performed (i.e., normalization). Conventionally, the Montreal
Neurological Institute template is employed (MNI: MNI305 and MNI152 were created

as an average of a large group of individuals’ anatomical scans). Image intensity and
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prior spatial knowledge derived from the segmentation step are used to normalise

anatomical and EPI images to the MNI template.

Realignment | Each EPI image is

aligned to a
reference image
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EPlimages are
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v
Slice-time EPI Images are
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yes
Group analysis? l
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Figure 2.5: fMRI preprocessing pipeline used in this thesis.

2.3.3.2 First and second level data analysis

After preprocessing is performed, regions activated by a certain task are
localised. This practically means to verify whether the BOLD signal changed in
correspondence to the task. A GLM is used to model the BOLD signal which functions
as dependent variable. Thus, the aim of the GLM analysis is to identify the predictors
that can account for the BOLD signal in a voxel-to-voxel fashion, taking into
consideration the fact that physiological response is sluggish.

The BOLD signal is assumed to have a canonical shape which develops over

time and repeats time-locked to the stimulus. The expected BOLD response is the
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result of the convolution between the stimulus function (i.e., stimulus onsets) and the
hemodynamic response function (HRF). A stimulus onset time series is defined as the
stimulus presentation over time and depends on the experimental paradigm. The HRF
is characterised by an initial dip, a peak and an undershoot (this function is also known
as double-gamma function, Friston et al., 1998). A more flexible version of the HRF
model uses the canonical response function plus its derivatives (Friston et al., 1998).
While the time derivative is used to model the temporal shift of the HRF, the dispersion
derivative models the width of the function. An important property of the BOLD signal
is that, if the neural activity is scaled by a factor of n, the BOLD signal is scaled by the
same factor (/inearity). Moreover, if the neural activity is shifted in time by ¢ seconds,
the BOLD signal is shifted in time by t seconds (time invariance). Thus, the GLM is

defined as follows (as previously described in paragraph 2.1.1):

(I5) Y =Bo+ BiXs +PoXo+ ... +BuXn+ ¢

In this case, Y is the BOLD signal and Xi., are the regressors of the experimental
design after convolution with the HRF and its derivatives. Motion regressors
calculated in the realignment step of the preprocessing can be included as
nuisance regressors when they are not highly correlated with the task. To account
for temporal autocorrelation of fMRI time series, prewhitening is applied and
temporal autocorrelation not related to the task is removed.

The aim of the GLM analysis is to find the contribution of each regressor to the

BOLD activity, calculated as follows:

(16) B=(X"X)'XTY
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Once P is estimated, a statistical test can be carried out by specifying a design
matrix and a contrast c¢. For instance, if a one-sample t-tests is to be performed,
the null hypothesis can be specified as c3 = 0 where ¢ =[1].

The result of the test is a statistical map (e.g., t-statistics maps) corrected for
multiple comparisons (e.g., corrected for the number of voxels in the brain or the
number of clusters), which represents how well each of the regressors explains the
BOLD signal.

This analysis is run for each participant (i.e., first level analysis) and then
contrast images are passed to the second level where an across participants GLM is
performed (mixed-effects analysis, Holmes & Friston, 1998). Finally, to evaluate
which contrasts are significant at the group level, further statistical tests are performed
(e.g., ANOVA, t-test).

Such analyses can be run for the whole brain or within a specific region of
interest (ROI). ROI analyses are employed, for instance, when a specific hypothesis
about a given activation is available (e.g., anatomical information) (Poldrack et al.,
2011). Importantly, ROI should not be defined based on functional results which are
not independent to the results of interest (i.e., double-dipping, Kriegeskorte et al.,

2009).
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2.4 TRANSCRANIAL MAGNETIC STIMULATION

TMS is a non-invasive neuroimaging technique that allows for stimulation of the
brain cortex in a relatively painless way. Differently from other neuroimaging
techniques which only provide indirect (i.e., correlational) information about the link
between a cognitive task and a brain system or area (e.g., fMRI), this technique permits
to draw conclusions on the causal relationships between a given task and the stimulated
brain region (Pascual-Leone et al., 1999). The physical principles of TMS were
discovered by Michael Faraday in 1881. TMS was officially first introduced in 1984
by Anthony Barker and in 1994 Alvaro Pascual-Leone first introduced repetitive TMS
(rTMS). Since then, TMS is used both for research and as a therapeutic tool (Horvath

etal., 2011).

2.4.1 Physics and physiology of TMS

The TMS coil consists of a coil of wire through which passes a current which
rapidly changes in time. This produces a magnetic field (1.5-2 tesla strength)
orthogonally to the direction of the coil. This magnetic field passes through the head
tissue without impedance and, for the principle of inductance, it induces another
weaker current (150 Volt/meter, due to the low conductivity of biological tissue) in the
brain up to 3 cm depth, parallel to the coil (Wassermann, 1998; Rossi et al, 2009). The
strength of the magnetic field rapidly weakens with distance from the coil, making it
difficult to stimulate deep brain areas (Siebner et al., 2009). TMS more likely induces
initiation of action potential in the axons of neurons rather that in the cells, because
axons are shown to be efficiently activated by pulses with short duration (Amassian et

al., 1998; Siebner et al., 2009). The exact way TMS interferes with a certain brain
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region is not completely understood. Studies suggest that this could take place (1) by
silencing neuronal activity (via GABA increase) and (2) by introducing random neural
noise (Siebner et al., 2009; Sandrini et al., 2011). Importantly, the state of the cortex
during stimulation is crucial to determine the type of cortical response (i.e., state-
dependency effects, Cattaneo et al., 2005).

Coil orientation has a direct influence on the effects of TMS, with maximum
effects when the coil is positioned with its axis oriented perpendicular to the gyrus
(Gomez-Tames et al., 2018). In fact, currents are oriented parallel to the coil’s plane
and preferentially flow through brain tissue oriented horizontally to the brain surface
(Pascual-Leone et al., 1999). Effects of TMS also depend on the orientation of the
stimulated tissue and are maximal where axons bend out of the electrical field. In such
areas lower stimulation thresholds are reported (Maccabee et al., 1993; Pascual-Leone
et al., 1999). To date, it remains unclear which exact set of axons is activated when
TMS is applied, especially given the variability of the cortical anatomy (Siebner et al.,
2009). Moreover, TMS effects (especially rTMS) can spread following the path of
least resistance and affect distant brain regions through cortico-cortical connections
(Ilmoniemi et al., 1997; Pascual-Leone et al., 1999). For this reason, TMS effects are

not always limited to focal areas.
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2.4.2 TMS protocols
Various TMS protocols are available and, depending on the type of coil, the
frequency of the TMS pulse, the time when TMS is applied and the intensity of

stimulation (Fig. 2.6), different physiological and behavioural effects are observed.

_)l what | Circular/figure 8/double cone coil

Distant effects

—)l when | Frequency

Duration

TMS protocol how Threshold
Intensity

_)l where EEG 10-20 system

Neuronavigation

—>| control Control site/baseline/control

task/sham stimulation/sham coil

Figure 2.6: TMS parameters.

Different TMS protocols can be used depending on the aim of the experiment. Aspects
which deserve consideration when designing a TMS experiment are: (1) which regions
to stimulate (e.g. deeper or more focal regions) and which other areas are influenced
by stimulation of a specific spot (i.e., distant effects); (2) when to stimulate: with which
frequency and for how long (safety guidelines need to be considered); (3) the amount
of intensity based on previous hypothesis and/or on participants’ motor or phosphene
threshold; (4) where to stimulate: neuronavigation systems allow for a better precision
than EEG 10-20 systems; (5) one or more control conditions allow for more sound

conclusions (adapted from Robertson et al., 2003).

2.4.2.1 Coils, waveforms and direction of stimulation
Circular coils (ring-shaped) produce a less focal stimulation but, because of their
larger diameter, they allow for deeper stimulations. The double cone coil consists of a

combination of two circular wings which form an angle of 95 degrees. This coil is used
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to stimulate deep brain regions such as the cerebellum. The figure 8 coil allows for a
more focal but shallower stimulation right beneath the central segment where the two
wings meet (Pascual-Leone et al., 1999; Rossi et al., 2009, Fig. 2.7A).

Monophasic or biphasic pulses are available for stimulation. Biphasic stimuli are
more effective than monophasic stimuli, for the initial current with the same amplitude
(Sommer et al., 2006). In light of the fact that more efficient stimulation is achieved
during the second phase of biphasic stimuli and when the current flows in the posterior-
to-anterior direction for both waveforms, the coil has to be positioned differently for
monophasic or biphasic stimulation (i.e., with the handle pointing in opposite

directions, Kammer et al., 2001).

2.4.2.2 Frequency and time of application

TMS can be applied in single pulses (single-pulse TMS), in pairs of pulses
(paired-pulse TMS), in a repetitive fashion (repetitive TMS, rTMS) or in patterns of
short rTMS burst (e.g., theta burst TMS, TBS). At least 7 seconds are thought to be
sufficient to separate pulses in the single-pulse TMS to prevent pulses to interact to
each other (Robertson et al., 2003). In paired-pulse TMS, two pulses are applied to the
same or to different regions. This protocol is usually used to measure intracortical or
cortico-cortical effects (Rossi et al., 2009). The frequency of rTMS is conventionally
defined high when > 1 Hz and low when < 1 Hz. TMS can be applied when the task is
performed (online TMS) or before or after the task is performed (offline TMS) (Fig.
2.7B). For theta-burst stimulation (TBS), burst of 50 Hz applied at SHz are used in a
continuous or intermittent (i.e. 2 seconds every 10 seconds) fashion (¢cTBS and iTBS).

Online rTMS has been shown to induce a larger effect with higher frequencies.
Offline low frequency rTMS and cTBS are associated to a decrease of cortical

excitability, whereas offline high frequency rTMS and iTBS are associated to cortical
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excitability increase (Robertson et al., 2003; Rossi et al., 2009, Suppa et al., 2015).
However, behavioural outcomes for these stimulation protocols are less clear when
brain regions other than the motor cortex are stimulated. For instance, following offline
low-frequency rTMS, both worsening and improvement of performance were reported
(Hilgetag et al., 2001; Pell et al., 2011).

rTMS and TBS have been shown to have longer-lasting after effects. Previous
research demonstrated that the length of the aftereffect can last up to 50-100% of the
stimulation duration (Robertson et al., 2003 & Hoogendam et al., 2010), whereas 20
seconds of iTBS or cTBS and 40 seconds of cTBS shows an after-effect of 20 and 60
minutes respectively (Suppa et al., 2015). Importantly, differences in terms of length
of after-effects are observed depending on the stimulated area and more results are still
needed to make conclusive inferences for brain areas other than the motor cortex
(Robertson et al., 2003, Suppa et al., 2015). The fact that rTMS shows longer-lasting
effects suggests that this type of stimulation affects synaptic plasticity through
processes like long-term potentiation (LTP) and long-term depression (LTD). Synaptic
plasticity refers to a form or brain reorganization at the synaptic level that follows and
outlasts the experimental training or stimulation (Robertson et al., 2003). LTP refers
to a potentiation of the synaptic strength and it is broadly associated to increased
cortical excitability, whereas LTD refers to a weakening of synaptic strength and it is

associated to decreased cortical excitability (Hoogeman et al., 2010).
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Figure 2.7: Coils and protocols.
A. Different types of available coils (in black). B. Example of stimulation times
(offline or online) and frequencies (repetitive or single pulse) and their application
time in function of task duration and stimulus presentation. Pulses are represented by

orange lines and stimuli by white discs.

2.4.2.3 Intensity, threshold and safety guidelines

Intensity of stimulation can either be fixed for all participants (when a solid
hypothesis is available and depending on the other parameters involved) or adjusted
for each participant. In fact, cortical excitability changes depending on the brain area
and is variable across participants. Individual motor or phosphene threshold (MT or
PT) are used to determine the individual motor or visual cortex excitability (Rossini et
al., 1994; Sandrini et al, 2011). MT is measured as the lowest stimulation intensity
which can produce 5 out of 10 visible first dorsal interosseous muscle twitches (motor
evoked potentials, MEP) or 5 out of 10 MEP of no less than 50uV when the limb is at
rest (resting MT) and 200uV when the muscle is 10-20% contracted (active MT)

(Lopez-Alonso et al., 2014, Vernet et al., 2014). PT is measured as the lowest
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stimulation intensity which can produce 5 out of 10 reported phosphenes (Stewart et
al., 2001). Despite the wide use of such measures, it is not yet clear whether MT and
PT correlate (Stewart et al., 2001; Boroojerdi et al., 2002; Antal et al., 2004; Deblieck
et al., 2008). Moreover, the effect of MT and PT intensity on brain areas other than
motor and visual cortices is controversially discussed (although some guidelines are
available, e.g., Oliveri et al., 2000; Oliver et al., 2009).

Once a threshold has been established, stimulation can be performed at
threshold, above or below threshold. In order to minimize the risk of seizure and other
adverse effects, guidelines were published to guide experimenters and help them build
a safe protocol which takes into consideration intensity, frequency and duration of
stimulation in healthy individuals and patients (Wasserman, 1998; Rossi et al, 2009).
Moreover, safety questionnaires (Rossi et al, 2009) are used by experimenters to
evaluate participant inclusion depending on the type of study (i.e., research, diagnostic,

therapeutic).

2.4.2.4 Neuronavigation

After a brain region of interest has been established, a suitable stimulation site
has to be identified on the participant’s scalp. Due to subjects’ brain and scalp
variability, there is not a 1:1 correspondence between brain target region and scalp
entry. The international 10-20 EEG system can be used to position the coil, as it is
possible to correlate the electrode placement with the underlying cortical area (Herwig
et al., 2003; Okamoto et al., 2004). Alternatively, for a more accurate positioning,
neuroimaging-based methods are used, such as image-guided frameless stereotaxic
neuronavigation. With this method, each participant’s MRI image is coregistered to

their head in space via facial/cranial landmarks (e.g., nasion, inion, ears, eyes) (Sparing
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et al.,, 2010). This method permits to accurately navigating the participant’s brain

image from their scalp.

2.4.25 Control conditions

Different control conditions are used to better evaluate the effects of TMS. For
instance: (1) Stimulation can be delivered over a control site which is thought not to
be involved in the task (i.e., control site); (2) The task can be performed without
stimulation (i.e., baseline); (3) Stimulation over the same site can be used together with
another task which does not involve the cognitive processes which are thought to be
involved in the task of interest (i.e., control task). (4) The coil can be tilted 45° or 90°
from the scalp in order to resemble the auditory clicking sound of the real stimulation
with only little or no voltage introduced in the brain (i.e., sham stimulation) (Lisanby
et al., 2001); (5) A sham coil can be used, which consists of a regular coil provided
with a thick shield and which resemble the auditory clicking sound of the real
stimulation (i.e., sham coil). Depending on the task and the protocol, one or more
control conditions should be employed to achieve robust conclusions (Robertson et al.,

2003).
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ABSTRACT

Spatial attention and expectation are two critical top-down mechanisms controlling
perceptual inference. Based on previous research it remains unclear whether their
influence on perceptual decisions is additive or interactive.

We developed a novel multisensory approach that orthogonally manipulated spatial
attention (i.e. task-relevance) and expectation (i.e. signal probability) selectively in
audition and evaluated their effects on observers’ responses in vision. Critically, while
experiment 1 manipulated expectation directly via the probability of task-relevant
auditory targets across hemifields, experiment 2 manipulated it indirectly via task-
irrelevant auditory non-targets.

Surprisingly, our results demonstrate that spatial attention and signal probability
influence perceptual decisions either additively or interactively. These seemingly
contradictory results can be explained parsimoniously by a model that combines
spatial attention, general and spatially selective response probabilities as predictors
with no direct influence of signal probability. Our model provides a novel perspective
on how spatial attention and expectations facilitate effective interactions with the

environment.

Keywords:
spatial attention - spatial expectation - response probability - multisensory - perceptual

decision making
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3.1 INTRODUCTION

Generating a coherent representation of the world from the sensory signals with
which we are bombarded is a fundamental challenge facing us in everyday life.
Crucially, perceptual inference is not purely driven by bottom-up signals but also
guided by top-down selective attention and prior expectations (or predictions).
Selective attention shapes perception by prioritizing processing of signals that are
relevant for our current goals. Conversely, prior expectations encode the probabilistic
structure of the environment!. Based on past events and experiences we generate
expectations or predictions for the future. While attention and expectation are both
thought to facilitate perception at the behavioural level®>'°, they have traditionally been
associated with distinct neural effects. Attention amplifies neural activity and signal to

11-14

noise ratio " while expectation often leads to a reduction in stimulus-induced neural

activity'>20,

According to the notion of predictive coding, perceptual inference emerges
within the cortical hierarchy via iterative adjustment of top-down predictions against
bottom-up sensory evidence. While backwards connections impose predictions from
higher to subordinate level, forwards connections furnish the prediction error, i.e. the
discrepancy between prediction and sensory evidence, from lower to higher
hierarchical levels?!?. Attention may influence perceptual inference by enhancing the
precision (i.e. inverse of variance) of the prediction and/or prediction error signal
leading to an increase in sensory gain for attended signals®*?%. As a consequence,
attention and expectation jointly shape perceptual inference and decisions.

Surprisingly, research to date has mostly conflated attention and

8,27,28

expectation Most prominently, the so-called Posner cuing paradigm?®
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manipulates observers’ endogenous spatial attention using a cue that probabilistically
predicts the location of the subsequent signal thereby confounding spatial attention and
spatial expectation (i.e. signal probability)*?. Only recently have studies attempted to
dissociate spatial attention and expectation by orthogonally manipulating task-
relevance (i.e. response requirement) and spatial signal probability. Using fMRI, a
previous study by Kok et al.3! showed that spatial attention and expectation influence
neural responses in an interactive fashion. More specifically, attention reversed the
activation increase for unexpected relative to expected signals that were observed for
unattended signals. The interactive effects between attention and spatial signal
probability were interpreted as in line with the notion of precision weighted prediction
errors as embodied in predictive coding models?*3!. Yet, a critical limitation of those
neuroimaging experiments is that synergistic effects between attention and expectation
could be evaluated only at the neural but not the behavioural level*'*?, because spatial
attention was manipulated as response requirement over space’. As a result, observers
did not respond to the unattended, i.e. task-irrelevant, signals and the effects of spatial
expectation on response times could only be evaluated for signals in the attended
hemifield®!. This raises the critical question whether the interactions between spatial
attention and spatial signal probability are behaviourally relevant for effective
interactions with the environment. How does the brain optimize detection of signals
across the spatial field depending on attention and expectations formed based on signal
probability? In the current study we have developed a novel multisensory approach to
determine whether spatial attention and signal probability influence behaviour

additively and/or interactively in a target detection task.
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3.2 RESULTS

In a series of two experiments, participants were presented on each trial either
with an auditory burst of white noise or a visual flash in their left or right hemifield.
We orthogonally manipulated spatial attention (i.e. response requirement for signals
presented in a particular hemifield) and expectation (i.e. signal probability in a
particular hemifield) selectively in audition and evaluated their effects on target
detection in audition and vision, where signal probability and response requirements

were held constant. This multisensory generalization approach?”-*®

provides us with
the novel opportunity to evaluate the putative additive or interactive effects of spatial
attention and signal probability at the behavioural level rather than only implicitly at
the neural level as in previous unisensory research’!.

Critically, experiment 1 manipulated auditory spatial expectation directly via the
probability of auditory targets across the two hemifields, which led to differences in
the general response probability across conditions (i.e. run type A (blue) vs run type B
(green), see Figure 3.1a, 3.1b and 3.1d, Supplementary Table 8.1 and ' for related
design). By contrast, experiment 2 manipulated auditory expectation via task-
irrelevant non-targets that never required a response and was thereby able to hold the
general response probability constant across all conditions (see Figure 3.2a, 3.2b and
3.2d, Supplementary Table 8.1 and *? for related design).

First, we asked for each experiment independently whether spatial attention and
signal probability shapes target detection responses in an additive or interactive
fashion. This question can be addressed only for visual signals where responses were
collected over both attended and unattended hemifields. To assess whether the effects

of expectation generalise from audition to vision in the attended hemifield, we also

report the results for auditory targets in the attended hemifield.
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3.2.1 Experiment 1

For the auditory modality, the two-sided paired-sample t-tests on hit rates and
response times in the attended hemifield showed non-significantly higher hit rates
(#(14) = 2.06, p = 0.058, Cohen’s dav [95% CI] = 0.56 [0.02, 1.12]*) and significantly
faster responses when the hemifield was expected than unexpected (#(14) = -3.23,
p=.006, Cohen’s du [95% CI] = -0.31[-0.52, -0.09] (see Supplementary Figure 8.1,
left bar plot of Figure 3.1e and Table 3.1).

For the visual modality, the 2 (attended vs. unattended) x 2 (expected vs.
unexpected) rmANOVAs revealed a significant main effect of attention on hit rates
(F(1, 14)=5.56, p =0.033, 1,> [90% CI] = 0.29 [0.01, 0.51]) and response times (F(1,
14) =42.81, p <0.001, 5,° [90% CI] = 0.75 [0.48, 0.84]). Critically, we also observed
a significant crossover interaction between attention and expectation for hit rates (F(1,
14) =4.89, p = 0.044, n,> [90% CI] = 0.26 [0.004, 0.49]) and response times (F(1, 14)
=8.90, p =0.010, 7,> [90% CI] = 0.39 [0.06, 0.59]). Participants had non-significantly
higher hit rates (#(14) = 2.01, p = 0.064, Cohen’s du [95% CI] = 0.44 [-0.02, 0.90]")
and responded significantly faster (#(14) =-2.16, p = 0.049, Cohen’s du, [95% CI] = -
0.2[-0.39, -0.001]) to visual targets in the attended hemifield when this hemifield was
expected than unexpected (see Supplementary Figure 8.1, right bar plot of Figure 3.1e
and Table 3.1). This simple main effect mimics the response profile observed for
auditory targets, suggesting that the effect of expectation generalises from audition to
vision. By contrast, participants had non-significantly lower hit rates (#14) =-1.49, p

=0.159, Cohen’s dav [95% CI] =-0.23[-0.53, 0.09]*) and responded significantly more

* We repeated this simple contrasts using a non-parametric 2-tailed Wilcoxon Signed Ranks: p = 0.018
T We repeated this simple contrasts using a non-parametric 2-tailed Wilcoxon Signed Ranks: p = 0.049

t We repeated this simple contrasts using a non-parametric 2-tailed Wilcoxon Signed Ranks: p = 0.141
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slowly (#14) = 3.21, p = 0.006, Cohen’s duv [95% CI] = 0.18 [0.05, 0.30]) to visual
targets in the unattended hemifield, when this hemifield was expected than unexpected

(see Supplementary Figure 8.1, right bar plot of Figure 3.1e and Table 3.1).
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Figure 3.1: Experiment 1: Design, example trial, probabilities, observed and predicted
response times.

a. Auditory spatial attention and expectation (i.e. signal probability) were manipulated
in a 2 (attended vs. unattended) x 2 (expected vs. unexpected) x 2 (auditory vs. visual)

factorial design. Colours indicate run type (blue: attention and expectation are
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congruent; green: attention and expectation are incongruent). Presence vs. absence of
response requirement is indicated by the hand symbol.

b. Number of auditory (dark green) and visual (black) trials in the 2 (attended vs.
unattended) x 2 (expected vs. unexpected) conditions. The bar plots are filled (i.e.
response requirement) or not filled (i.e. no response requirement). The fraction of filled
area for each bar represents the spatially selective response probability. The fraction
of filled area pooled over the two bars of one particular run type (e.g. blue) represents
the general response probability in a run; it is greater for the ‘blue runs’ where attention
and expectation are congruent.

c. At the beginning of each run, a cue informed participants whether to attend and
respond to auditory signals selectively in their left or right hemifield throughout the
entire run. On each trial participants were presented with an auditory or visual stimulus
(100 ms duration) either in their left or right hemifield. They were instructed to respond
to auditory stimuli only in the ‘attended’ hemifield and to all visual stimuli irrespective
of hemifield as fast and accurately as possible with the same finger. The response
window was limited to 1500 ms. Participants were not explicitly informed that
auditory signals were more likely in one of the two hemifields. Instead, spatial
expectation (i.e. spatial signal probability) was implicitly learnt over runs.

d. The bar plots show i. spatial signal probability: the probability that a signal (pooled
over visual and auditory modalities) was presented in a particular hemifield, ii. general
response probability: the probability that a signal required a response in a particular
(green or blue) run type regardless of hemifield, iii. spatially selective response
probability: the probability that a signal required a response conditioned on that it was
presented in a particular hemifield.

e. The bar plots show across subjects’ mean (:SEM) response times for each of the six
conditions with response requirements. The brackets and stars indicate significance of
main effects and interactions. * p < 0.05; ** p < 0.01. The grey crosses show the
condition-specific response times predicted by the ‘winning’ Modelvrog 2 that includes
attention, general response probability and spatially selective response probability as

predictors.
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3.2.2 Experiment 2

For the auditory modality, the two-sided paired-sample t-tests showed slower
responses (#(20) = 3.43, p = 0.003, Cohen’s du [95% CI] = 0.21 [0.07, 0.35]) in the
attended hemifield, when this hemifield was expected than unexpected (see left bar
plot of Figure 3.2e and Table 3.1).

For the visual modality, the 2 (attended vs. unattended) x 2 (expected vs.
unexpected) rmANOVA on response times revealed a significant main effect of
attention (F(1, 20) = 62.58, p < 0.001, #,* [90% CI] = 0.76 [0.55, 0.83]). As in
experiment 1, participants responded faster to visual stimuli in their attended than
unattended hemifield. Yet, in contrast to experiment 1, we did not observe a significant
interaction between attention and expectation in experiment 2. Instead, the rmANOVA
revealed a significant main effect of expectation for both bias (F(1, 20) =5.17, p =
0.034, 1,” [90% CI] = 0.20 [0.009, 0.42]) and response times (F(1, 20) = 5.23, p =
0.033, 7,° [90% CI] = 0.21 [0.009, 0.42]). Irrespective of whether the hemifield was
attended or unattended, participants had a greater bias and responded more slowly to
visual stimuli in the expected than unexpected spatial hemifield, again mimicking the
effect of expectation in the auditory modality (see Supplementary Figure 8.1, right bar

plot of Figure 3.2e and Table 3.1).
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Figure 3.2: Experiment 2: Design, example trial, probabilities, observed and predicted

response times.

a. Auditory spatial attention and expectation (i.e. signal probability) were manipulated

in a 2 (attended vs. unattended) x 2 (expected vs. unexpected) x 2 (auditory vs. visual)

x 2 (target vs. non-target) factorial design. Colours indicate run type (blue: attention

and expectation are congruent; green: attention and expectation are incongruent).

Presence vs. absence of response requirement is indicated by the hand symbol.
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b. Number of auditory (dark green) and visual (black) trials in the 2 (attended vs.
unattended) x 2 (expected vs. unexpected) conditions. The bar plots are filled (i.e.
response required) or not filled (i.e. no response required). Their contours indicate
target vs. non-target trials (solid = target; dotted = non-target). The fraction of filled
area for each bar represents the spatially selective response probability, which is
greater in the unexpected than expected conditions.

¢. At the beginning of each run, a cue informed participants whether to attend and
respond to auditory targets (i.e. double noise burst) selectively in their left or right
hemifield throughout the entire run. On each trial participants were presented with an
auditory or visual stimulus (100 ms duration) either in their left or right hemifield.
They were instructed to respond to auditory targets (i.e. double noise burst) only in the
‘attended’ hemifield and to all visual targets (i.e. double flash) irrespective of
hemifield as fast and accurately as possible with the same finger. The visual or auditory
non-targets never required any response. The response window was limited to 1500
ms. Participants were not explicitly informed that auditory signals were more likely in
one of the two hemifields. Instead, spatial expectation (i.e. spatial signal probability)
was implicitly learnt over runs.

d. The bar plots show 1. spatial signal probability: the probability that a signal (pooled
over visual and auditory modalities) was presented in a particular hemifield, ii. general
response probability: the probability that a signal required a response in a particular
(green or blue) run type, iii. spatially selective response probability: the probability
that a signal required a response conditioned on that it was presented in a particular
hemifield.

e. The bar plot shows across subjects’ mean (:SEM) response times for each of the six
conditions with response requirements. The brackets and stars indicate significance of
main effects and interactions. * p < 0.05; ** p < 0.01. The grey crosses show the
condition-specific response times predicted by the ‘winning’ ModelLog 2 that includes
attention, general response probability and spatially selective response probability as

predictors.
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Table 3.1: Group mean reaction times (RT) and hit rates for each stimulus modality in

each condition for experiment 1 and experiment 2.

D-prime and bias for the visual modality in each condition for experiment 2. Please

note that d-prime and bias could be computed neither for experiment 1 (because there

were no non-targets included in the paradigm) nor for auditory modality of experiment

2 (because participants did not make any false alarms in the +att-exp condition). Note.

Standard errors of the mean (SEM) are given in parentheses.

Auditory modality Visual modality

+att +att +att +att -att -att

+exp -exp +exp -exXp +exp -eXp
Experiment 1
RT (ms) 599.9  626.8 502.5 514.2 567.3 553.2
(SEM) (22.8) (22.8) (16.1) (14.4) (20.6) 2D
Hit rates (%) 99.4 98.4 99.5 98.9 98.8 99.2
(SEM) 0.2) (0.6) 0.2) 0.4) (0.4) (0.3)
Experiment 2
RT (ms) 847.2  823.8 720.8  714.2 780.4 763.7
(SEM) (24.6) (23.0) (19.8) (19.2) (21.7) (24.5)
Hit rates (%) 97.6 98.3 96 97 96.2 96.4
(SEM) (0.8) (0.6) 0.9) (0.8) (0.9) (0.9)
D-prime / / 4.08 4.07 4.25 4.12
(SEM) (0.12)  (0.15) (0.12) (0.15)
Bias / / 0.19 0.08 0.24 0.17
(SEM) (0.07)  (0.05) (0.06) (0.05)
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In summary, even though both experimental paradigms orthogonally
manipulated spatial attention and expectation operationally defined as signal
probability, they led us to strikingly different conclusions. Experiment 1 suggests that
attention and expectation act in an interactive fashion: under spatial attention,
participants responded faster to auditory and visual targets in their expected hemifield,
but this effect was reversed for visual targets when attention is diverted to the other
hemifield. By contrast, experiment 2 suggests that spatial attention and expectation
influence response times in an additive fashion. Here, participants were generally
slower when responding to targets in the expected than unexpected hemifield
irrespective of attention. Not only does this main effect of expectation in experiment
2 contradict the findings from experiment 1, but it may also be surprising given the
vast literature suggesting that expectation facilitates processing®®*®. These
contradictory results across the two experiments suggest that modelling the
experiments as a 2 (attended vs. unattended) x 2 (expected vs. unexpected) factorial
design may not provide a coherent explanatory framework.

Key to resolving these seemingly contradictory results is the realization that
spatial attention and signal probability jointly determine two additional probabilities
critical for perceptual decision making: 1. the general response probability, i.e. the
probability that a response is required on a given trial irrespective of where the
stimulus is presented and 2. the spatially selective response probability, i.e. the
probability that a response is required conditioned on a stimulus being presented in a
particular hemifield (see Figure 3.1d and 3.2d and Supplementary Table 8.1). In the
following we therefore investigate whether models that include general and spatially

selective response probability outperform the traditional factorial model of attention
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and expectation in accounting for observers’ response times jointly across both

experiments.

3.2.3 Joint models of experiment 1 and experiment 2

We generated a 3 (combination of fixed effects predictors) x 2 (linear vs. log-
transform of probability values in the predictors) model space (see Methods section
for details and Figure 3.3). All models assume that the observer prioritises processing
in hemifields that are explicitly attended via task instructions per se, yet they differ in
whether expectation (i.e. spatial signal probability), general response probability or
spatially selective response probability are included as additional explanatory
variables. Model 1 is the conventional factorial model that allows for additive and
interactive effects of attention and signal probability. Model 2 assumes that signal
probability per se does not directly affect response times, but only indirectly by co-
determining the general and spatially selective response probability. Model 3 is based
on Model 2, but it is more complex by allowing signal probability to influence
response times not only indirectly, by co-determining general and spatially selective
response probability, but also directly. In addition, given previous research showing a
non-linear relationship between probabilities and response times®*, we manipulated
whether probabilities predict response times in a linear (i.e. ModelLin) or log-
transformed (i.e. Modelrog) fashion.

Figure 3.3 shows the Bayesian Information Criterion values for the six models
in a factorial matrix (Bayesian Information criterion (BIC): Modelvin 1: -690; Modelrin
2: -694; Modelvin 3: -691; ModelLog 1: -690; Modelrog 2: -701; Modelrog 3: -697; n.b.
a smaller value indicates a better model). First, we show that log-transformed
probabilities are better predictors for response times in our target detection task than

probabilities per se**. Second and more importantly, Modelro, 2 that combines spatial
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attention with general and spatially selective response probability outperformed both
the conventional factorial model as well as a more elaborate model that also includes
spatial signal probability as a predictor by itself (see Figure 3.3). More specifically,
Bayesian model comparison provided strong evidence (i.e. increase in BIC of approx.
10) for the winning Modelyog 2 relative to the conventional Modelioz 1 and Modelrog
3. Figures 3.1e and 3.2e show the response time predictions of the winning Modeliog
2 as grey crosses together with observed condition-specific response times. In contrast
to the conventional Model 1, Modeliog 2 can flexibly model that response times in the
attended hemifield are faster for expected than unexpected stimuli in experiment 1, but
slower in experiment 2. Critically, adding spatial signal probability in Model 3 did not
increase the model evidence. These results suggest that expectation (i.e. spatial signal
probability) influences response times mainly indirectly by co-determining general
and spatially selective response probabilities.

One may argue that the spatially selective response probability already accounts
for observers’ allocation of attention over space. However, a seventh model, i.e. the
winning ModelLog 2 without the attention predictor, obtained a BIC of only -686
suggesting that endogenous attention influences perceptual decisions as an

independent predictor above and beyond spatially selective response probability.
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Figure 3.3: Factorial model space and Bayesian Information Criterion (BIC) for the
joint analysis of experiment 1 and experiment 2.

3 (combination of fixed effects predictors) x 2 (probability values in predictors: linear
vs. log-transformed) model space. Predictors included in i. conventional Model 1:
attention, spatial signal probability and attention x spatial signal probability
interaction, ii. Model 2: attention, general response probability and spatially selective
response probability, iii. Model 3: attention, spatial signal probability, general
response probability and spatially selective response probability. To account for
potential non-linear relationships between probabilities and response times, the
probabilities predicted response times in a linear or a log-transformed fashion. The
matrix shows the Bayesian Information Criterion (BIC) of the 6 models (smaller BIC,

1.e. darker shade, indicates better model).
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3.3 DISCUSSION

Prior expectations and attention are two key determinants controlling perceptual
inference. The current study developed a novel multisensory approach to dissociate
additive and interactive effects of attention and expectation at the behavioural level.
Manipulating attention and signal probability selectively in the auditory modality, we
evaluated their effects on signal detection in the auditory and visual modalities. In each
experiment, we observed qualitatively equivalent effects in audition and vision for
signal probability in the attended hemifield demonstrating the effectiveness of
multisensory generalization in our experiments®”?®. Critically however, even though
both experiments manipulated spatial attention and signal probability orthogonally,
they revealed either interactive (experiment 1) or additive (experiment 2) effects.

In experiment 1, we observed synergistic interactions between spatial attention
and signal probability at the behavioural level consistent with previously reported
interactive effects at the neural level in an equivalent experimental paradigm?!. When
stimuli were attended, participants responded faster to signals presented in the
expected than unexpected hemifield, which is in line with the general notion that prior
expectations facilitate perceptual processing®. Yet, when signals were unattended,
stimuli presented in the expected hemifield were associated with slower response times
than in the unexpected hemifield. This crossover interaction between spatial attention
and signal probability can be explained by the effects of general response probability
(and spatially selective response probability). As shown in figure 3.1d (middle bar
plot) and in Supplementary Table 8.1, in runs (blue) where attention and expectation

are directed to the same spatial hemifield, participants are required to respond on 90%
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of the trials as compared to 60% of the trials in runs when attention and expectation
are directed to different hemifields.

Experiment 2 manipulated spatial signal probability via auditory non-targets that
never required any response. As a consequence, the general response probability was
constant across conditions (see middle bar plot of Figure 3.2d, Supplementary Table
8.1 and 3 for related design). Further, increasing spatial signal probability via an
increase in the number of non-targets for expected relative to unexpected hemifields
(see Figure 3.2a and 3.2b) necessarily decreases the spatially selective response
probability (right bar plot of Figure 3.2d). Consistent with the profile of the spatially
selective response probability, but contrary to conventional views of expectation®®,
signals presented in the expected relative to unexpected hemifield were generally
associated with slower response times. Put simply, the neural system does not facilitate
target detection in the spatial hemifield where many events occur (i.e. high signal
probability, left bar plot of Figure 2d), but in the hemifield where a high percentage of
those events requires a response (i.e. high spatially selective response probability, right
bar plot of Figure 2d).

In line with this qualitative explanation, formal Bayesian model comparison
confirmed that the response time profiles across the two experiments can be accounted
for parsimoniously by Modelyog 2 that predicates response times on i. spatial attention,
ii. general response probability and iii. spatially selective response probability.
Critically, adding spatial signal probability per se as a predictor did not substantially
increase the model evidence (Modelrog 3, Figure 3.3). These results suggest that spatial
signal probability influences response times mainly indirectly via general and spatially

selective response probabilities rather than as an independent factor.
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Our findings indicate that the interactions between spatial attention and signal
probability previously reported at the neural level®! are behaviourally relevant, yet they
offer a new perspective: the interactions may represent ‘response related’ expectations
encoding the general and spatially selective response probabilities. Observers
concurrently form multiple sorts of expectations such as the expectation of a signal
(i.e. signal probability), the expectation to make a response irrespective of (i.e. the
general response probability) or dependent on (i.e. the spatial selective response
probability) a particular signal location. Collectively, these expectations encode the
probabilistic structure of sensory inputs and demands within the entire perception-

37,38

action loop”’~’°. This sheds new light on the interplay of spatial attention and

expectation. Current operational definitions of attention as task-relevance / response

requirement and expectation as signal probability!¥

set up an artificial dichotomy
between attention and signal probability. Yet signal probability and task-relevance are
intimately linked by co-determining general and spatially selective response
probabilities that shape response-related expectations and allocation of attentional
resources. In the next step we therefore asked whether observers’ spatial allocation of
attentional resources (i.e. main effect of attention on response times) is already
accounted for by response-related expectations (i.e. general and spatially selective
response probability). Using Bayesian model comparison we show that a more
parsimonious model without spatial attention as an independent predictor performed
substantially worse than the winning model (Modeliog 2). These results suggest that
endogenous spatial attention can at least to some extent influence perceptual decisions
above and beyond spatially-selective response probability. In line with this conjecture,
observers have been shown to allocate attentional resources based on instructions

39,40

alone’”™, even if response requirements are kept constant thereby dissociating
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attention and task-relevance. In order to dissociate additive and interactive effects of
endogenous spatial attention (independent from task-relevance) and signal-related
expectations at the neural level, future studies may manipulate endogenous spatial
attention via instructions alone whilst holding the response requirements constant.
Critically, our experimental results also reveal that the dichotomy between spatial
expectation and spatial attention when operationally defined as response requirement
over space may be useful from an initial analytical perspective. However, signal
probability and attention as task-relevance are intimately linked by co-determining
response-related expectations. Thus, changes in spatial expectation will inherently
alter general or spatially selective response probabilities and therefore influence
participant’s allocation of attentional resources over spatial hemifields.

From a cognitive perspective, changes in general response probability may be
associated with increases in alertness, arousal or motor preparation’’*® leading to
response facilitation. By contrast, spatially selective response probability needs to
engage spatially selective mechanisms. For instance, the neural system may increase
the precision of representations at spatial locations associated with a greater spatially
selective response probability. Alternatively, observers may bias their decisional
processes by shifting the starting point closer to the decisional boundary or lowering
the decisional boundary of the evidence accumulation process*'**>. In support of the
latter, our signal detection theoretic analysis of response choices showed an increase
in hits for higher general response probability in experiment 1 and a decrease in bias
for higher spatially selective response probability in experiment 2. Critically, as
participants always respond with the same effector organ (i.e. index finger of the

dominant hand) to all visual and task-relevant auditory signals across both hemifields,
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decisional processes for all spatial locations need to finally map onto the same effector
organ.

Cast in the predictive coding framework our results suggest that the brain
iteratively adjusts its predictions of the sensory inputs at multiple levels across the
cortical hierarchy. Critically, spatial attention as task-relevance profoundly modulates
the precision of prediction errors and thereby the gain with which they impact higher
cortical levels that are critical for response selection: First, the precision or gain of
prediction errors is higher for sessions where many stimuli require a response (i.e.
sessions with high general response probability). Second, the precision of prediction
errors are selectively optimized for spatial locations associated with a high spatially
selective response probability, i.e. locations where a high percentage of signals require
a response. Guided by current task demands the brain thus adaptively optimizes the
precision of spatial representations at locations that are critical for effective
interactions.

Future neuroimaging and neurophysiological research will need to investigate
whether the facilitatory effects of endogenous attention, signal probability, general and
spatially selective response probability are mediated by similar or distinct neural
mechanisms. For instance, they may be reflected in pre-stimulus baseline shifts or
emerge only during post-stimulus processing (e.g. enhanced precision of spatial
representations). Further, from a multisensory perspective we need to determine
whether putative pre-stimulus baseline shifts, biases and increases in precision of
spatial representations emerge only at higher levels of the cortical hierarchy associated
with multisensory representations of space or in primary sensory areas across vision

and audition either directly or via feed-back from higher order areas*>#43,
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In conclusion, our results across two experiments demonstrate that spatial
attention and signal probability can influence signal detection either interactively or
additively. These seemingly contradictory results can be reconciled by a new model
that explains response times parsimoniously by spatial attention, general and spatially
selective response probabilities. Our model provides a novel perspective on the
intricate interplay of attention, signal- and response-related expectations in perceptual

decisions, which is critical for effective interactions with the environment.

3.4 GENERAL METHODS

3.4.1 Apparatus

During the experiment, participants rested their chin on a chinrest with the height
held constant across all the participants. Auditory stimuli were presented at
approximately 72 dB SPL, via HD 280 PRO headphones (Sennheiser, Germany).
Visual stimuli were displayed on a gamma-corrected LCD monitor (2560 x 1600
resolution, 60 Hz refresh rate, 30" Dell UltraSharp U3014, USA), at a viewing distance
of approximately 50 cm from the participant’s eyes. Stimuli were presented using
Psychtoolbox version 3**” (www.psychtoolbox.org), running under Matlab R2014a
(Mathworks Inc., Natick, MA, USA) on a Windows machine. Participants responded
to all stimuli with the same index finger of their reported dominant hand. Responses
were recorded via one key of a small keypad (Targus, USA). Throughout the
experiment, participants’ eye-movements and fixations were monitored using Tobii

Eyex eyetracking system (Tobii, Sweden).
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3.4.2 Stimuli

Spatial auditory stimuli (100 ms duration) were created by convolving a burst of
white noise (with 5 ms onset and offset ramps) with spatially selective head-related
transfer functions (HRTFs) based on the KEMAR dummy head of the MIT Media
Lab*® (http://sound.media.mit.edu/resources/KEMAR html). Visual stimuli (i.e. the
so-called ‘flashes’) were white discs (radius: 0.88° visual angle, luminance: 196 cd/m2,
100 ms duration) presented on a grey background. Both auditory and visual stimuli
were presented at £10° of visual angle along the azimuth (0° of vertical visual angle).
A fixation cross was presented in the centre of the screen throughout the entire
experiment. In Experiment 2, two types of stimuli were presented, target and non-
targets. Targets were identical to the non-targets, except that a brief gap (10 ms) was
inserted after 45 ms.

Prior to the main experiment, participants were tested for their ability to
discriminate left and right auditory stimuli in a brief series of 20 trials in a 2-alternative
forced choice task. Participants indicated their spatial discrimination response (i.e.
‘left’ vs. ‘right’) via a two choice key press (group mean accuracy was 99.3% + 1.7%

SD in Experiment 1 and 98% + 2.2% SD in Experiment 2).

3.4.3 Experiment 1

3.4.3.1 Participants

Sixteen healthy subjects (5 males, 11 females; mean age = 20.06 years; range
18-27 years; 15 right-handed) participated in experiment 1. The sample size was
determined based on previous studies investigating attention/expectation®#6-8-10.31.32

and/or multisensory integration®’?®. All participants had normal or corrected to normal

vision and reported normal hearing. In experiment 1, one participant was excluded
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post-hoc from the analysis because the overall performance accuracy on the target
detection task was lower than 2 SD of the group mean (i.e. the across subjects’ mean
= 98.2% correct). All participants provided written informed consent and were naive
to the aim of the experiment. The study was approved by the local ethics committee of
the University of Birmingham (Science, Technology, Mathematics and Engineering
(STEM) Ethical Review Committee) and the experiment was conducted in accordance

with these guidelines and regulations.

3.4.3.2 Design and procedure

Experiment 1 investigated the effect of auditory spatial attention and expectation
on detection of auditory and visual targets using a 2 (auditory spatial attention: left vs.
right hemifield) x 2 (auditory spatial expectation: left vs. right hemifield) x 2 (stimulus
modality: auditory vs. visual) x 2 (stimulus location: left vs. right hemifield) factorial
design (see Figure 3.1a). For the design figure, analysis and results, we pooled over
the factor ‘stimulus location’ to provide a more succinct 2 (attention: attended vs.
unattended hemifield) x 2 (expectation: expected vs. unexpected hemifield) x 2
(stimulus modality: auditory vs. visual) design. Auditory spatial expectation was
manipulated as auditory spatial signal probability in the left and right hemifields across
experimental sessions that were performed on different days. Observers were not
informed about those probabilities, but learnt them implicitly. Auditory spatial
attention was manipulated as ‘task-relevance’, i.e. the requirement to respond to an
auditory target in the left vs. right hemifield over runs of 80 trials. Prior to each run a
cue (duration: 2000 ms) informed the observer whether to respond to auditory targets
either in the left or right hemifield. Critically, spatial attention and expectation were
manipulated only in audition but not vision. Hence, observers needed to respond to all

visual targets that were presented with equal probabilities in either spatial hemifield.
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Each trial (SOA: 2300 ms) included three time windows (see Figure 3.1c): i.
fixation cross alone (700 ms duration), ii. brief flash or sound (stimulus duration: 100
ms) and iii. fixation cross alone (1500 ms as response interval). Observers responded
to the auditory stimuli in the attended hemifield and to the visual stimuli via key press
with the same index finger (i.e. the same response for all auditory and visual stimuli)
as fast and accurately as possible. They fixated the cross in the centre of the screen that
was presented throughout the entire experiment with their fixation performance
monitored via eye tracking.

Two sessions (i.e. spatial expectation left vs. right on different days) included 12
attention runs with 80 trials each. Runs were of two types: in run type A (coded in blue
in Figure 3.1a and 3.1b) spatial attention and expectation were congruent (i.e. spatial
attention was directed to the hemifield with higher auditory target frequency); in run
type B (coded in green) spatial attention and expectation were incongruent (i.e.
attention was directed to the hemifield with less frequent auditory stimuli). Thus, in
total the experiment included 80 trials x 12 attention runs (6 runs of type A and 6 runs
of type B) x 2 expectation sessions = 1920 trials in total. Specifically, each run type
overall included 384 auditory targets for the expected hemifield (pooled over left and
right) and 96 auditory targets for the unexpected hemifield (pooled over left and right).
Each run type also included 240 visual targets for the expected hemifield and 240
visual targets for the unexpected hemifield (pooled over left and right). For further
details see Figure 3.1b which shows the absolute number of trials for each condition
and run type.

The order of expectation (i.e. left vs. right) sessions was counterbalanced across
participants; the order of attention runs was counterbalanced within and across

participants and the order of stimulus location and stimulus modality were pseudo-
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randomized within each participant. Brief breaks were included after every two
attention runs to provide feedback to participants about their performance accuracy
(averaged across all conditions) in the target detection task and about their eye-
movements (i.e. fixation maintenance).

Prior to each session, participants were familiarized with the stimuli in brief
practice runs (with equal spatial signal probability) and trained on target detection
performance and fixation (i.e. a warning signal was shown when the disparity between
the central fixation cross and the eye-data samples exceeded 2.5 degrees). After the
final session participants indicated in a questionnaire whether they thought the sound
or the flash were presented more frequently in one of the two spatial hemifields. Fifteen
out of the total 16 participants correctly reported that the auditory stimuli were more
frequent in one hemifield and all participants reported the visual stimuli to be equally
frequent across the two hemifields, suggesting that most participants were aware of

the manipulation of signal probability in experiment 1.

3.4.4 Experiment 2

3.4.4.1 Participants

Twenty-four new healthy subjects (5 males, 19 females; mean age = 20.54; range
18-40 years; 20 right-handed) took part in experiment 2. The sample size was increased
compared to experiment 1, because the number of targets (i.e. trials requiring a
response) in the condition with the minimal number of targets was half the number of
targets in the same condition of experiment 1 (48 versus 96, compare Figure 3.1b and
3.2b). All participants had normal or corrected to normal vision and reported normal
hearing. Three participants were excluded post-hoc from the analysis because their
overall performance accuracy on the target detection task was lower than 2 SD of the

group mean (i.e. the across subjects’ mean = 98% correct). All participants provided
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written informed consent and were naive to the aim of the experiment. The study was
approved by the local ethics committee of the University of Birmingham (Science,
Technology, Mathematics and Engineering (STEM) Ethical Review Committee) and

the experiment was conducted in accordance with these guidelines and regulations.

3.4.4.2 Design and procedure

Experiment 2 again investigated the effect of auditory spatial attention and
expectation on detection of auditory and visual targets using a 2 (auditory spatial
attention: left vs. right hemifield) x 2 (auditory spatial expectation: left vs. right
hemifield) x 2 (stimulus modality: auditory vs. visual) x 2 (stimulus location: left vs.
right hemifield) x 2 (stimulus type: target vs. non-target) factorial design (see Figure
3.2a). For the design figure, analysis and results, we pooled over the factor ‘stimulus
location’ to provide a more succinct 2 (attention: attended vs. unattended hemifield) x
2 (expectation: expected vs. unexpected hemifield) x 2 (stimulus modality: auditory
vs. visual) x 2 (stimulus type: target vs. non-target) design.

As in experiment 1, we manipulated spatial attention and expectation in audition
alone and investigated its effect on response times to auditory and visual stimuli.
Critically, in contrast to experiment 1, experiment 2 manipulated spatial expectation
not directly via the frequency of auditory targets, but indirectly via the frequency of
auditory non-targets across the two hemifields on different days. Thus, experiment 2
included two sets of stimuli for both auditory and visual modalities: targets and non-
targets. The non-targets were identical to the stimuli in experiment 1. The targets were
flashes or sounds with a 10 ms gap introduced after 45 ms, but otherwise identical to
the non-targets. The non-targets never required a response in any sensory modality
irrespective of hemifield. They were introduced to manipulate auditory stimulus

expectation, i.e. auditory stimulus probability across the two hemifields, such that the
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general response probability was held constant across all conditions®? (see Figure 3.2a
and below for further explanation). Again observers were not informed about those
probabilities, but learnt them implicitly. Auditory spatial attention was manipulated as
‘task-relevance’, i.e. the requirement to respond to auditory targets in the left vs. right
hemifield over runs of 96 trials. Prior to each run a cue (duration: 2000 ms) informed
observers whether to respond to auditory targets either in the left or right hemifield.
Critically, spatial attention and expectation were manipulated only in audition but not
vision. Hence, observers needed to respond to all visual targets that were presented
with equal probabilities in both spatial hemifields.

As shown in Figure 3.2¢, the sequence and timing of a trial were identical to
experiment 1. In experiment 2, observers responded only to the auditory targets (i.e.
double sound) in the attended hemifield and the visual targets (i.e. double flash) via
key press with the same index finger (i.e. the same response for all auditory and visual
targets) as fast and accurately as possible.

As in experiment 1, two sessions (i.e. spatial expectation left vs. right on
different days) included 12 attention runs with 96 trials each. Runs were of two types:
in A (coded in blue in Figure 3.2a and 3.2b) spatial attention and expectation were
congruent (i.e. spatial attention was directed to the hemifield with higher auditory
stimuli frequency), whereas in run B (coded in green) spatial attention and expectation
were incongruent (i.e. attention was directed to the hemifield with less frequent
auditory stimuli). Thus, in total the experiment included 96 trials x 12 attention runs
(6 run of type A and 6 runs of type B) x 2 expectation sessions = 2304 trials in total.
Specifically, each run type overall included 384 auditory non-targets for the expected
hemifield (pooled over left and right) and 96 auditory non-targets for the unexpected

hemifield (pooled over left and right). Each run type also included 240 visual non-
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targets for the expected hemifield and 240 visual non-targets for the unexpected
hemifield (pooled over left and right). Further, each run type included 48 auditory and
48 visual targets for the expected hemifield and 48 auditory and 48 visual targets for
the unexpected hemifield. For further details see Figure 3.2b which shows the absolute
number of trials for each condition and run.

The procedural details (e.g. counterbalancing, eye tracking, post-questionnaire)
were otherwise comparable to experiment 1. Eight out of 24 participants correctly
reported that the auditory stimuli were more frequent in one hemifield and 23 out of
24 participants reported the visual stimuli to be equally frequent across the two
hemifields, suggesting that most participants were not explicitly aware of the
manipulation of signal probability in experiment 2. Most likely, participants were less
aware of the expectation manipulation in experiment 2 than experiment 1 because
signal probability was manipulated only for the task-irrelevant non-targets. Further,
the inclusion of target and non-target stimuli in the same paradigm increased the

stimulus variability making the expectation manipulation less apparent.

3.4.5 Experiments 1 and 2: Spatial signal, general response and spatially

selective response probability

Both experiments 1 and 2 orthogonally manipulated spatial attention (i.e.
response requirement) and expectation (i.e. spatial signal probability). Yet, while
experiment 1 manipulated spatial signal probability (i.e. the probability of a signal
irrespective of sensory modality in the left or right hemifield) directly via the
probability of task-relevant auditory targets across hemifields (see left bar plot of
Figure 3.1d and Supplementary Table 8.1), experiment 2 manipulated it indirectly via
additional task-irrelevant auditory non-targets that never required a response (see left

bar plot of Figure 3.2d and Supplementary Table 8.1). As a result, the two experiments
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were associated with different profiles of i. the general response probability (i.e. the
probability that the observer needs to make a response irrespective of the hemifield in
which the signal is presented, see middle bar plot of Figure 3.1d and 3.2d and
Supplementary Table 8.1) and ii. the spatially selective response probability (i.e. the
probability that the observer needs to make a response conditioned on that the signal
is presented in a particular hemifield, see right bar plot of Figure 3.1d and 3.2d and
Supplementary Table 8.1).

In experiment 1, the general response probability is greater in the run type A
(coded in blue in the middle bar plot of Figure 3.1d), where spatial attention and
expectation are congruent (i.e. spatial attention is directed to the hemifield with higher
auditory target frequency), than in run type B (coded in green), where spatial attention
and expectation are incongruent (i.e. attention is directed to the hemifield with less
frequent auditory stimuli). Likewise, the spatially selective response probability
changes across conditions co-determined by auditory spatial attention and spatial
signal probability (right bar plot of Figure 3.1d).

Experiment 2 manipulated auditory spatial expectation via additional non-targets
that never require a response. As a consequence, the general response probability is
held constant throughout the entire experiment (see middle bar plot of Figure 3.2d).
Further, the increase in spatial signal probability in the expected hemifield inherently

decreases the spatially selective response probability (see right bar plot of Figure 3.2d).

3.4.6 Experiment 1 and 2: Data analysis

3.4.6.1 Eye movement analysis
We excluded trials where participants did not successfully fixate the central cross
based on a dispersion criterion (i.e. distance of fixation from subject’s centre of

fixation as defined in calibration trials > 1.3 degrees for three subsequent samples*”)
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(an additional analysis including all trials yielded basically equivalent results). Our eye
tracking data confirmed that participants successfully maintained fixation in both
experiments with only a small number of trials to be excluded (experiment 1: excluded
auditory response trials 2.9% = 1% [across subjects mean = SEM]; excluded visual
response trials 2.8% + 1% [across subjects mean + SEM]; experiment 2: excluded
auditory response trials 4.4% = 1.6% [across subjects mean = SEM]; excluded visual

trials 4.6% =+ 1.5% [across subjects mean = SEM]).

3.4.6.2 Response choice and time analysis

Using signal detection theory we reported hit rates for experiment 1 and
experiment 2 and d-prime (Z(hit rate) - Z(false alarm rate)) as well as bias (-0.5[Z(false
alarm rate) + Z(hit rate)]) for the visual modality for experiment 2. D-prime and bias
could not be computed for experiment 1 (because non-target trials were not included
in the paradigm) and for auditory modality of experiment 2 (because participants did
not make any false alarms in the +att-exp condition). Response time analysis was
limited to correct trials only and response times within the range of participant- and
condition-specific mean £ two SD and <1500 m:s.

General linear models fitted independently for each experiment. Inference was
initially made separately for each experiment at the random effects level to allow for
generalization to the population. For auditory targets in the attended hemifield,
condition-specific hit rate (experiment 1), d-prime and bias (experiment 2), and
median response times (experiment 1 and 2) for each subject were entered into a two-
sided paired-sample t-tests with expectation (expected, unexpected) as factor. For
visual targets, condition-specific hit rate (experiment 1), d-prime and bias (experiment
2), and median response times (experiment 1 and 2) for each subject were entered into

a 2 (attention: attended, unattended) x 2 (expectation: expected, unexpected) repeated
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measures analysis of variance (ANOVA). Please note that the computation of d-prime
and bias was not possible for experiment 1, because non-target trials were not included
in the paradigm. Unless otherwise indicated, we only report effects that are significant
at p <0.05.

Generalized mixed effects model fitted jointly to both experiments: To identify a
model that parsimoniously explains the data jointly from both experiments, we used
generalized mixed effects models across both experiments and Bayesian model
comparison. We specified six generalized mixed effects models that were organized
in a 3 (combination of predictors, as in Figure 3.1d and 3.2d and Supplementary Table
8.1) x 2 (probabilities: linear vs. log-transformed) factorial model space. The first
factor specified the set of fixed effects predictors:

Traditional Model 1: i. spatial attention: categorical dummy variable encoding
whether or not stimulus is presented in the attended hemifield, ii. spatial expectation:
signal probability of the hemifield where the stimulus is presented, iii. interaction
between spatial attention and expectation.

Model 2: 1. spatial attention: categorical dummy variable encoding whether or
not stimulus is presented in attended hemifield, 11. general response probability:
probability that the participants need to respond to the stimulus prior to knowing where
the stimulus is presented, i.e. this probability does not depend on the spatial location
of the stimulus, iii. spatially selective response probability: probability that the
participants need to respond given that the stimulus is presented in a particular
hemifield, i.e. this probability depends on spatial location.

Model 3: Model 2 with the added regressor iv. spatial expectation: signal

probability of the hemifield where the stimulus was presented.
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The second factor specified whether the probabilities encoded in the regressor
predicted response times in a linear or log-transformed fashion to accommodate
previous evidence that response times may be non-linearly related to stimulus
probability™*,

All six models also included a fixed effects regressor encoding the sensory
modality (i.e. auditory vs. visual) of the stimulus. Furthermore, they modelled subject
and experiment as random effects to account for the higher order organization into two
experiments.

We fitted these six models jointly to the data from experiment 1 and 2 using
maximum likelihood estimation and compared the non-nested models using the
Bayesian information criterion (BIC) as an approximation to the model evidence. We
fitted the winning model again to the data from both experiments using restricted
maximum likelihood estimation to obtain unbiased estimates for generating the model

predictions shown as grey crosses in Figure 3.1e and 3.2¢ (see guidelines in *°)
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ABSTRACT

In our multisensory environment, our brain needs to combine signals in multiple
sensory modalities into a coherent percept. Spatial attention is a top-down mechanism
which contributes to perceptual decisions by prioritizing processing of sensory signals
that are task-relevant. Previous studies showed that signals in different sensory
modalities which are in spatial proximity share attentional resources. However, by
manipulating attention via signal probability over space, these studies confounded
attention and expectation.

In two experiments within-subjects we orthogonally manipulated spatial attention (i.e.
task-relevance) and expectation (i.e. stimulus probability) selectively in audition
(experiment 1) or vision (experiment 2) and evaluated their modality-specific effects
(i.e., in audition in experiment 1) and their crossmodal effects (i.e., in vision in
experiment 1). Synergistic behavioural effects of attention and expectation (i.e.,
response probability effects) were found crossmodally in both audition and vision as
secondary modalities. Further, we showed that modality-specific effects of response
probability in audition emerged later in time than in vision. We discussed this result in

terms of sensory reliability of the target stimuli.

Keywords:
modality-specific - crossmodal - audition - vision - spatial attention - spatial expectation

- response probability
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4.1 INTRODUCTION

Our brain is constantly exposed to auditory and visual signals. For efficient
interactions with the environment, it therefore needs to create a coherent representation
of such multisensory information. Critically, attention is a top-down mechanism which
contributes to selection of information that is task relevant, by increasing the precision
of perceptual inference (Rao, 2005; Carrasco, 2011). Consequently, attention
facilitates perception (e.g., faster reaction times, improved accuracy, van Ede et al.,
2012) of: i. signals in the attended sensory modality (i.e., modality specific attention,
Odegaard et al., 2016), ii. attended objects or features (i.e., object and feature-based
attention, Saenz et al., 2002; Soto & Blanco, 2004), iii. signals presented at the
attended location (i.e., spatial attention, Macaluso & Doricchi, 2013). The question
arises as to whether different attentional resources are available for different sensory
modalities (i.e., modality-specific effects of attention). Previous studies showed that,
when space becomes relevant and signals are in spatial proximity, attentional resources
are consistently shared across sensory modalities (Eimer & Driver, 2001; Wahn &
Konig 2015, 2017). For instance, Spence & Driver (1996) manipulated spatial
attention (i.e. signals were presented in the attended or unattended hemifield) in one
modality only (e.g., audition) and showed behavioural facilitation for attended signals
not only for the modality where attention was directly manipulated (i.e., primary
modality) but also for the secondary modality where attention was not directly
manipulated (e.g., vision). Their results demonstrate that the auditory and visual spatial
attention systems are linked. This conclusion is further confirmed by neuroimaging

studies showing increased activations in frontoparietal and sensory cortices for
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attention orienting irrespective of stimulus modality (Macaluso et al. 2000, 2002a,
2002b; Macaluso & Driver 2001, 2005; Calvert, 2001).

Importantly, a fully supramodal attention system would entail qualitatively and
quantitatively identical effects across different sensory modalities. Conversely,
previous studies revealed that the magnitude of spatial attentional effects is larger in
the primary than in the secondary modality (Spence & Driver, 1996; Mondor &
Amirault, 1998). These results are at odds with the hypothesis that the attention system
may be fully supramodal, and suggest that attention effects spread across sensory
modalities in an attenuated fashion (Driver & Spence, 1998).

Critically, if spatial attention is not fully supramodal and modality-specific
effects can be observed in perception and decision-making, attention may differently
interact with the sensory-specific properties of the signal and asymmetric crossmodal
behavioural effects may be observed, e.g., generalization of attention effects from
vision to audition but not vice versa (Ward at al., 2000). In particular, audition and
vision differ in terms of spatial resolution. The tonotopic auditory system is
characterized by a poorer spatial resolution than the retinotopic visual system (Mondor
& Zatorre, 1995), thus modality-specific and crossmodal effects may potentially
decrease when spatial attention is manipulated in audition. Consequently, asymmetric
effects may not depend on attentional processing per se but rather on the interaction
between attention and different sensory systems (for similar conclusions, Spence &
Driver, 1997).

One further aspect deserves consideration. Previous studies investigating
crossmodal properties of attention often conflated attention with expectation by
manipulating spatial attention via signal probability (i.e., by employing the Posner

task, Posner, 1980) (Spence and Driver, 1996, 1997). Similarly to attention,
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expectation (or signal probability) facilitates perception (Rohenkohl et al., 2014) by
encoding the statistical structure of the environment (Summerfield & Egner, 2009).
When these two processes are operationally confounded, modality-specific and
crossmodal behavioural effects of spatial attention cannot be separated from that of
spatial expectation and conclusions about each single process cannot be drawn.

In this study we orthogonally manipulated spatial attention (i.e. task-relevance)
and expectation (i.e. signal probability) across the two hemifields and we investigated
modality-specific and crossmodal behavioural effects of such manipulation. In
particular, in two (within participants) experiments we (1) manipulated spatial
attention and expectation in the auditory modality and evaluated their effects on
detection of auditory and visual signals (experiment 1) and (2) manipulated spatial
attention and expectation in the visual modality and evaluated their effects on detection
of visual and auditory signals (experiment 2). This approach allowed us to separately
analyse modality-specific and crossmodal effects of spatial attention and expectation.
By comparing behavioural effects of our two experiments, we observed qualitatively
similar synergistic effects of attention and expectation in audition and vision.
However, we showed that such effects differed quantitatively across sensory
modalities. We demonstrated that this difference can be accounted for in terms of

sensory-specific probability learning over time.

4.2 MATERIALS AND METHODS

4.2.1 Participants
Twenty-eight healthy subjects (19 females; mean age = 25.57 years; range 18—
60 years, 24 right-handed) participated in the study (experiment 1 and experiment 2,

within participants). A power analysis (G*, Faul et al., 2009) showed that at least 14
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and 26 subjects were needed to detect effect sizes (i.e., Cohen’s day) of 0.18 and 0.20
respectively, with a power (1-f) of 0.8 and o = 0.05. These effect sizes were estimated
for the significant simple main effects in a previous study that we conducted with the
same experimental design (Zuanazzi & Noppeney, 2018). Thus, data collection was
terminated as soon as 28 participants had undergone the study. All participants had
normal or corrected to normal vision and reported normal hearing. All participants
provided written informed consent and were naive to the aim of the study. The study
was approved by the local ethics committee of the University of Birmingham (Science,
Technology, Mathematics and Engineering (STEM) Ethical Review Committee) and

the experiment was conducted in accordance with these guidelines and regulations.

4.2.2 Stimuli and Apparatus

Spatial auditory stimuli of 100 ms duration were created by convolving five
different bursts of white noise (with 5 ms onset and offset ramps) with spatially
selective head-related transfer functions (HRTFs) based on the KEMAR dummy head
of the MIT Media Lab (http://sound.media.mit.edu/resources/KEMAR html). Visual
stimuli (‘flashes’) were white discs (radius: 0.88° visual angle, luminance: 196 cd/m2)
of 100 ms duration presented on a grey background. Both auditory and visual stimuli
were presented at £10° of horizontal visual angle along the azimuth (0° of vertical
visual angle). Throughout the entire experiment, a fixation cross was presented in the
centre of the screen.

Prior to the beginning of the study, participants were tested for their ability to
discriminate left and right auditory stimuli on a brief series of 20 trials. They indicated
their spatial discrimination response (i.e., ‘left’ vs ‘right’) via a two-choice key press

(group mean accuracy was 99% = 0.4% [across subjects mean = SEM]).
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During the experiment, participants rested their chin on a chinrest with the height
held constant across all the participants. Auditory stimuli were presented at
approximately 72 dB SPL, via HD 280 PRO headphones (Sennheiser, Germany).
Visual stimuli were displayed on a gamma-corrected LCD monitor (2560 x 1600
resolution, 60 Hz refresh rate, 30" Dell UltraSharp U3014, USA), at a viewing distance
of approximately 50 cm from the participant’s eyes. Stimuli were presented using
Psychtoolbox version 3 (Brainard, 1997; www.psychtoolbox.org), running under
Matlab R2014a (Mathworks Inc., Natick, MA, USA) on a Windows machine.
Participants responded to all stimuli with the same index finger of their dominant hand.
Responses were recorded via one key of a small keypad (Targus, USA). Throughout
the study, participants’ eye-movements and fixation were monitored using Tobii Eyex

eyetracking system (Tobii, Sweden).

4.2.3 Design and Procedure

Experiment 1 investigated the effect of auditory spatial attention and expectation
on detection of auditory (i.e., primary modality) and visual (i.e., secondary modality)
targets using a 2 (auditory spatial attention: left vs right) x 2 (auditory spatial
expectation: left vs right) x 2 (stimulus modality: auditory vs visual) x 2 (stimulus
location: left hemifield vs right hemifield) factorial design; experiment 2 investigated
the effect of visual spatial attention and expectation on detection of visual (i.e., primary
modality) and auditory (i.e., secondary modality) targets using a 2 (visual spatial
attention: left vs right) x 2 (visual spatial expectation: left vs right) x 2 (stimulus
modality: visual vs auditory) x 2 (stimulus location: left hemifield vs right hemifield)
factorial design.

Spatial attention was manipulated for the primary modality as task-relevance,

i.e. the requirement to respond to an auditory (experiment 1) or a visual (experiment
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2) target in the left vs right hemifield over runs of 80 trials. Prior to each run a cue
(duration: 2000 ms) informed the observer whether to respond to targets in either their
left or right hemifield. Spatial expectation was manipulated as spatial signal
probability for signals in the primary modality across experimental sessions that were
performed on different days. Auditory (experiment 1) or visual (experiment 2) signals
were presented with a ratio of 2.33/1 (i.e., 70%, 30%) in the expected/unexpected
hemifield. Observers were not informed about those probabilities, but learnt them
implicitly. Conversely, spatial attention and expectation were not directly manipulated
in the secondary modality. Thus, participants needed to respond to all visual targets
(experiment 1) or auditory targets (experiment 2) presented with equal probabilities in
their spatial hemifields (i.e., ratio 1/1 in the expected/unexpected hemifields) (Fig.
4.1A and 4.1B). Overall participants’ accuracy in target detection (i.e., percentage of
hits + correct rejections) was: experiment 1: 98.3% + 0.2% [across subjects mean +
SEM]; experiment 2: 98.6% = 0.2% [across subjects mean = SEM].

Each trial (SOA: 2300 ms) included three time windows: 1. fixation cross alone
(700 ms duration), ii. brief sound or flash (stimulus duration: 100 ms) and iii. fixation
cross alone (1500 ms as response interval). Participants responded only to the targets
in the primary modality presented in the attended hemifield and to targets in the
secondary modality in either hemifield via key press with the same index finger (i.e.,
the same response for all auditory and visual stimuli) as fast and accurately as possible
(Fig. 4.1C). Their fixation performance was monitored via eye tracking.

Each experiment included two sessions (i.e. spatial expectation left vs right on
different days), for an overall of 4 sessions. Each session included 12 attention runs
with 80 trials (duration: 3 mins/run). Runs were of two types: in run type A (Fig. 4.1A

and 4.1B) spatial attention and expectation were congruent (i.e. spatial attention was
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directed to the hemifield with higher stimulus frequency); in run type B spatial
attention and expectation were incongruent (i.e. spatial attention was directed to the
hemifield with less frequent stimuli).

Overall, each experiment included 80 trials x 12 attention runs (6 runs of type A
and 6 runs of type B) x 2 expectation sessions = 1920 trials in total (and 3840 for the
whole study). Specifically, each run type included, for the primary modality, 336
targets presented in the expected hemifield (pooled over left and right) and 144 targets
in the unexpected hemifield (pooled over left and right). Each run type also included,
for the secondary modality, 240 targets presented in the expected hemifield and 240
targets in the unexpected hemifield (pooled over left and right). For further details see
Fig. 4.1B which shows the absolute number of trials for each condition and run type.

The order of experiment 1 and 2 and of expectation (i.e. left vs right) sessions
was counterbalanced across participants; the order of attention runs was
counterbalanced within and across participants and the order of stimulus location and
stimulus modality was pseudo-randomized within each participant. Brief breaks were
included after every two attention runs to provide feedback to participants about their
performance accuracy (averaged across all conditions) in the target detection task and
about their eye-movements (i.e. fixation maintenance). Prior to each session,
participants were familiarized with the stimuli in brief practice blocks (with equal
spatial signal probability) and trained on target detection performance and fixation (i.e.
a warning signal was shown when the disparity between the central fixation cross and
the eye-data samples exceeded 2.5 degrees). After the final session (for half of the
participants it corresponded to the second session of experiment 1 and for the other
half to the second session of experiment 2) participants indicated in a questionnaire

whether they thought the stimuli in the primary modality were presented more
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frequently in one of the two spatial hemifields. 10 out of 14 participants in experiment
1 and 11 out of 14 participants in experiment 2 correctly identified the expectation
manipulation in the primary modality. Moreover, 13 out of 14 participants in
experiment 1 and 13 out of 14 in experiment 2 correctly reported that stimuli in the
secondary modality were presented with equal probabilities across the two hemifields.
These data suggest that most participants were aware of th manipulation of signal

probability in both experiments.
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Figure 4.1: Experiment 1: Design and example trials.

A. Auditory spatial attention and expectation (i.e. signal probability) were manipulated
in a 2 (auditory modality — orange, vs visual modality — blue) x 2 (attended hemifield
vs unattended hemifield) x 2 (expected hemifield vs unexpected hemifield) factorial
design. For illustration purposes, stimulus locations (left/right) were collapsed.
Presence vs absence of response requirement is indicated by the hand symbol,
probability manipulation is indicated by the %. B. Number of auditory (orange) and
visual (blue) trials in the 2 (attended vs unattended) x 2 (expected vs unexpected)
design. The bar plots are filled (i.e. a response is required) or not filled (i.e. no response
is required). The fraction of filled area for each bar represents the probability that the
observer needs to respond conditioned on that the signal is presented in a particular
hemifield (i.e., ‘spatially selective response probability’). The fraction of filled area
pooled over the two bars of one particular run type (e.g. run type A) represents the
probability that the observer needs to respond irrespective of the hemifield in which
the signal is presented (i.e., ‘general response probability’); general response
probability is greater for run type A, where attention and expectation are congruent.
C. Example of two consecutive trials of Experiment 1: at the beginning of each block,
a cue informed participants whether to attend and respond to auditory signals

selectively in their left or right hemifield throughout the entire block. On each trial
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participants were presented with an auditory or visual stimulus (100 ms duration)
either in their left or right hemifield. They were instructed to respond to auditory
stimuli only in the ‘attended’ hemifield and to all visual stimuli irrespective of
hemifield as fast and accurately as possible with the same finger. The response window
was limited to 1500 ms. Participants were not explicitly informed that auditory signals
were more likely to appear in one of the two hemifields. Instead, spatial expectation
was implicitly learnt over runs. In experiment 1 audition was the primary modality and
vision was the secondary modality.

Note. Design and procedure of experiment 2 were identical to that of experiment 1,
except that attention and expectation were manipulated in vision, thus vision is the

primary modality and audition was the secondary modality.
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4.2.4 Data analysis

4.2.4.1 Eye movement: exclusion criteria

We excluded trials where participants did not successfully fixate the central cross
based on a dispersion criterion (i.e. distance of fixation from subject’s centre of
fixation, as defined in calibration trials, > 1.3 degrees for three subsequent samples,
Blignaut, 2009). Our eye tracking data confirmed that participants successfully
maintained fixation in both experiments with only a small number of trials to be
excluded (experiment 1: excluded auditory response trials 1.8% = 0.5% [across
subjects mean £ SEM]; excluded visual response trials 1.7% % 0.5% [across subjects
mean + SEM]; experiment 2: excluded auditory response trials 2.7% = 0.9% [across
subjects mean = SEM]; excluded visual response trials 2.7% + 1% [across subjects

mean + SEM]).

4.2.4.2 Response time analysis

Response time (RT) analysis was limited to trials where RT did not exceed 1500
ms. To evaluate the effects of spatial attention and expectation and their crossmodal
generalization and to qualitatively compare the two experiments, separately for each
experiment median RT for attended auditory (experiment 1) or visual (experiment 2)
targets for each subject were entered into a two-sided paired-sample t-test with spatial
expectation (expected vs unexpected stimulus) as factor. Moreover, separately for each
experiment median RT for visual (experiment 1) or auditory (experiment 2) targets for
each subject were entered into a 2 (spatial attention: attended vs unattended stimulus)
x 2 (spatial expectation: expected vs unexpected stimulus) repeated measures analysis
of variance (rmANOVA). Unless otherwise indicated, we only report effects that are

significant at p < 0.05.
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To quantitatively evaluate the magnitude of modality-specific vs crossmodal
effects of expectation in function of sensory modality (n.b. given our design where
participants responded only to attended targets in the primary modality, the effect of
modality-specific attention could not be quantitatively evaluated for the primary
modality), we combined the two experiments: for each subject the difference of
median RT (ART) between unexpected and expected targets presented in the attended
hemifield were entered into a 2 (effect type: modality-specific, crossmodal) x 2
(stimulus modality: audition, vision) rmANOVA.

Finally, modality-specific effects in the primary modality were further analysed
from a temporal perspective. For each subject and for each primary modality, the
difference of ART between unexpected and expected targets presented in the attended
hemifield was calculated over six chunks of 160 trials and entered in a rmANOVA
with stimulus modality (audition, vision) and temporal chunks (1 to 6 in temporal
order) as factors. Temporal chunks included stimuli presented between breaks, pooled

over sessions 1 and 2.

4.3 RESULTS

4.3.1 Modality-specific and crossmodal effects of attention and expectation

In experiment 1, participants responded to auditory targets presented in their
attended hemifield and to all visual targets. In experiment 2, participants responded to
visual targets presented in their attended hemifield and to all auditory targets. We
observed qualitatively similar modality-specific and crossmodal effects in experiment
1 and 2. Table 4.1 displays RT (across participants’ mean = SEM) for the auditory and
visual modality for the two experiments. For the primary modality, the two-sided

paired-sample t-tests showed significantly faster RT in the attended hemifield, when
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this hemifield was expected than unexpected (experiment 1, auditory modality: #(27)
=-2.83, p =0.009, Cohen’s da [95% CI] =-0.16 [-0.27 , -0.04]; experiment 2, visual
modality: #27)=-9.62, p <0.001, Cohen’s d. [95% CI] =-0.35[-0.47 , -0.23]) (Table
4.1, Fig. 4.2A and 4.2B). For the secondary modality, the 2 (attended vs unattended)
x 2 (expected vs unexpected) rmANOVAs revealed a significant main effect of
attention (experiment 1, visual modality: F(1, 27) = 72.08, p < 0.001, ,> [90% CI] =
0.73 [0.55, 0.80]; experiment 2, auditory modality: F(1, 27) = 36.91, p < 0.001, #,?
[90% CI] =0.58 [0.34, 0.70]). Participants responded faster to targets in their attended
than unattended hemifields, suggesting that the effect of attention generalized
crossmodally, as in the secondary modality attention was not directly manipulated.
Moreover, a significant crossover interaction between attention and expectation was
observed (experiment 1, visual modality: F(1,27) = 10.09, p = 0.004, 1,* [90% CI] =
0.27 [0.06, 0.46]; experiment 2, auditory modality: F(1, 27) = 44.10, p < 0.001, 7,
[90% CI] = 0.62 [0.40, 0.73]). The simple main effects showed that participants
responded significantly faster to targets in the attended hemifield when this hemifield
was expected than unexpected (experiment 1, visual modality: #(27) =-2.81, p=0.009,
Cohen’s dav [95% CI] =-0.08 [-0.15 , -0.02]; experiment 2, auditory modality: #27) =
-5.96, p < 0.001, Cohen’s du [95% CI] = -0.14 [-0.19 , -0.08]). These results
correspond to the response profile we observed for targets in the primary modalities,
suggesting that also the effect of expectation generalized crossmodally. By contrast,
participants responded significantly more slowly to targets in the unattended
hemifield, when this hemifield was expected than unexpected (experiment 1, visual
modality: #27)=2.56,p=0.017, Cohen’s du [95% CI] =0.09 [0.02, 0.17]; experiment
2, auditory modality: #27) = 5.53, p < 0.001, Cohen’s d. [95% CI] = 0.18 [0.10 ,

0.26]) (Table 4.1, Fig. 4.2A and 4.2B).
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Table 4.1: Group mean reaction times (RT) for each stimulus modality in each
condition requiring a response for experiment 1 (primary modality: audition) and
experiment 2 (primary modality: vision).

Standard errors (SEM) are given in parentheses.

Auditory modality Visual modality

+att tatt t+att tatt -att -att
Experiment 1 ~ texp -exp +exp -exp +exp -exp
RT (ms) 599.7 616.2 514.4 522.1 583.8 574.4
(SEM) (20.1) (19.2) (16.9) (16.9) (18.5) (18.9)

Visual modality Auditory modality

tatt +att +att +att -att -att
Experiment 2 +exp -eXp +exp -eXp +exp -exp
RT (ms) 526.3 561.8 527.4 542.1 605.2 581.3
(SEM) (17.9) (19.9) (20.2) (20) (25.7) (24.2)

4.3.2 Magnitude of modality-specific and crossmodal effects of expectation (for
attended targets)

In the previous analysis we qualitatively showed that behavioural effects of
attention and expectation generalised crossmodally. Here, we further explored these
results from a quantitative perspective by directly comparing the magnitude of the
crossmodal effects in the two experiments. The effects of attention cannot be compared
across primary and secondary modality as in the primary modality unattended targets
were not responded to. Thus, we limited this analysis to the effect of expectation for
the attended targets. The 2 (effect type) x 2 (stimulus modality) rmANOV A revealed a

significant main effect of effect type (F(1,27) = 18.03, p < .001, #,> [90% CI] =0 .40
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[0.16, 0.56]), showing larger modality-specific effects than crossmodal effects, and a
significant crossover interaction between effect type and stimulus modality (F(1,27) =
20.71, p <.001, 1,> [90% CI] = 0 .43, [0.19, 0.59]). Post-hoc comparisons showed that
(1) modality-specific effects were significantly larger than crossmodal effect when the
primary modality was vision (#(27) = 5.39, p < 0.001, Cohen’s d, [95% CI] = 1.25
[0.68, 1.81]) but only a nonsignificant trend could be observed for audition as primary
modality (Fig. 4.2C); (2) modality-specific effects were significantly larger for vision
than audition (#(27) = 3.55, p = 0.001, Cohen’s d. [95% CI] = 0.73 [0.28, 1.18]), but
no significant difference was found for crossmodal effects between the two modalities
(Fig. 4.2C); (3) while for vision modality-specific effects were significantly larger than
crossmodal effects (#(27) =7.14, p <0.001, Cohen’s da [95% CI] = 1.62,[0.99, 2.23]),
no difference was found for audition (Fig. 4.2C). These results suggest that modality
specific effects of expectation were overall larger than crossmodal effects, and this
difference was significantly larger when expectation was manipulated in vision as

primary modality.

4.3.3 Temporal aspects of modality-specific effects of expectation (for attended
targets)

In the previous analysis we showed that modality-specific and crossmodal
effects of expectation differed in relation to sensory modality. Here, we investigated
whether this difference can be explained in terms of how auditory and visual
expectations develop over time. The rmANOVA revealed a significant main effect of
modality (F(1,27)=13.28, p=0.001, 7,2 [90% CI] =0.33 [0.1, 0.51]) and a significant
modality by temporal chunks interaction (F(5, 135) = 2.57, p = 0.03, 5, [90% CI]
=0.09 [0, 0.14]). First, we unpacked the interaction by analysing the temporal chunks

effect in each primary modality. For auditory targets in experiment 1, the rmANOVA
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with temporal chunks as factor revealed a significant main effect of temporal chunks
(F(5, 135) = 2.83, p = 0.018, #,° [90% CI] =0.09 [0, 0.15]). Post-hoc pairwise
comparisons (Bonferroni-corrected for 15 multiple comparisons) revealed that the
ART between unexpected and expected auditory targets was significantly smaller at
the beginning of the session than at the end (chunk 1 [mean ART: 1 ms, SEM ART: 9
ms], vs chunk 5 [mean ART: 38 ms, SEM ART: 8§ ms]: p =0.019, chunk 2 [mean ART:
3 ms, SEM ART: 8 ms] vs chunk 5 [mean ART: 38 ms, SEM ART: 8 ms]: p =0.041)
suggesting that expectation effects for auditory targets emerged only towards the end
of the session (Fig. 4.2D, orange line). For visual targets in experiment 2, we did not
find a significant main effect of temporal chunks. This result suggests that expectation
effects for visual targets emerged right from the beginning of the session (further
confirmed by ART in chunk 1 [mean ART: 31 ms, SEM ART: 8 ms] significantly
larger than 0: #;(27) = 3.97 p; < 0.001 Cohen’s d; [95% CI] = 0.75 [0.32, 1.16]) and
remained constant throughout the session (further confirmed by ART in chunk 2, 3, 4,
5 and 6 [mean ART: 26 ms, SEM ART: 6 ms] significantly larger than 0: #2(27) = 4.77
p2<0.001 Cohen’s d>[95% CI] = 0.90 [0.45, 1.34], 13(27) = 5.01 p3 < 0.001 Cohen’s
d3 [95% CI] = 0.95[0.50, 1.39], t427) = 6.28 p+ < 0.001 Cohen’s d4 [95% CI] = 1.19
[0.70, 1.67], t5(27) = 4.94 ps < 0.001 Cohen’s d5 [95% CI] = 0.93 [0.48, 1.37], t5(27)
=4.67 ps<0.001 Cohen’s ds [95% CI] = 0.88 [0.44, 1.31]). To further investigate the
sustained effects of visual expectation over time (i.e., no difference between e.g. chunk
1 and 6), we ran a Bayesian paired-sample #-test (JASP Version 0.8.4.0, using the
default Cauchy prior) between chunk 1 and 6. These data were 4.33 more likely to
occur under the null hypothesis (i.e., ART in chunk 1 and 6 are the same) (Bayes Factor

in favour of the null hypothesis, BFo; = 4.33, i.e., moderate evidence, Jeffreys, 1961)
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relative to the alternative hypothesis (i.e., ART in chunk 1 and 6 are different) (Fig.
4.2D, blue line).

Second, to verify whether modality-specific effects of auditory expectation
eventually became similar to that of visual expectation, we further unpacked the
modality by temporal chunk significant interaction by comparing ART of auditory and
visual targets for each chunk. Results showed that ART for auditory and visual targets
were quantitatively different at the beginning of the session (auditory chunk 2 [mean
ART: 3 ms, SEM ART: 8 ms] vs visual chunk 2 [mean ART: 35 ms, SEM ART: 7 ms],
#(27)=-3.41, p = 0.012 Bonferroni-corrected for 6 multiple comparisons), but became
comparable at the end of the session (auditory chunk 6 [mean ART: 22 ms, SEM ART:
10 ms] vs visual chunk 6 [mean ART: 26 ms, SEM ART: 6 ms], p > 0.05 Bonferroni-
corrected for 6 multiple comparisons). For completeness, comparisons for auditory
and visual chunks 1, 3, 4 and 5 showed no significant results (Fig. 4.2D, orange vs
blue line). This conclusion is further supported by the Bayesian paired-sample t-test
between auditory and visual ART for chunk 6. In fact, these data were 4.68 more likely
(BFo1 = 4.68, i.e., moderate evidence) to occur under the null hypothesis, i.e., at the
end of the session expectation effects for audition and vision were comparable (Fig.

4.2D).
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Figure 4.2: Behavioural results.

Bar plots represent across subjects’ mean (=SEM) RT for each of the six conditions
with response requirements for experiment 1 (A) and 2 (B). C. Bar plots represents
across subjects’ mean (+SEM) ART for modality-specific and crossmodal effects of
spatial expectation (i.e., unexpected — expected) for attended targets in experiment 1
and 2. D. Modality specific effects of expectation (across subjects’ mean ART) over
time (i.e., across chunks) for audition and vision. Shading represents standard error of
the mean.

Brackets and stars indicate significance of main effects and interactions. *p <0.05; **

p <0.01; *** p <0.001. Audition: orange; vision: blue.
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4.4 DISCUSSION

Previous behavioural and neuroimaging research demonstrated that attentional
resources are, to a certain degree, shared across sensory modalities (Spence & Driver,
1996; Macaluso et al., 2002a, 2002b). Nevertheless, these studies operationally
conflated spatial attention and expectation making it difficult to disentangle their
respective crossmodal effects. The novelty of our study arises from our multisensory
paradigm which allowed us to investigate modality-specific and crossmodal effects of
spatial attention and expectation when operationally defined as task-relevance and
signal probability. In two experiments (within subjects) we manipulated spatial
attention and expectation in the primary modality (audition in experiment 1 and vision
in experiment 2) and evaluated modality-specific effects and crossmodal effects on
detection of auditory and visual targets (i.e., secondary modalities).

In both experiments, when stimuli were presented in the attended hemifield,
participants responded faster than when presented in the unattended hemifield. We
observed this effect in the secondary modality, where spatial attention was not directly
manipulated. This result suggests that attention effects generalized across modalities
and is consistent with previously reported facilitation induced by spatial attention
regardless of sensory modality (Spence & Driver, 1996; Driver & Spence, 1998).
Importantly, in both experiments we observed synergistic interactions between spatial
attention and expectation in the secondary modality, which suggests that a
generalization of expectation across modalities took place. In particular, for attended
stimuli we observed faster RT when signals were expected than unexpected. This
pattern reversed when stimuli where unattended. In a previous study (Zuanazzi &

Noppeney, 2018) we argued that this RT pattern is explained by attention and
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expectation interactively contributing to perceptual decisions by co-determining:
general response probability, i.e. the probability to respond regardless of stimulus
location, and spatially selective response probability, i.e. the probability to respond
conditioned on the stimulus location. Thus, stimulus probability per se did not affect
RT. More specifically, in blocks where attention and expectation are directed to the
same hemifield (blocks of type A, Fig. 4.1A and 4.1B), participants have to respond
to 85% of trials of the entire block, versus 65% in blocks of type B (i.e., general
response probability, Fig. 4.1A and 4.1B). Hence, response facilitation may be
interpreted as an increase in alertness, arousal or motor preparation (Mars et al., 2007;
Bestmann et al., 2008) (Fig. 4.2A and 4.2B). Moreover, when stimuli are presented in
the unattended and expected hemifield, participants are slower as they have to respond
to only a small proportion of trials presented at that location (i.e. 240 out of 576:
41.7%), versus a larger proportion when presented in the unattended and unexpected
hemifield (i.e. 240 out of 384: 62.5%) (i.e., spatially selective response probability,
Fig. 4.1A and 4.1B, Fig. 4.2A and 4.2B). Therefore, we concluded that the operational
dichotomy where spatial attention and expectation are fully dissociated is not
appropriate when investigating perceptual decisions, as we demonstrated that these
two mechanisms in fact jointly co-determine response probability. Thus, following this
line of reasoning, in the current study we interpreted modality-specific and crossmodal
effects co-determined by attention and expectation as effects of response probability.
In Zuanazzi & Noppeney (2018) we investigated crossmodal effects of response
probability only for the visual modality. Importantly, our two current experiments not
only largely replicate our previous results but enrich our conclusions by showing that
response probability had qualitatively equivalent crossmodal effects in vision and

audition.
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Next, going beyond previous research showing that spatial attention is not fully
supramodal due to the fact that behavioural effects in the secondary modality are
attenuated (Spence & Driver, 1998) and that there exist asymmetries between
crossmodal effects depending on the sensory modality employed as primary modality
(Ward at al., 2000. We investigated whether response probability exhibited fully
supramodal effects (i.e., same effects irrespective of stimulus modality). Hence, we
examined whether crossmodal effects of response probability were quantitatively
equivalent to modality-specific effects. Critically, our 2 (effect type) x 2 (stimulus
modality) rmANOVA allowed us to compare (1) modality-specific vs crossmodal
effects within the same experiment, (2) modality-specific and crossmodal effects for
audition vs vision (3) modality-specific vs crossmodal effects in audition and vision
across experiments. This analysis allowed us to disentangle crossmodal effects of
response probability from effects deriving from sensory-specific properties of the
signal. Interestingly, our results show that the effects of response probability were
larger for the primary modality (in particular when the primary modality was vision)
and consequently suggest that response probability is not fully supramodal.
Furthermore, the magnitude of modality-specific effects in vision was larger than the
same effects in audition. These results suggest that some properties of the sensory
signal interacted with response probability. This hypothesis was tested in our temporal
analysis. We showed that modality-specific effects of response probability differed
across modalities only at the beginning of the session but became equivalent at the
end, indicating that modality-specific effects of response probability in audition and
vision are not quantitatively different per se, but emerge at different times across the

session, with effects in audition arising later in time. We interpreted this result as
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evidence for a substantial difference between how spatial response probability is built
over time for the two modalities.

This difference may derive from the way vision and audition are represented in
the brain (Neumann et al., 1986). Vision is primarily encoded retinotopically (i.e.,
based on space, Sereno et al., 1995) whereas audition is primarily encoded
tonotopically (i.e., based on frequency, Lauter et al., 1985). As a consequence, sounds
are localized based on head- and ears-related cues such as interaural differences over
time (Middlebrooks & Green, 1991). For this reason, vision is more spatially reliable
than audition when visual information is located in the centre of the visual field (Dacey
et al., 1992; Knudsen & Brainard, 1995; Stephen et al., 2002). Moreover, auditory and
visual events are substantially different in nature. While visual information is
continuously available, auditory information is transient, event-dependent and broadly
distributed in space (Neisser, 1976; Neumann et al., 1986). Past unisensory research
demonstrated that sensory-specific properties of the signal can in fact interact with
higher level processes such as attention, especially when task-relevant. For instance,
bottom-up capture of attention is determined by the most salient stimulus (Treisman
& Gelade, 1980; Theeuwes, 2010) and by stimuli with abrupt onsets (Yantis & Jonides,
1990). Furthermore, statistical information about location, colour or shape of an object
can (incidentally) be learnt and used to improve performance (Olson et al., 2005; van
Lamsweerde & Beck, 2011).

In the current study, the high reliability of the visual stimulus (i.e., a white disc)
may have contributed to shortening the time it took for participants to become aware
of the manipulation of spatial expectation in vision. Critically, participants’ awareness
of the expectation manipulation is evidenced by our questionnaires’ results.

Alternatively, even in absence of explicit awareness, the probability distribution over
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space of more reliable visual signals could have been (implicitly) learnt faster than that
of less reliable auditory signals. This could have determined the earlier behavioral
effect of response probability that we observed for visual signals. (Miller & Pachella,
1973; Jabar & Anderson, 2015. For a comparison with results of chapter 3 and 5 where
the same experimental design was employed, see Supplementary Fig. 8.2:
interestingly, when pre-experiment runs were used to boost the implicit learning of
auditory spatial signal probability, the effect of response probability emerged right
from the beginning of the session).

In conclusion, our findings suggest that synergistic behavioral effects of
attention and expectation (i.e., effects of response probability) can be observed
regardless of sensory modality. Our design allowed us to explicitly investigate how
response probability shapes perceptual decisions in primary and secondary sensory
modalities. We showed that effects of response probability are qualitatively similar in
the primary and secondary modality but quantitatively attenuated in the secondary
modality, suggesting that modality-specific mechanisms are involved. This attenuation
is less clear when the primary modality is audition. This result is explained by
considering how spatial expectation is learned over time for different sensory
modalities. Seemingly smaller modality-specific effects of response probability for
auditory signals are more appropriately accounted for in terms of speed of probability
learning rather than in terms of absolute magnitude of the effect. We suggested that

such effect hinges on the spatial reliability of the sensory signal.
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ABSTRACT

Spatial attention (i.e. task-relevance) and expectation (i.e. signal probability) are two
critical top-down mechanisms guiding perceptual inference. Spatial attention
prioritises processing of information at task-relevant locations. Spatial expectations
encode the statistical structure of the environment. An unresolved question is how the
brain allocates attention and forms expectations in a multisensory environment, where
task-relevance and signal probability over space can differ across sensory modalities.
This functional magnetic resonance imaging (fMRI) study investigated whether the
brain encodes task-relevance and signal probability over space separately or
interactively across sensory modalities. In a novel multisensory paradigm we
manipulated spatial attention and expectation selectively in audition and assessed their
effects on behavioural and neural responses to visual and auditory stimuli.

Our results show that both auditory and visual stimuli increased activations in a right-
lateralized frontoparietal system, when they were presented at locations that were task-
irrelevant in audition. Yet, only auditory stimuli increased activations in the medial
prefrontal cortex when presented at expected locations and in audiovisual and
frontoparietal cortices signaling a prediction error when presented at unexpected
locations.

This dissociation in multisensory generalization for attention and expectation effects
shows that the brain controls attentional resources interactively across the senses, but
encodes the statistical structure of the environment as spatial expectations
independently for each sensory system. Our results demonstrate that spatial attention
and expectation engage partly overlapping neural systems via distinct mechanisms to

guide perceptual inference in a multisensory world.
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5.1 INTRODUCTION

The brain needs to combine signals from different sensory modalities to enable
robust perception in the multisensory environment. Crucially, perceptual processes are
not purely driven by bottom-up sensory signals but are also guided by top-down
selective attention and prior expectations (or predictions). While attention prioritizes
relevant signals and favours efficient allocation of cognitive resources according to
current task-demands, expectation encodes the statistical structure of the environment
(Summerfield and Egner, 2009). At the behavioural level, both spatial attention and
expectation can facilitate effective interactions with the environment, leading to faster
and more accurate responses (Geng and Behrmann, 2002, 2005, Carrasco, 2011;
Rohenkohl et al., 2014). At the neural level, while attention increases blood
oxygenation level-dependent (BOLD) response and signal-to-noise ratio (Grady et al.,
1997; O’Leary et al., 1997, Kastner et al., 1999; Ress et al., 2000, Silver et al, 2006),
expectation leads to a reduction in stimulus-induced neural activity (Alink et al., 2010;
Todorovic et al., 2011).

Crucially, in our natural environment the brain is exposed to a constant influx of
signals furnished by all of our five senses. This raises the critical question of how the
brain allocates spatial attention and forms spatial expectations in a multisensory
environment. Because observers need to respond to stimuli irrespective of the sense
by which they are perceived, attentional resources may be allocated interactively
across the senses and form an ‘amodal map’ that encodes the probability of events. In
line with this conjecture, parietal cortices have previously been shown to integrate
audiovisual signals weighted by their bottom-up sensory reliabilities and top-down

task-relevance into audiovisual spatial priority maps (Rohe and Noppeney, 2016).
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Likewise, attentional resources were shown to be allocated interactively across the
senses. Previous research has shown that spatial attention and orienting relies to some
extent on mechanisms that generalize across sensory modalities (Eimer and Schroger,
1998; Calvert et al. 2000, 2004; Macaluso, 2010). For instance, shifting participants’
spatial attention endogenously or exogenously in one sensory modality to a particular
location facilitates processing at this spatial location also of stimuli from other sensory
modalities (Spence and Driver, 1996, 1997; Eimer and Schroger, 1998; McDonald et
al.,, 2000; Spence et al., 2000; Ward et al., 2000). Neuroimaging studies provided
further evidence for attentional resources that are at least partially shared across
sensory modalities. In particular, increased activations for attentional orienting are
observed in frontoparietal cortices (Macaluso et al., 2000, 2002a; Macaluso and
Driver, 2001, 2005, Wu et al., 2007) and in sensory cortices (Macaluso et al., 2000,
2002b) irrespective of stimulus modality. It has thus been suggested that attentional
mechanisms may rely on forward- and backward-projections between early sensory
and higher order association areas or on lateral connections between early sensory
cortices (Johnson and Zatorre, 2005; Klemen and Chambers, 2012).

Critically, previous research studying the amodal or modality-specific nature of
spatial attention manipulated attention by varying the probability of stimulus
occurrence over space (Posner, 1980). In the field of unisensory perception it has
recently been argued that attention as task-relevance and expectation as stimulus
probability need to be dissociated (Summerfield and Egner, 2009). For instance, by
manipulating spatial attention and expectation independently in vision, Kok et al.
(2012) showed that spatial attention as task-relevance reverses the decrease of neural
activity induced by spatial expectation. These intriguing results raise the question as

to whether attention and expectation rely on amodal systems (Macaluso et al. 2000,
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2002a, 2000b), when they are orthogonally manipulated. In fact, less is known about
how the brain forms spatial expectations across sensory modalities. Because
information is initially gathered by distinct sensory organs and enters the brain via
parallel pathways, each sensory system may initially encode the probability of signals
selectively for its preferred sensory modality. These modality-specific spatial
expectations may be reinforced particularly in environments where auditory and visual
signals arise from separate sources such as in experiments that present unisensory
auditory or visual signals independently (e.g., Spence and Driver, 1996).

Hence, the current study investigated (1) whether spatial attention and
expectation operate in an amodal or modality-specific fashion and (2) whether spatial
attention and expectation rely on shared or distinct neural systems. In our (i)
psychophysics experiment and (ii) fMRI experiment, participants detected a sound or
a flash presented in either hemifield. Using a novel multisensory approach we
orthogonally manipulated spatial attention (i.e. task-relevance) and expectation (i.e.
stimulus probability) across the two hemifields selectively in audition and evaluated
their effects on observers’ neural and behavioural responses to signals presented in
either auditory or visual modalities. Our results demonstrate that the neural processes
mediating spatial attention and expectations are partly overlapping, but differ in their

engagement of modality-specific or amodal processes.

5.2 MATERIALS AND METHODS

5.2.1 Participants
Thirty-one healthy volunteers (23 females; mean age, 21.4 years; range 18-27
years) participated in the psychophysics experiment. All participants had normal or

corrected to normal vision, reported normal hearing and had no history of neurological
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or psychiatric illness. All participants were right-handed, according to the Edinburgh
Handedness Inventory (Oldfield, 1971) (mean laterality index, 84; range 60—100). A
subgroup of 22 participants (17 females; mean age, 21.2 years; range 18-27 years) was
selected to take part in the fMRI experiment (see Inclusion criteria). Overall, data
collection was terminated when 22 participants had undergone the fMRI study. This
sample size was determined based on Thirion et al. (2007). All participants provided
written informed consent, as approved by the local ethics committee of the University
of Birmingham (Science, Technology, Mathematics and Engineering (STEM) Ethical
Review Committee) and the experiment was conducted in accordance with these

guidelines and regulations.

5.2.2 Stimuli

Auditory spatialized stimuli (100 ms duration) were created by convolving
bursts of white noise (with 5 ms onset and offset ramps) with spatially specific head-
related transfer functions (HRTFs) based on the KEMAR dummy head of the MIT
Media Lab (http://sound.media.mit.edu/resources/KEMAR.html). Visual stimuli (i.e.
the so-called ‘flashes’) were white discs (100 ms duration. radius: 0.88° visual angle,
luminance: 165 cd/m2) presented on a grey background (luminance: 78 cd/m2). Both
auditory and visual stimuli were presented at =10° visual angle along the azimuth (0°
visual angle for elevation). A fixation cross was presented in the centre of the screen

throughout the entire experiment.

5.2.3 Experimental design
In both the psychophysics and the fMRI experiment, we orthogonally
manipulated spatial attention (i.e. task-relevance) and expectation (i.e. stimulus

probability) across the two hemifields selectively in audition and evaluated their

Distinct neural mechanisms of spatial attention and expectations guide perceptual inference in a multisensory
world 147



effects on observers’ neural and behavioural responses to signals presented in either
auditory or visual modality. Thus, the 2 x 2 x 2 x 2 design manipulated auditory spatial
attention (left vs right hemifield), auditory spatial expectation (left vs right hemifield),
stimulus location (left vs right hemifield) and stimulus modality (auditory vs visual,
see Fig. 5.1A). Across days, auditory spatial expectation was manipulated as auditory
spatial signal probability, i.e. the probability of auditory stimuli to be presented over
the left and right hemifield. During the psychophysics and fMRI experiments, auditory
stimuli were presented with a ratio of 4/1 in the expected/unexpected hemifields.
Observers were not explicitly informed about those probabilities. To boost the implicit
learning of auditory spatial signal probability, observers participated in two additional
pre-experiment runs prior to the psychophysics and fMRI experiment (with spatial
probability ratio of auditory targets: 9/1 in the expected/unexpected hemifields).
Auditory spatial attention was manipulated as ‘task-relevance’, i.e. the requirement to
respond to an auditory target in the left vs right hemifield. Critically, spatial attention
and expectation were manipulated only in audition but not in vision, thus participants
needed to respond to all visual targets presented with equal probabilities in either
spatial hemifield (i.e. 1/1 in the expected/unexpected hemifields) (see Fig. 5.1A and
5.1B). A central fixation cross presented throughout the entire experiment coded in
colour whether participants should attended and respond to sounds in either their left
or right hemifield. The mapping between colour and task-relevant hemifield was

counterbalanced across participants.

5.2.4 Experimental procedure
The current study included two experiments: (i) a psychophysics experiment
conducted across two days (i.e. auditory spatial expectation was manipulated across

the two days) and (ii) an fMRI experiment conducted across two days (i.e. auditory
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spatial expectation was manipulated across the two days). The psychophysics
experiment was conducted prior to the fMRI experiment. On each day, the
psychophysics and the fMRI experiments were preceded by two pre-experiment runs
which were used to boost the implicit learning of auditory spatial signal probability.
Each pre-experiment and experimental run (duration: ~8mins/run) included 10
attention blocks with 20 trials each, interleaved with fixation baseline periods of 6 s.
Blocks were of two types: in block type A, spatial attention and expectation were
congruent (i.e. spatial attention was directed to the hemifield with higher auditory
target frequency); in block type B, spatial attention and expectation were incongruent
(i.e. attention was directed to the hemifield with less frequent auditory targets). Thus,
both psychophysics and fMRI experiment included 20 trials x 10 blocks (attention
manipulation: 5 blocks of type A and 5 blocks of type B) x 2 pre-experiment runs x 2
days (expectation manipulation) + 20 trials x 10 blocks (attention manipulation: 5
blocks of type A and 5 blocks of type B) x 5 experimental runs x 2 days (expectation
manipulation) = 800 trials (pre-experiment runs) + 2000 trials (experimental runs) in
total. In the experimental runs, each block type overall included 400 auditory stimuli
for the expected hemifield (pooled over left and right) and 100 auditory stimuli for the
unexpected hemifield (pooled over left and right). Each block type also included 250
visual stimuli for the expected hemifield and 250 visual stimuli for the unexpected
hemifield (pooled over left and right). For further details see Figure 5.1B which shows
the absolute number of trials for each condition and block type and their response
requirement for the psychophysics and the fMRI experiment.

The order of expectation days (i.e. left vs right) was counterbalanced across
participants; the colour (i.e., pink or green) of the color-coded fixation cross (i.e.

attention instruction) was counterbalanced across participants, the order of attention
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blocks was counterbalanced within and across participants and the order of stimulus
location and stimulus modality were pseudo-randomized within each participant. Brief
breaks were included after every run to provide feedback to participants about their
performance accuracy (averaged across all conditions) in the target detection task. In
the psychophysics experiment participants’ fixation performance was monitored via
eye tracking thus, during the breaks, participants were also provided with a feedback
about their eye-movements (i.e. fixation maintenance).

Each trial (SOA: 2200 ms) included three time windows (see Fig. 5.1C): i. the
fixation cross alone (700 ms duration), ii. brief flash or sound (stimulus duration: 100
ms) and iii. the fixation cross alone (1400 ms). Participants responded to the auditory
targets in the attended hemifield and to all visual targets via key press with their right
index finger (i.e. the same response for all auditory and visual targets) as fast and
accurately as possible. They fixated the cross in the centre of the screen which was
presented throughout the entire experiment.

On each day, participants were first familiarized with the stimuli in brief practice
runs (with equal spatial signal probability) to train them on target detection
performance and, only in the psychophysics experiment, also on fixation (i.e. a
warning signal was shown when the disparity between the central fixation cross and
the eye-data samples exceeded 2.5 degrees). After the final fMRI day, participants
indicated in a questionnaire whether they thought the sound or the flash was presented
more frequently in one of the two spatial hemifields. Eighteen out of the total 22
participants correctly reported that the auditory stimuli were more frequent in one
hemifield and 20 out of 22 participants reported the visual stimuli to be equally
frequent across the two hemifields, suggesting that most participants were aware of

the manipulation of signal probability.
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Figure 5.1: Experimental design, example trials and behavioural results of the fMRI
experiment.

A. The factorial design manipulated: Auditory spatial attention (attended hemifield —
full pattern, vs unattended hemifield — striped pattern), expectation (expected
hemifield — dark shade, vs unexpected hemifield— light shade) and stimulus modality
(auditory modality — orange, vs visual modality — blue). For illustration purposes, we
pooled over stimulus locations (left/right). Presence vs absence of response
requirement is indicated by the hand symbol. B. Number of auditory (orange) and
visual (blue) trials in the 2 (attended vs unattended) x 2 (expected vs unexpected)
design. Presence vs absence of response requirement is indicated by the hand symbol.
The fraction of trials where a response was required in a particular block type (e.g.
block type A), represents the probability that the observer needs to make a response
irrespective of the hemifield in which the signal is presented (i.e., ‘general response
probability’); note that general response probability is greater for block type A where
attention and expectation are congruent. C. fMRI runs included ten blocks of 20 trials

alternating with fixation periods. A fixation cross was presented throughout the entire
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run. Its colour indicated: white = fixation period; pink or green = activation period
with auditory attention directed to left or right hemifield. On each trial, participants
were presented with either an auditory or visual stimulus (100 ms duration) either in
their left or right hemifield. They were instructed to respond as fast and accurately as
possible with their right finger within a response window of 1400 ms. D. Bar plots
show response times (across subjects’ mean (£SEM)) for each of the six conditions
with response requirements for the experimental runs of the fMRI experiment (see
Supplementary Table 8.2 and Fig. 8.3 for the results of the psychophysics experiment
and for all RT). The brackets and stars indicate significance of main effects and
interactions. ** p < 0.01; *** p <0.001; audition: orange; vision: blue; attended: full

pattern; unattended: striped pattern; expected: dark shade; unexpected: light shade.
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5.2.5 Inclusion criteria

A subgroup of 22 participants who had taken part in the psychophysics
experiment was selected to take part in the fMRI experiment. Inclusion criteria were
participants’ accuracy and fixation performance in the psychophysics experiment.
Only participants who in the psychophysics experiment produced less than 20 saccades
averaged across blocks and showed overall accuracy > 95% (calculated as the
percentage of hits + correct rejections pooling over auditory and visual stimuli) were
included in the fMRI experiment. For the psychophysics experiment, mean group
number of saccades was 22.9 + 5.2 [across subjects mean £ SEM]) and mean group
accuracy was 97% + 0.2% [across subjects mean = SEM] for the psychophysics

experiment and 97% + 0.5% [across subjects mean = SEM] for the fMRI experiment.

5.2.6 Experimental setup

5.2.6.1 Psychophysics experiment

The psychophysics experiment (pre-experiment and experimental runs) was
conducted in a darkened room. Participants rested their chin on a chinrest with the
height held constant across all the participants. Auditory stimuli were presented at
approximately 72 dB SPL, via HD 280 PRO headphones (Sennheiser, Germany). To
mimic the scanner environment, the scanner noise was reproduced for the whole
duration of the experiment at approximately 80 dB SPL via external loudspeakers.
Visual stimuli were displayed on a gamma-corrected LCD monitor (2560 x 1600
resolution, 60 Hz refresh rate, 30" Dell UltraSharp U3014, USA), at a viewing distance
of approximately 50 cm from the participant’s eyes. Stimuli were presented using
Psychtoolbox version 3 (Brainard, 1997; www.psychtoolbox.org), running under

Matlab R2014a (Mathworks Inc., Natick, MA, USA) on a Windows machine.
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Participants responded to all targets with their right index finger and responses were
recorded via one key of a small keypad (Targus, USA). Throughout the study,
participants’ eye-movements and fixations were monitored using Tobii Eyex

eyetracking system (Tobii, Sweden).

5.2.6.2 fMRI experiment.

During the pre-experiment runs, participants lay in a mock scanner, which
mimicked all features of the MRI scanner. The scanner noise was reproduced at
approximately 80 dB SPL via external loudspeakers. During the experimental runs,
participants lay in the MRI scanner. Auditory stimuli were presented at approximately
72 dB SPL using MR-compatible headphones (MR Confon). Visual stimuli were back-
projected onto a Plexiglas screen using a BARCO projector (F35). Participants viewed
the screen through a mirror mounted on the MR head coil at a viewing distance of 68
cm. Stimuli were presented using Psychtoolbox version 3 (Brainard, 1997,
www.psychtoolbox.org), running under Matlab R2014a (Mathworks Inc., Natick, MA,
USA) on a MacBook Pro machine. Participants responded to all targets with the same
index finger of their right hand and responses were recorded via an MR-compatible

keypad (NATA).

5.2.7 fMRI data acquisition

A 3T Philips MRI scanner with 32 channel head coil was used to acquire both
T1-weighted anatomical images (TR = 8.4 ms, TE = 3.8 ms, flip angle = 8°, FOV =
288 mm x 232 mm, image matrix = 288 x 232, 175 sagittal slices acquired in ascending
direction, voxel size = 1 mm x Imm x 1 mm) and T2*-weighted axial echoplanar
images (EPI) with bold oxygenation level-dependent (BOLD) contrast (TR =2600 ms,
TE = 40 ms, flip angle = 85°, FOV = 240 mm x 240 mm, image matrix 80 x 80, 38

transversal slices acquired in ascending direction, voxel size =3 x 3 x 3 mm). For each
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participant, an overall of 196 volumes x 5 experimental runs x 2 days = 1960 volumes
were acquired. The anatomical image volume was acquired at the end of the

experiment.

5.2.8 Statistical analysis

5.2.8.1 Behavioural data analysis - psychophysics and fMRI experiments

For the behavioural analysis of the psychophysics experiment, we excluded trials
where participants did not successfully fixate the central cross based on a dispersion
criterion (i.e. distance of fixation from subject’s median of fixation as defined in
calibration trials > 1.3 degrees for three subsequent samples, see Blignaut, 2009).
Excluded auditory response trials were 1.4% + 0.4% [across subjects mean = SEM];
excluded visual response trials were 1.3% + 0.4% [across subjects mean = SEM]. For
the behavioural analysis of both experiments, response time analysis was limited to
correct trials and response times within the range of participant- and condition-specific
mean + two SD and < 1500 ms. For auditory targets in the attended hemifield, median
response times for each subject were entered into a two-sided paired-sample t-test with
auditory spatial expectation (expected vs unexpected stimulus) as factor. For visual
targets, median response times for each subject were entered into a 2 (auditory spatial
attention: attended vs unattended stimulus) x 2 (auditory spatial expectation: expected
vs unexpected stimulus) repeated measures analysis of variance (rmANOVA). Unless

otherwise indicated, we only report effects that are significant at p < 0.05.

5.2.8.2 fMRI data analysis
The functional MRI data were analysed with statistical parametric mapping
(SPM12;  Wellcome Department of Imaging Neuroscience, London;

www.fil.ion.ucl.ac.uk/spm, Friston et al., 1995). Scans from each subject were
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realigned using the first as a reference, unwarped, slice-time corrected and spatially
normalized into MNI standard space using parameters from segmentation of the T1
structural image (Ashburner and Friston, 2005), resampled to a spatial resolution of 2
x 2 x 2 mm?® and spatially smoothed with a Gaussian kernel of 8 mm full-width at half-
maximum. The time series of all voxels were high-pass filtered to 1/128 Hz.

The fMRI experiment was modelled in a mixed event-block related fashion with
regressors entered into the day-specific design matrix after convolving each event-
related unit impulse with a canonical hemodynamic response function and its first
temporal derivative. In addition to modelling the 16 conditions in our 2 (stimulus
modality: auditory vs visual) x 2 (auditory spatial attention: left vs right hemifield) x
2 (auditory spatial expectation: left vs right hemifield) x 2 (stimulus location: left vs
right hemifield) factorial design, the statistical model included the time when the
attention cue first appeared (i.e., auditory attention to the left hemifield, auditory
attention to the right hemifield) as separate condition. Nuisance covariates included
the realignment parameters to account for residual motion artefacts.

Condition-specific effects for each subject were estimated according to the
general linear model and passed to a second-level analysis as contrasts. This involved
creating 16 contrast images (i.e., each of the 16 conditions relative to fixation, summed
over the 10 runs) for each subject and entering them into a second-level ANOVA.
Inferences were made at the second level to allow a random-effects analysis and
inferences at the population level (Friston et al., 1995).

At the random effects or group level, for each stimulus modality we tested for
(1) the main effect of spatial attention (i.e., attended > unattended auditory stimuli and
vice versa, attended > unattended visual stimuli and vice versa) and (ii) the main effect

of spatial expectation (i.e., expected > unexpected auditory stimuli and vice versa,
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expected > unexpected visual stimuli and vice versa). To assess whether these effects
of spatial attention and expectation rely on amodal or modality-specific systems, we
tested for (i) the effects of attention and expectation that are common for audition and
vision (i.e., a logical “AND” conjunction over stimulus modalities) and (ii) the effects
that differ between audition and vision (i.e., i. the interaction between attention and
stimulus modality and ii. the interaction between expectation and stimulus modality).
Next, we investigated whether spatial attention and expectation rely on shared or
different neural systems. Separately for each stimulus modality we tested for (i) the
effects that are common for attention and expectation (i.e., a logical “AND”
conjunction over each attention and expectation main effects) and (ii) the interaction
between attention and expectation.

Unless otherwise stated, we report activations at p < 0.05 at the cluster level
corrected for multiple comparisons within the entire brain using an auxiliary

(uncorrected) voxel threshold of p < 0.001.

5.2.8.3 ROI analysis

Based on our a priori hypothesis that spatial attention and expectation influence
activations in primary sensory cortices, we also tested the effects of auditory spatial
attention and expectation selectively within the primary auditory cortex and primary
visual cortex. These areas of interests were defined using ROI maps from SPM
Anatomy Toolbox (version 2.2b, Eickhoff et al., 2005). The anatomical mask for the
primary auditory cortex encompassed 890 voxels in the bilateral cytoarchitectonic
maps TE 1.0, TE 1.1 and TE 1.2. The anatomical mask for the primary visual cortex
encompassed 2936 voxels in the bilateral cytoarchitectonic maps hOC1. We extracted
parameter estimates from each ROI, for each of the 16 conditions relative to fixation

and for each subject and we entered them into a 2 (auditory spatial attention: attended
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vs unattended stimulus) x 2 (auditory spatial expectation: expected vs unexpected
stimulus) rmANOVA, separately for each stimulus modality and pooling over stimulus

location.

5.3 RESULTS

In the following, we report (1) the behavioural results of the psychophysics and

the fMRI experiment and (2) the imaging results of the fMRI experiment.

5.3.1 Behavioural results — psychophysics and fMRI experiments

For both psychophysics and fMRI experiments, the two-sided paired-sample t-
tests on response times for auditory stimuli in the attended hemifield showed
significantly faster responses when this hemifield was expected than unexpected
(psychophysics: #30) =-4.56, p < 0.001, Cohen’s du [95% CI] =-0.40[-0.59 , -0.19];
fMRI: #(21) =-5.06, p < 0.001, Cohen’s duv [95% CI] = -0.36 [-0.54, -0.18], left panel
of Fig. 5.1D, Supplementary Fig. 8.3 and Table 8.2).

For both psychophysics and fMRI experiments, the 2 (attended vs unattended) x
2 (expected vs unexpected) rmANOVA on response times for visual simuli revealed a
significant main effect of attention (psychophysics: F(1, 30) = 109.88, p < 0.001, 7,
[90% CI] = 0.79 [0.64, 0.84]; fMRI: F(1, 21) = 78.69, p < 0.001, 5,* [90% CI] = 0.79
[0.61, 0.85]). Participants responded faster to visual stimuli in their attended than
unattended hemifield. Moreover, a significant crossover interaction between attention
and expectation was observed (psychophysics: F(1, 30) = 41.59, p < 0.001, #,” [90%
CI] = 0.58 [0.36, 0.69]; fMRI: F(1, 21) = 49.29, p < 0.001, 7,> [90% CI] = 0.70 [0.47,
0.79]). The simple main effects showed that participants responded significantly faster

(psychophysics: #30) =-5.46, p <0.001, Cohen’s d, [95% CI] =-0.20[-0.30, -0.11];
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fMRI: #21) =-3.94, p = 0.001, Cohen’s duy [95% CI] = -0.14 [-0.22, -0.06]) to visual
targets in the attended hemifield when this hemifield was expected than unexpected
(right panel of Fig. 5.1D, Supplementary Fig. 8.3 and Table 8.2). By contrast, they
responded significantly more slowly (psychophysics: #(30) = 5.44, p <0.001, Cohen’s
dav [95% CI] = 0.22[0.12, 0.32]; fMRI: #(21) = 5.79, p < 0.001, Cohen’s du [95% CI]
=0.1810.09, 0.26]) to visual targets in the unattended hemifield, when this hemifield
was expected than unexpected (right panel of Fig. 5.1D, Supplementary Fig. 8.3 and
Table 8.2). Importantly, we observed equivalent response time results in the
psychophysics and the fMRI experiment.

For completeness, we also analysed the behavioural results of the pre-
experiment runs, i.e., runs prior to psychophysics and fMRI experiments used to boost
the implicit learning of auditory spatial signal probability, where auditory stimuli were
presented with a ratio of 9/1 in the expected/unexpected hemifields and visual stimuli
with a ratio of 1/1 in the expected/unexpected hemifields. Results showed the same
significant patterns of the experimental runs, suggesting that the behavioural effects of
spatial attention and expectation are qualitatively similar when the probability ratio is

0.9/0.1 or 0.4/0.1.

5.3.2 fMRI results

5.3.2.1 Effects of auditory attention separately for auditory and visual stimuli

We first evaluated the main effect of spatial attention, separately for each
stimulus modality. For auditory stimuli, spatial attention increased activations in
bilateral thalami, caudates, hippocampi, left frontoparietal operculum, left putamen
and in a motor network encompassing left central sulcus and right cerebellum
(Supplementary Fig. 8.4 and Table 8.3). The increased activations for auditory stimuli

in motor areas can be explained by the motor responses that were given only in the
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attended hemifield. Conversely, because visual stimuli required a motor response in
both hemifields, no attentional effects were observed in the motor network for visual
stimuli.

Spatial reorienting or shifting attention to an auditory stimulus presented in the
unattended hemifield (i.e., unattended vs attended auditory stimuli) induced
activations in a predominantly right lateralized dorsal frontoparietal system
encompassing the bilateral superior frontal gyri (SFG) and sulci (SFS) extending into
the precentral sulci and significant parietal activations in the right postcentral sulcus
extending into the right intraparietal sulcus (IPS) and into the right inferior parietal
lobule (IPL). Significant activation increases were also observed in the right anterior
cingulate cortex (ACC), right middle frontal gyrus (MFG) and bilateral insulae (INS)
(orange and yellow on the inflated brain in Fig. 5.2 and Supplementary Table 8.3).
Likewise, shifting attention to a visual stimulus presented in the unattended hemifield
(i.e., unattended vs attended visual stimuli) increased activations in a more bilateral
frontoparietal network including bilateral SFG, bilateral SFS extending into the
precentral sulci, bilateral postcentral sulci extending into IPS, bilateral ACC and right
anterior INS (blue and yellow on the inflated brain in Fig. 5.2 and Supplementary
Table 8.3). For completeness, no significant main effects of auditory attention for
auditory or visual stimuli were found in primary auditory or visual cortices even in our

selective ROI analysis.

5.3.2.2 Effects of auditory attention: commonalities and differences between
auditory and visual stimuli
Next, we investigated the extent to which the neural systems engaged by
attention shifts are common (i.e. amodal) or distinct (i.e. modality-specific) for

auditory and visual stimuli. The conjunction analysis over sensory modalities showed
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increased activations for attention shifts (i.e., ([unattended > attended auditory stimuli]
N [unattended > attended visual stimuli]) in the bilateral SFG and SFS, right ACC,
right postcentral sulci extending into IPS, and right anterior INS (Table 5.1 and Fig.
5.2). Testing for the interaction between attention and stimulus modality (i.e.
([unattended > attended auditory stimuli] > [unattended > attended visual stimuli])
revealed additional activations in the right anterior INS that was also part of the spatial
reorienting system shared across sensory modalities. Table 5.1 and Figure 5.2 show
the significant clusters of the conjunction analysis: (i) right postcentral sulcus/IPS
(yellow outline on the inflated SPM template, highlighted in green in the axial slice)
and (i1) right SFG (yellow outline on the inflated SPM template, highlighted in green
in the axial slice). The interaction between attention and stimulus modality in the right
INS are displayed in Table 5.1 and in Fig. 5.2 (white outline on the inflated SPM
template, highlighted in green in the axial slice).

In summary, in line with our behavioural results, our fMRI analysis suggests that
the effect of auditory spatial attention generalizes to processing stimuli in vision,
where spatial attention was not explicitly manipulated. Critically, spatial reorienting
to both auditory and visual stimuli increased activations in a widespread right
lateralized system encompassing frontoparietal cortices, INS and ACC (Corbetta and
Shulman, 2002; Shomstein and Yantis, 2006; Corbetta et al., 2008; Shulman et al.,
2009; Banerjee et al., 2011). While the right INS exhibited a stronger effect to spatial
reorienting to auditory stimuli, we did not observe activations that were truly selective
for stimuli from either the visual or auditory modality. Collectively, these results
suggest that spatial attention and reorienting relies predominantly on amodal neural
processes that are more engaged for stimuli from the sensory modality where attention

is actively manipulated, but generalize across sensory modalities.
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Table 5.1: ‘Amodal’ and modality dependent mechanisms of auditory spatial attention.

p-values are FWE corrected at the cluster level for multiple comparisons within the

entire brain. Auxiliary uncorrected voxel threshold of p <0.001. L, Left; R, right.

MNI coordinates

Brain regions X y 7 z-score Cluster size p- value
(peak) (cluster)

[unattended > attended auditory stimuli]
N [unattended > attended visual stimuli]

R superior frontal gyrus 18 -4 64 4.09 731 0.000

R superior frontal sulcus 28 -6 46 4.38

R anterior cingulate gyrus 10 18 36 3.67

L superior frontal gyrus -14 -10 64 3.69 268 0.005

L superior frontal sulcus -30 -8 48 4.07

R postcentral sulcus/ 42 -32 40 3.74 304 0.003

R intraparietal sulcus

R anterior insula 30 20 6 4.41 185 0.027
[unattended > attended auditory stimuli]
> [unattended > attended visual stimuli]

R anterior insula 38 16 -12 4.32 209 0.016
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Figure 5.2: Unattended > attended for auditory and visual stimuli.

Activation increases for unattended > attended stimuli for auditory (AUD, orange, height threshold: p < 0.001, uncorr.) and visual (VIS, blue,
height threshold: p <0.001, uncorr.) stimuli (overlap: yellow) are rendered on an inflated canonical brain. The conjunction of unattended > attended
for auditory and visual stimuli is encircled in yellow (height threshold: p < 0.001, uncorr.). Activation increases for unattended > attended that are
greater for auditory than visual stimuli (i.e. interaction) are encircled in white (height threshold: p < 0.001, uncorr). Bar plots show the parameter
estimates (across participants mean = SEM, averaged across all voxels in the green encircled cluster) in the (i) right poscentral/intraparietal sulcus,
(i1) right superior frontal gyrus and (iii) right anterior insula that are displayed on axial slices of a mean image created by averaging the subjects’
normalized structural images. The bar graphs represent the size of the effect pertaining to BOLD magnitude in nondimensional unit (corresponding

to percentage whole-brain mean). Audition: orange; vision: blue; attended: full pattern; unattended: striped pattern.
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5.3.2.3 Effects of auditory spatial expectation separately for auditory and visual
stimuli
Auditory stimuli in the expected relative to unexpected hemifield elicited
significantly greater activation in the bilateral anterior portions of the SFG (i.e., medial
prefrontal cortices, mPFC) and the bilateral precunei extending into the posterior

cingulate gyri (Table 5.2, Fig. 5.3, see Summerfield et al., 2006).
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Table 5.2: Main effects of auditory spatial expectation for auditory stimuli.

p-values are FWE corrected at the cluster level for multiple comparisons within the

entire brain. Auxiliary uncorrected voxel threshold of p <0.001. L, Left; R, right.

MNI coordinate

Brain regions X y z a')s(g;:)e Cluster size ?c-l:]lzilel:)
Expected > unexpected auditory stimuli
R superior frontal gyrus 8 54 18 4.91 1458 0.000
L superior frontal gyrus -6 54 36 5.80
R precuneus -4 -52 26 3.90 260 0.006
L precuneus 6 -56 26 3.28
Unexpected > expected auditory stimuli
R superior temporal gyrus 60 -44 16 7.47 18305 0.000
L superior temporal gyrus -62 -34 14 5.44
R postcentral sulcus/ 34 -58 46 5.93
R intraparietal sulcus
L postcentral sulcus/ -38 -46 42 5.79
L intraparietal sulcus
R precuneus 4 -54 54 6.49
L precuneus -8 -54 54 6.48
R anterior insula 38 16 2 7.48
L anterior insula -32 16 2 6.94
R posterior cingulate gyrus/ 4 -28 26 5.18 339 0.001
L posterior cingulate gyrus
R anterior cingulate gyrus 8 22 32 5.40 4222 0.000
R superior frontal gyrus 18 2 66 4.14
L superior frontal gyrus 26 -8 70 423
L precentral sulcus -38 0 38 5.08
R precentral sulcus 40 6 30 4.97 2186 0.000
R middle frontal gyrus 40 34 36 4.42
L middle frontal gyrus -34 46 24 4.56 810 0.000
R calcarine cortex 12 -84 8 3.75 680 0.000
L calcarine cortex -12 -84 6 3.71
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Figure 5.3: Expected > unexpected for auditory and visual stimuli.

Activation increases for expected > unexpected stimuli for auditory stimuli (orange)
are rendered on an inflated canonical brain; they are encircled in white, if they are
significantly greater for auditory than visual stimuli (i.e. interaction). Height threshold
of p <0.001, uncorrected; extent threshold k > 0 voxels.

Bar plots show the parameter estimates (across participants mean + SEM, averaged
across all voxels in the green encircled cluster) in superior frontal gyri that are
displayed on axial slices of a mean image created by averaging the subjects’
normalized structural images; the bar graphs represent the size of the effect in
nondimensional unit (corresponding to percentage whole-brain mean). Audition:
orange; vision: blue; attended: full pattern; unattended: striped pattern; expected: dark

shade; unexpected: light shade.

By contrast, auditory stimuli in the unexpected relative to expected hemifield
increased activations in a widespread frontoparietal system encompassing bilateral
postcentral sulci extending into bilateral IPS and to the bilateral IPL, bilateral
precuneus, bilateral anterior INS, bilateral anterior and posterior cingulate gyri,
bilateral SFG and precentral sulci, bilateral MFG extending into bilateral superior and
inferior frontal sulci (Table 5.2, Fig. 5.4). Moreover, we observed pronounced
activations for unexpected relative to expected auditory stimuli in the bilateral plana

temporalia in the superior temporal gyri (STG), which were previously shown to be
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involved in spatial processing (Griffiths and Warren, 2002; Brunetti et al., 2005;
Ahveninen et al., 2006), and surprisingly also in the bilateral calcarine cortices (CC).
Our selective ROI analysis also revealed higher activations for unexpected relative to
expected auditory stimuli in primary auditory and visual cortices (main effect of
expectation in the primary auditory cortex: F(1, 21) = 12.67, p = 0.002, 5,> [90% CI]
=0.38[0.11, 0.56] and the primary visual cortex: F(1,21)=7.21, p=0.014, 1,* [90%
CI] = 0.26 [0.03, 0.46]). Surprisingly, neither whole-brain nor ROI analysis revealed

any significant effects of spatial expectation for visual stimuli.

5.3.2.4 Effects of auditory expectation: commonalities and differences between
auditory and visual stimuli.

Our results suggest that a widespread neural system forms spatial expectations
selectively for stimuli from the auditory modality where signal probability was
manipulated. Indeed, this was confirmed by the significant interaction between
expectation and stimulus modality ([unexpected > expected auditory stimuli] >
[unexpected > expected visual stimuli]) that was observed in large parts of the neural
system showing expectation effects for auditory stimuli (see areas on the inflated brain
with white outline in Fig. 5.4). By contrast, the conjunction analyses over stimulus
modality did not reveal any significant effects of auditory expectation that were

common to auditory and visual stimuli.

Distinct neural mechanisms of spatial attention and expectations guide perceptual inference in a multisensory
world 169



Auditory stimuli (AUD)

Visual stimuli (VIS) (iii) Unexpected > expected AUD: bilateral calcarine cortices

Unxpected > expected:

'S Auditory stimuli . Visual stimuli
[Unexpected > expected AUD] .8
> [Unexpected > expected VIS] 84
< 5
MM +att+exp (N[ -att+exp £ 4
O] +att-exp CI -att-exp w3
51 | dhoed,
(i) Unexpected > expected AUD: 5_3_ t +att -att -att |+aft +att -att -aft
+att +att -att -att [+att +att -att -
bilateral superior temporal gyri and bilateral intraparietal su|0| +6Xp -eXp +exp -eaxp +exp -exp +6xp _ea‘xp

S Auditory stimuli | Visual stimuli
=, 8 m - . X
2 €75 (i) Unexpected > expected AUD: bilateral superior frontal gyri
T 5 S Auditory stimuli  Visual stimuli
E4 <, 8
@ 3 D ) ' 88
g0 = £4
£-1 ® 3 m
-2 2 NI = RbEH
o +att +att -att -aft |+att +att -att -att £ E}_- : ltl
+eXp -exp +exp -exp Hexp -exp +exp -exp =
G-2
& ' satt +att -att -att|+att +att -att -att
+exp -exp +exp -exp texp-exp +exp -exp




Figure 5.4: Unexpected > expected for auditory and visual stimuli.

Activation increases for unexpected > expected stimuli for auditory stimuli (orange) are rendered on an inflated canonical brain; they are encircled
in white, if they are significantly greater for auditory than visual stimuli (i.e. interaction). Height threshold of p < 0.001, uncorrected; extent
threshold k > 0 voxels.

Bar plots show the parameter estimates (across participants mean = SEM, averaged across all voxels in the green encircled cluster) in (i) bilateral
superior temporal gyri and bilateral intraparietal sulci, (ii) bilateral superior frontal gyri and (iii) bilateral calcarine cortices that are displayed on
axial slices of a mean image created by averaging the subjects’ normalized structural images. The bar graphs represent the size of the effect in
nondimensional unit (corresponding to percentage whole-brain mean). Audition: orange; vision: blue; attended: full pattern; unattended: striped

pattern; expected: dark shade; unexpected: light shade.
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5.3.2.5 Additive and interactive effects of spatial attention and expectation -
separately for auditory and visual stimuli

Finally we investigated separately for auditory and visual stimuli whether
attention and expectation effects engage common neural systems in an additive (i.e.
conjunction over attention and expectation) or interactive fashion (i.e. interaction
between attention and expectation).

For auditory stimuli, neither the whole-brain nor the selective ROI analysis
revealed any significant interaction between attention and expectation. By contrast, the
conjunction analysis over attention and expectation revealed activation increases
jointly for unattended > attended and unexpected > expected in a predominantly right-
lateralized frontoparietal system including the bilateral SFG, right ACC, right MFG
extending into right inferior frontal sulcus, right postcentral sulcus extending into right
IPS and right IPL and bilateral INS (Fig. 5.5A).

For visual stimuli, the whole-brain analysis did not reveal any significant
additive or interactive effects for expectation and attention. The ROI analysis revealed
a significant interaction between attention and expectation in the primary visual cortex
(F(1,21)=5.06, p = 0.035, 1,> [90% CI] = 0.19 [0.01, 0.41]), with greater activations
for unexpected than expected visual stimuli in the attended hemifield, but greater
activation for expected than unexpected visual stimuli in the unattended hemifield

(Fig. 5.5B).
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Figure 5.5: Additive and interactive effects of auditory attention and expectation in
audition and vision for auditory and visual stimuli.

A. Activation increases for the conjunction of attention and expectation main effects
in the auditory modality ([unattended > attended auditory stimuli] N [unexpected >
expected auditory stimuli]) are rendered in orange on an inflated canonical brain;
height threshold of p < 0.001, uncorrected; extent threshold k > 0 voxels. B. Bar plots
show the parameter estimates (across participants mean + SEM) averaged across all
voxels in the primary visual cortex. The bar graphs represent the size of the effect in
nondimensional unit (corresponding to percentage whole-brain mean); Vision: blue;
attended: full pattern; unattended: striped pattern; expected: dark shade; unexpected:

light shade. The brackets and stars indicate significance of the interaction. * p <0.05.
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5.4 DISCUSSION

The current study was designed to investigate whether spatial attention and
expectation rely on neural systems that are specific or shared across sensory
modalities. Moving beyond previous research, we developed a novel multisensory
paradigm that orthogonally manipulated spatial attention as response requirement and
expectation as stimulus probability over space selectively in audition. We assessed
their effects on neural and behavioural responses to auditory and visual stimuli.

Behaviourally, our results show that even though spatial attention and
expectation were manipulated selectively in audition, their effects generalized to the
visual modality. With regard to spatial attention, participants were significantly faster
to respond to auditory and visual stimuli that were presented in the hemifield where
auditory stimuli were task-relevant than irrelevant. In other words, directing observers’
spatial attention to one hemifield selectively in audition impacted participants’
behavioural responses to auditory and visual stimuli pointing towards attentional
resources that are at least partly shared across sensory modalities (Spence and Driver,
1996, 1997). Likewise, at the neural level auditory and visual responses depended on
whether or not the stimuli were presented in the hemifield that was task-relevant in
audition. More specifically, auditory and visual stimuli in the task-irrelevant as
compared to task-relevant hemifield induced activation increases in a widespread
right-lateralized system encompassing the bilateral SFG and SFS, right postcentral
sulcus extending into IPS and inferior parietal cortices, right ACC and right anterior
INS. These results dovetail nicely with previous research showing dorsal frontoparietal
activations and right ventral parietal / temporoparietal activations for attentional shifts,

spatial reorienting and contextual updating (Nobre et at., 2000; Macaluso et al., 2002a;
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Kincade et al. 2005; Bressler et al., 2008; Smith et al., 2010; Langner et al., 2011).
Yet, those previous studies did not operationally dissociate spatial attention from
stimulus probability. By contrast, by orthogonally manipulating stimulus probability
and task-relevance, the current study allowed us to attribute the frontoparietal
activations selectively to shifts in spatial attention rather than stimulus probability.
Critically, even though unattended visual stimuli increased dorsal parietal activations
more bilaterally and unattended auditory stimuli evoked more right temporoparietal
activations, these differences between stimulus modalities were subtle and mostly not
significant when formally testing for an interaction between attention and stimulus
modality. Only the right anterior insula increased activations for stimuli in the task-
irrelevant than relevant hemifield significantly more in audition than vision. This
enhancement of attentional effects for auditory than visual stimuli most likely results
from the fact that attention was selectively manipulated in audition and only
generalized to vision.

Collectively, our behavioural and neural results suggest that the brain relies on
attentional resources and systems that are largely shared across sensory modalities.
Visual stimuli evoke frontoparietal activations when presented in the task-irrelevant
hemifield, even though both hemifields are equally task-relevant in vision. Conversely,
auditory stimuli evoke frontoparietal activations when presented in the task-irrelevant
hemifield, even though they never require any response and should hence be ignored.
Thus, our results corroborate the hypothesis that the brain has only limited abilities to
define spatial locations as task-relevant or irrelevant independently for audition and
vision (Macaluso et al., 2000, 2002a; Macaluso and Driver, 2005; Wu et al., 2007;
Krumbholz et al., 2009; Banerjee et al., 2011). The (at least to some extent) ‘amodal’

definition of spatial task-relevance may also explain the extensive activations that we
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observed for ‘unattended’ stimuli not only in the ventral, but also the dorsal attentional
network that is typically more associated with focused attention. Greater focused
attention may be required for the ‘auditory unattended’ hemifield, because the brain
needs to decide whether to respond (i.e. when a visual stimulus is presented) or not to
respond (i.e. when an auditory stimulus is presented) (Indovina and Macaluso, 2007;
Santangelo et al., 2009). In summary, our behavioural and neuroimaging finding
suggest that spatial attention when defined as task-relevance operates interactively
across the senses.

Next, we asked whether spatial expectations are formed in a modality-specific
fashion or jointly across sensory systems. Behaviorally, we observed faster responses
to expected than unexpected stimuli irrespective of sensory modality in the task-
relevant hemifield. Yet, surprisingly we observed faster responses for unexpected than
expected visual stimuli in the task-irrelevant hemifield (n.b. auditory stimuli do not
require a response in the task-irrelevant hemifield). Hence, we observed a significant
interaction between attention and expectation for visual response time. As discussed
in Zuanazzi and Noppeney (2018) this interaction for visual response times results
most likely from the differences in the overall response probability across conditions.
Thus, the response probability is greater when attention and expectation are congruent
and directed to the same hemifield (90% of the trials in blocks of type A) than when
they are directed to different hemifields (60% of the trials in blocks of type B, Fig.
5.1A and 5.1B).

Critically, fMRI allows us to move beyond response time and track neural
processes across the entire auditory and visual processing hierarchy from sensory to
higher order decisional processes for both visual and auditory stimuli and even for

auditory stimuli in task-irrelevant hemifields where no behavioural response is
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obtained. This provides us with the opportunity to investigate whether lower cortical
areas generate a prediction error signal for spatially unexpected stimuli in a more
automatic fashion irrespective of spatial attention. Indeed, in line with the notion of
predictive coding (Rao and Ballard, 1999; Friston, 2005), spatially unexpected relative
to expected auditory stimuli increased activations as a prediction error signal in the
plana temporalia and primary visual cortices as well as higher order frontoparietal
areas. These results suggest that the planum temporale forms spatial expectations and
prediction error signals selectively for audition. These prediction errors may then
propagate up the hierarchy (Friston, 2005) into frontoparietal areas. Surprisingly, we
observed activation increases signaling a prediction error only for spatially unexpected
stimuli in audition. In fact, even the visual cortex showed activation increases only for
unexpected auditory stimuli potentially mediated via direct connectivity from auditory
areas or top-down modulation from parietal cortices.

Likewise, activation increases for spatially expected stimuli were observed
selectively for the auditory sense in the mPFC that has previously been implicated in
forming a representation that matches one’s expectations (Summerfield et al., 2006).
Hence, in line with the notion of predictive coding, higher order areas such as mPFC
form representations when stimuli match our expectations, while sensory and parietal
areas signal a prediction error when stimuli violate our spatial expectations (Rao and
Ballard, 1999; Friston, 2005). Critically, spatial expectations and prediction error
signals were formed in a modality-specific fashion selectively for the sensory modality
where stimulus probability was explicitly manipulated. In fact, we did not observe any
significant positive or negative effects of spatial expectations for visual stimuli

anywhere in the brain. These results suggest that the neural systems form and compute
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spatial expectations that encode the probability of stimulus occurrence in a modality-
specific fashion.

The results discussed so far suggest that the neural systems mediating spatial
attention and expectation are sustained by partly overlapping frontoparietal networks,
but differ substantially in their modality-specificity. Hence, we finally asked separately
for audition and vision whether spatial attention and expectations influence these
neural responses in an additive or interactive fashion. In the auditory modality, spatial
attention and expectation did not interact, but influenced neural responses in this
system in an additive fashion (Shulman et al., 2009). Our conjunction analysis over
spatial attention and expectation revealed a dorsal and ventral frontoparietal network
that was jointly recruited by spatial reorienting as well as expectation violations in
audition. By contrast, in primary visual areas we observed a significant interaction
between spatial attention and expectation selectively for visual stimuli. Activations for
visual stimuli were greater when attention and expectation were directed to different
than same hemifields. This activation profile mimics the pattern we observed for
behavioural response times and is thus most likely mediated by top-down influences
from response selection processes onto sensory cortices (Supplementary Fig. 8.4;
Roelfsema and de Lange, 2016).

In conclusion, our results demonstrate that spatial attention and expectation
engaged partly overlapping neural systems, yet differed in their modality-specificity.
Attentional resources were controlled interactively across audition and vision within a
widespread right-lateralized frontoparietal system. By contrast, spatial expectations
and prediction error signals were formed in audiovisual and frontoparietal cortices
selectively for auditory stimuli where stimulus probability was explicitly manipulated.

Collectively, our results suggest that spatial attention and expectations are intimately
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linked in perception. Yet, while attention engages neural systems interactively across
sensory modalities, spatial stimulus probability is mostly encoded and processed in a

modality-specific fashion.
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ABSTRACT

The involvement of posterior parietal cortex in attention orienting and multisensory
processes is supported by neuroimaging research. In particular, the ventriloquist effect
paradigm has been employed to demonstrate that the anterior portion of the
intraparietal sulcus (IPS) is involved in combining sensory signals taking into account
the causal structure of the environment. However, neuroimaging data cannot prove the
causal involvement of the parietal cortex in multisensory processes and previous
neurostimulation studies showed contrasting results.

During the after-effect of offline low-frequency transcranial magnetic stimulation
(TMS) applied to the right anterior IPS, participants reported the location of auditory
or visual signals in (1) unisensory, (2) spatially congruent or (3) spatially incongruent
audiovisual trials. We evaluated whether, by altering the cortical excitability of right
anterior IPS, behavioural changes in terms of unisensory reliability or ventriloquist
effect could be observed.

We replicated previous results emphasising the central role of sensory reliability,
spatial proximity and attentional mechanisms in multisensory processing. However
our results showed that neither sensory reliability nor audiovisual binding was affected
by IPS-TMS. We interpret these results in light of our experimental design and analysis

and with regard to the stimulation protocol that we employed.

Keywords:
transcranial magnetic stimulation - intraparietal sulcus - sensory reliability - modality-

specific attention - ventriloquist effect - audiovisual integration
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6.1 INTRODUCTION

Perceptual decisions are influenced by bottom up information coming from
sensory inputs. In a multisensory world, the brain maps sensory signals in time and
space and binds signals which derive from the same event into a more reliable unified
sensory percept (Wallace et al., 2004). This has multiple consequences at the
behavioural level. Facilitation (e.g., shorter reaction times, increased accuracy and
sensitivity) is observed for detection and localization of multisensory signals (Gielen
et al., 1983; Vroomen & de Gelder, 2000; Frassinetti et al., 2002; Teder-Salejarvi et
al., 2005). Importantly, these effects strictly depend on the physical or perceptual
spatial and temporal correspondence of such multisensory signals (Wallace et al.,
2004; Bolognini et al., 2007). Moreover, they depend on sensory reliability, with
stronger facilitation effects for congruent but less reliable sensory stimuli (i.e., Inverse
Effectiveness, Meredith & Stein, 1983; Bolognini et al., 2007; Charbonneau et al.,
2013).

When signals are presented simultaneously but are spatially discrepant,
multisensory interactions take place in the form of illusions such as the ventriloquist
effect (VE), where the location of a sound is perceived as shifted towards a
simultaneously presented but uninformative visual signal (Bertelson, et al., 1998; Alais
& Burr, 2004; Vroomen & de Gelder, 2004). When the location of the visual signal
has to be reported, a visual shift towards the uninformative sound may also be
observed, although the magnitude of such effect is smaller than that observed for
auditory signals towards visual signals (Bertelson & Radeau, 1981). Asymmetric
effects for audition and vision can be attributed to the general dominance of vision

over audition (Alais et al., 2010). Furthermore, the magnitude of the observed
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displacement depends on the spatial and temporal disparity between sensory signals
(Wallace et al., 2004) and on their reliability and salience (Alais & Burr, 2004;
Bolognini et al., 2007; Charbonneau et al., 2013; Rohe & Noppeney, 2015b). In fact,
stimuli that are close in space generally originate from a common source and, since
vision provides very reliable spatial information, visual signals are favoured and a
perceptual shift of the auditory signal (i.e., VE) is hence produced (Welch & Warren,
1980; Knudsen & Brainard, 1995). Moreover, it has been shown that information
coming from different sensory modalities is integrated in a near-optimal fashion and
the perceived location is the result of the weighted sum of sensory information which
takes into account sensory reliabilities (Alais & Burr, 2004). Top-down influence of
attention also plays a role in multisensory integration. Previous studies showed that
modality-specific attention (i.e., to attend and report only one signal during bimodal
stimulation) can in fact increase the weight of the attended sensory signal (Vercillo &
Gori, 2015; Rohe & Noppeney, 2018).

Critically, it would be detrimental if the brain estimated the location of signals
exclusively under the assumption that they originate from a common source.
Conversely, it has been suggested that the brain more efficiently combines spatial
estimates taking into account the causal structure of the environment (i.e., whether
spatial estimates rely on integration or segregation, Bayesian Causal Inference model,
Kording et al, 2007). A recent study showed that full segregation, forced fusion (i.e.,
common source assumption) and integration or segregation based on the causal
structure of the environment are performed at the level of sensory cortices, posterior
and anterior IPS, respectively (Rohe & Noppeney, 2015a). The general involvement
of the parietal cortex in multisensory processes is widely supported by neuroimaging

studies. Parietal cortex activations (especially IPS) are observed for auditory, visual
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and tactile stimulation in isolation (Bremmer et al., 2001; Klemen & Chambers, 2012),
are enhanced when stimuli are spatially and temporally congruent (Calvert et al., 2001)
and are related to supramodal modulation (i.e., regardless of stimulus modality) of
spatial attention (Macaluso et al. 2002; Santangelo et al., 2009; Smith et al., 2010).
However, despite being involved in multisensory processes, the parietal cortex hosts
neural representations for vision that are more reliable than those for other sensory
modalities (Swisher et al., 2007; Rohe & Noppeney, 2018).

A key question is whether the parietal cortex is causally involved in multisensory
processes, given that fMRI studies can only provide correlational information about
the involvement of a given brain area in a cognitive task. TMS can be employed to
provide causal evidence for such involvement by directly manipulating cortical
excitability (Pascual-Leone et al., 1999; Wagner et al., 2007). Previous studies showed
altered multisensory enhancement (Ro et al., 2004; Bolognini & Maravita, 2007,
Pasalar et al., 2010), sound-induced flash illusion (Kamke et al., 2012) and synesthetic
congruency effects (Bien et al., 2012) following TMS application to the parietal cortex.

Given the recent importance attributed to anterior IPS with regard to integration
and segregation of sensory signals in function of the causal structure of the
environment (Rohe and Noppeney, 2015a), this study employed TMS to investigate
the causal involvement of right anterior IPS in unisensory and multisensory processes
in relation to task-relevance and audiovisual disparity. During the after-effect of offline
low-frequency TMS, we instructed participants to report the location of an auditory or
visual signal (i.e., task-relevance condition) in the following conditions: (1) presented
in isolation (2) presented with a temporally and spatially congruent signal in a second
sensory modality (i.e., vision or audition) (3) presented with a temporally congruent

but spatially incongruent signal in a second sensory modality (i.e., vision or audition).
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We aimed to test whether IPS-TMS altered (i) the reliability of unisensory stimuli and

(i1) the magnitude of the VE.

6.2 MATERIALS AND METHODS

6.2.1 Participants

Twenty-five healthy subjects (14 females; mean age = 25.24 years; range 19-44
years) participated in the study. All participants had normal or corrected to normal
vision, reported normal hearing, had no history of neurological or psychiatric illness
and had no contraindications to TMS as highlighted in the safety questionnaire. All
participants were right-handed, according to the Edinburgh Handedness Inventory
(Oldfield, 1971) (mean laterality index, 92; range 70-100).

Twenty-two participants (13 females; mean age = 24.23 years; range 19-32
years) were selected to take part in the TMS experiment (see Design and Procedure).
Overall, data collection was terminated when 22 participants had undergone the TMS
experiment. The sample size was determined based on previous neurostimulation
studies investigating multisensory processes (Chambers et al., 2007; Bolognini et al.,
2009; Bertini et al., 2010; Pasalar et al., 2010; Bien et al., 2012; Kamke et al., 2012).
All participants provided written informed consent, as approved by the local ethics
committee of the University of Birmingham (Science, Technology, Mathematics and
Engineering (STEM) Ethical Review Committee) and the experiment was conducted

in accordance with these guidelines and regulations.

6.2.2 Stimuli and Apparatus
During the screening session and the TMS experiment, participants sat in front

of two LCD monitors (1920 x 1080 resolution, 60 Hz refresh rate, 24" liyama ProLite
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B2481HS), resting their chin on a chinrest with the height held constant. To better
resemble a semicircular stimulus displacement, the two monitors were tilted of -25°
(monitor on the left) and 25° (monitor on the right) with respect to the axial midline
parallel to the participants’ eye position. Throughout the entire experiment, a fixation
light (0.8° diameter) was presented in the middle of the two monitors at 0° of vertical
visual angle at a viewing distance of approximately 50 cm (Fig. 6.1B).

Auditory stimuli were bursts of white noise of 40 ms duration (with 5 ms onset
and offset ramps) presented at approximately 70 dB SPL via four pairs of external
speakers (MEMTEQ, Shenzhen, China) aligned vertically above and below the left
monitor. The four pairs of speakers were located at -8°, -16°, -24° and -32° of the
participants’ midline (i.e., on the left of the fixation light). Visual stimuli (‘flashes’)
were white discs (radius: 2.5° visual angle) of 40 ms duration presented on a black
background. They were presented at -8°, -16°, -24° and -32° of the participants’
midline (0° of vertical visual angle) in correspondence to the vertical locations of the
speakers. We limited the presentation of the auditory and visual stimuli to the left
hemifield because previous research showed that right parietal TMS elicits different
behavioural effects for targets presented on the contralateral or ipsilateral hemifields
(Hilgetag et al., 2001; Thut et al., 2005; Kim et al., 2005; Zuanazzi & Cattaneo, 2017).

Stimuli were presented using Psychtoolbox version 3 (Brainard, 1997;
www.psychtoolbox.org), running under Matlab R2017a (Mathworks Inc., Natick, MA,
USA) on a Windows machine. Participants responded by pressing one of four keys of
a keypad with four fingers (index, medium, ring and little finger) of their right hand
(i.e., dominant hand). The order of the keys corresponded to the order of the stimuli

location, from left to right. Throughout the study, participants’ eye-movements and
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fixation were monitored using the EyeLink eyetracking system (SR Research, 2007,

2000 Hz sampling rate).

6.2.3 Design and Procedure

6.2.3.1 Practice and screening session

Participants were initially familiarized with the stimuli in three brief practice
runs and trained on target localization performance. Sounds and flashes were presented
in two unisensory blocks, 6 trials for each of the four spatial locations for an overall of
48 trials for each practice run (24 sounds and 24 flashes) and participants were
instructed to localise the auditory or visual spatial signal as accurately as possible,
while maintaining fixation. After each response, feedback (green or red light presented
at fixation light’s location) indicated whether the response was correct. If incorrect,
the same stimulus was repeated and participants were given the possibility to change
their answer until the correct location was identified. Moreover, participants received
verbal feedback about their fixation performance. At the end of each practice run, they
were given feedback about their performance accuracy for each modality and location.

During the screening session participants were tested for their ability to correctly
localise unisensory auditory and visual stimuli. The screening sessionwas preceeded
by one practice session and resembled the practice session except that no feedback was
provided. Participants were presented with three unisensory blocks of sounds
alternated to three of flashes, with 45 trials for each of the four spatial locations for
each modality for an overall of 360 trials. They were instructed to localize the auditory
or visual spatial signal as accurately as possible, while maintaining fixation.
Participants’ localization error was quantified for each sensory modality by computing
the root mean square error (RMSE) between participant’s response and stimulus

location, averaged across locations. Only participants whose RMSE was less than 8°
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for sounds and 4° for flashes (thresholds were defined on a previous pilot study with
10 participants) were included in the TMS experiment. For the screening session, mean
group RMSE (for 25 participants) was 5.3° & 0.2° [across subjects mean + SEM] for

sounds and 3.2° + 0.2° [across subjects mean + SEM] for flashes.

6.2.3.2 TMS experiment

A subgroup of 22 participants who had taken part in the screening session was
selected to take part in the TMS experiment. In a spatial ventriloquist paradigm,
participants were presented with spatially congruent or discrepant visual and auditory
signals. Temporal congruency was not manipulated, thus auditory and visual signals
were always synchronous. Our 4 x 4 x 2 x 2 factorial design manipulated (i) the
location of the auditory stimulus (-8°, -16°, -24°, -32°) and (i) the location of the visual
stimulus (-8°, -16°, -24°, -32°). (ii1)) TMS (IPS or sham-TMS), (iv) task-relevance
block (report auditory or visual location). On each trial, sounds and flashes were
presented on one of four locations on the left of the fixation light, resulting in four
levels of audio-visual spatial discrepancy (i.e., 0°, 8°, 16°, 24°) (Fig. 6.1A). Each
combination of sound and flash locations was presented with equal probability. In each
task-relevance block, sounds or flashes were also randomly presented in isolation at
each of the four locations (i.e., unisensory trials). Participants were instructed to
selectively localize the auditory or visual spatial signal (i.e., task-relevance
manipulation) as accurately as possible, while maintaining fixation. Each trial (SOA:
2040 ms) included three time windows: i. fixation light alone (500 ms duration), ii.
brief sound, flash or sound and flash together (stimulus duration: 40 ms) and iii.
fixation light alone (1500 ms as response interval). TMS conditions were manipulated
across experimental sessions that were performed on different days and each condition

included two sessions for an overall of four days. IPS-TMS and sham-TMS order was
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alternated, with at least 24 hours between IPS- and sham-TMS sessions and seven days
between the two IPS-TMS sessions. Task-relevance, i.e. the requirement to locate
sounds or flashes, was manipulated over 12 blocks within each session. Each block
contained 60 trials. Prior to each block, a cue (duration: 5000 ms) informed
participants which modality to report (Fig. 6.1B). Thus, the experiment included 60
trials x 12 task-relevance blocks (6 blocks where the location of the sound was reported
and 6 where the location of the flash was reported) x 4 TMS sessions (2 IPS and 2
sham) = 2880 trials in total. The order of TMS conditions across sessions and of task-
relevance within each session was counterbalanced across participants and the order
of the combination of auditory and visual signals’ location was pseudo-randomized
within each participant.

Prior to each session, participants were familiarized with the stimuli in three brief
practice runs (same practice runs to that delivered before the screening session).
Moreover, they were familiarized with the spatial ventriloquist task in one brief
practice run (40 trials overall, 20 for each task-relevance condition). No feedback was
provided for the ventriloquist task practice. To measure potential differences between
subjective effects of sham and real stimulation, after each session we asked
participants to answer the question: During stimulation, how often did you experience:
(1) Neck pain, (2) Headache (3) Pinching sensation where the coil was positioned, (4)
Heat sensation where the coil was positioned, (5) Loud clicking noise, (6) Fatigue, (7)
Faint feeling, (8) Drowsiness, by rating each item on a 10-point Likert scale (0: never,
10: the whole time) (Fig. 6.2). To evaluate whether participants became aware of the
stimulation difference, after the final session participants completed a questionnaire
where (1) they indicated whether they noticed any difference during the stimulation

period across sessions and (2) after being informed about the application of two

196 Spatial attention and expectation across audition and vision



different types of stimulation, they were asked to indicate (or guess) in which sessions
they believed sham-TMS was applied. A comparison of the responses given after
sham-TMS and IPS-TMS (2-tailed Wilcoxon Signed Ranks tests) did not show
significant difference between any of the pairs (p > 0.05) (across subject means and
SEMs are shown in Fig. 6.1C). Nine out of 22 participants reported a difference
between stimulation conditions and eight of them correctly identified the two sessions

where sham-TMS was applied.

6.2.4 TMS site and procedure

Two TMS conditions were included in the experiment: stimulation of right
anterior IPS as experimental condition and sham stimulation as control condition. For
each subject, individual stimulation coordinates were determined by (1), inverse
transforming the right IPS3 and [PS4 probabilistic maps from Wang et al. (2015) from
MNI to native space using the parameters obtained from spatial normalization of
individual T1-weighted structural MRI images, (2) identifying the coordinates (in
native space) of the voxel with highest probability located in right anterior IPS, defined
as the sum of the inverse transformed IPS3 and IPS4 probabilistic maps (mean
coordinates in MNI space are x =20, y =-64, z= 60) and (3) computing the stimulation
entry as the intersection between the scalp and the shortest vector connecting the
individual coordinates to the scalp.

Preceding the task, offline low-frequency repetitive TMS was applied in one
single continuous train for 30 minutes at 1 Hz frequency. This stimulation protocol
was shown to decreases cortical excitability (Maeda et al., 2000) with related
worsening or improvement of performance in behavioural and psychophysical tasks
(Hilgetag et al., 2001; Pell et al., 2011). We choose an offline approach to avoid that

TMS-specific effects, such as lateralized clicking noise, could interfere with sensory
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task performance. In terms of after-effects duration, studies showed that low-frequency
repetitive TMS (i.e., <1 Hz) can reduce cortical excitability for up to 50-100% the
duration of the stimulation (Eisenegger et al., 2008; see Robertson et al., 2003 and
Hoogendam et al., 2010 for a review). For this reason, task duration was matched to
stimulation duration.

During stimulation, participants’ head movement was minimized using
cushioned supports around their head and, to maximize stimulation accuracy, the TMS
coil was attached to a mechanical arm. Participants were provided with earplugs, were
allowed to close their eyes and asked to relax. The ventriloquist task was performed
for 30 minutes after stimulation, within the putative inhibition-window of TMS after-
effects. TMS was delivered via a MagStim figure-of-eight coil (MCF-B70) and a
MagPro X100 stimulator (MagVenture Company, Denmark) positioned over the
stimulation site with the coil handle held posterolaterally at about 45° from the mid-
sagittal axis. The positioning of the TMS coil and real time monitoring of coil position
was performed using a neuronavigation system (Localite, Bonn, Germany).

Unlike for visual/motor cortex stimulation, there is no direct way (similar to
motor-evoked potentials or phosphenes) to measure intensity effects of TMS delivered
over IPS. Therefore, following a standard approach, we based the intensity of IPS-
TMS on the individual resting motor threshold (RMT) (Rossi et al., 2009). Yet, the
existence of correlations between motor cortex and parietal cortex thresholds is
controversially discussed (but see Oliveri et al., 2000 and Oliver et al., 2009).
Stimulation intensity was set at 100% of individual RMT, determined as the minimum
TMS intensity applied over the right motor cortex required to evoke a visible twitch
of the participant’s left hand in approximately five out of ten consecutive pulses. Mean

TMS intensity across participants was 33% stimulator output (range 24%-42%).
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Sham-TMS was performed by positioning the coil on the same spot as for IPS-TMS
and by tilting it by 90° with the coil wings touching the scalp. Such positioning has
been shown to produce similar acoustic and sensational effects to real TMS without
inducing biological activity in the cortex (Lisanby et al., 2001). During sham-TMS,

stimulation intensity was set to the same level as for IPS-TMS.
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Figure 6.1: Experiment design and example trial.

A. The 4 x 4 x 2 x 2 factorial design manipulated (i) in multisensory conditions, the
location of the auditory stimulus (-8°, -16°, -24°, -32°), (i1) in multisensory conditions,
the location of the visual stimulus (-8°, -16°, -24°, -32°), (iii) task-relevance (report
auditory or visual location) manipulated across blocks, and (iv) TMS application (IPS
or sham-TMS) manipulated across sessions which took place on different days. Each
task-relevance block included also auditory or visual unisensory trials. Sham-TMS
was performed with the coil tilted by 90° with the wings touching the scalp. B. The
task was preceded by 30 minutes offline stimulation at 1 Hz. During the task,
participants were presented with blocks of audiovisual signals and unisensory auditory
or visual signals originating from four possible locations. Before each block a cue
indicated the task-relevant sensory modality (i.e., whether to locate the sound or the
flash). The flash was a white circle. The sound was a burst of white noise presented
over loudspeakers. Stimulus duration was 40 ms and response time was limited to 1500

ms.
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Figure 6.2: Results of the stimulation questionnaire

To measure potential differences between subjective effects of sham-TMS and IPS-
TMS, after each session participants were asked to rate how often they experienced
the sensations listed in the graph. No significant difference was found for ratings after

sham-TMS and IPS-TMS in any of the pairs (p > 0.05).
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6.2.5 Data analysis

Our analysis aimed to test whether IPS-TMS altered (i) the reliability of
unisensory stimuli, (ii) the magnitude of the VE. As a follow-up analysis we also tested
the effects of modality-specific attention. Sessions for each TMS condition were
pooled over to obtain one session for each TMS condition. For completeness, all the
following analyses were also run only for the first half of the task duration to account
for the possibility that the TMS after-effects lasted less than 100% of the stimulation
duration. In this further analysis conclusions regarding the effect of IPS-TMS did not

change compared to the full analysis.

6.2.5.1 Effects of IPS-TMS on reliability of unisensory stimuli

Reliability of unisensory auditory and visual stimuli was computed for each
participant as the standard deviation (SD) of responses at each spatial location. To
evaluate whether IPS-TMS altered the reliability of auditory or visual unisensory
stimuli, we entered the SD values into a 2 (7MS: sham-TMS vs IPS-TMS) x 2 (task-
relevance: report auditory location vs report visual location) x 4 (spatial location: -32°,
-24°, -16°, -8°) repeated measures analysis of variance (rmANOVA). We repeated the
simple contrasts using non-parametric Wilcoxon Signed Ranks tests (2-tailed,
correcting for multiple comparisons) to account for potential violation of normality

assumptions.

6.2.5.2 Effects of IPS-TMS on the ventriloquist effect
To evaluate the effect of IPS-TMS on the VE we ran a model-free and a model-
based analysis. In the model-free analysis, for each participant, for each TMS

condition, for each response modality and for each audiovisual disparity (i.e., 8°, 16°
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and 24°), we computed the relative visual and auditory bias for the reported stimuli

(VEAresp, VEAresp) as:

(1) VEAresp = (Aresp - Aloc)/ (VLoc - ALoc)

(2) VEVresp = (Vresp - Vloc)/ (ALoc - VLoc)

With A = auditory modality, V = visual modality, Awsp = mean auditory
localization response, Viesp = mean visual localization response, Aroc = location of
auditory stimulus, Vioc = location of visual stimulus. We entered VEaresp and VEviesp
values in a 2 (TMS: sham-TMS vs IPS-TMS) x 2 (task-relevance: report auditory vs
visual location) x 3 (spatial disparity: 8°, 16° and 24°) rmANOVA. We repeated the
simple contrasts using non-parametric Wilcoxon Signed Ranks tests (2-tailed,
correcting for multiple comparisons) to account for potential violation of normality
assumptions.

In the model-based analysis, we estimated the influence of the visual and
auditory signals separately for the reported auditory and visual estimates by means of
two linear regression models. Each regression model included the reported location as
dependent variable (Y a or Yv) and eight regressors: 2 (TMS: sham-TMS or IPS-TMS)
X 2 (spatial disparity: 0°/8° as small or 16°/24° as large) x 2 (modality of signal
locations: auditory or visual).

For each TMS and disparity condition, parameter estimates of auditory and
visual location (Ba and PBv) were used to compute a summary index for the relative
influence of the visual location on perceived sound location (i.e., relative visual
weight, RVW) and for the relative influence of the auditory location on perceived

visual location (i.e., relative auditory weight, RAW):
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(3) RVW =Bv / (Bv+Pa)

(4) RAW = Ba/ (Ba+Bv)

Positive RVW and RAW indicates that perceived auditory or visual locations were
shifted towards the location of the flash or the sound, as measured by the VE.
Conversely, negative RVW and RAW indicate a repulsion effect, i.e. a shift in the
opposite direction. To test for different RVW and RAW in relation to TMS application
and audiovisual disparity, we entered these symmary indices into two 2 (TMS: sham-
TMS vs IPS-TMS) x 2 (spatial disparity: small vs large) rmANOVA. We repeated the
simple contrasts using non-parametric Wilcoxon Signed Ranks tests (2-tailed,
correcting for multiple comparisons) to account for potential violation of normality

assumptions.

6.2.5.3 Effects of modality-specific attention

As a follow-up analysis, we verified whether in the congruent condition
participants were able to focus their attention selectively on the sensory modality to be
reported. If they were in fact responding to the indicated sensory modality, we
predicted that reliabilities of auditory and visual reports in congruent conditions should
be different (under the assumption that they are different in the unisensory condition,
Rohe and Noppeney, 2018). For completeness, we investigated if such modality-
specific effect of attention was altered by IPS-TMS. Thus, we entered the SD of
responses for congruent trials into a 2 (7MS: sham-TMS vs IPS-TMS) x 2 (task-
relevance: report auditory vs report visual location) x 4 (spatial location: -32°, -24°, -

16°, -8°) rmANOVA.
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Moreover, to further investigate whether the RVW was exclusively determined
by sensory reliability of visual stimuli (i.e., RVW is the same regardless of which
stimulus modality has to be reported) or whether top-down processes such as modality-
specific attention may contribute to the magnitude of visual weight (i.e., RVW is larger
when vision is task-relevant), we included all reported auditory and visual estimates
as dependent variable (Y) in one single linear regression model with two regressors: 2
(task-relevance: report auditory vs report visual location) x 2 (stimulus modality at a
given location: auditory vs visual). As participants were instructed to attend and report
auditory or visual signals in different audiovisual blocks, our design allowed us to test
for different RVW in relation to task-relevance. Thus, the summary index RVW was
calculated separately when audition was task-relevant (RVW4) and when vision was

task-relevant (RVWy):

(5) RVWa =Bv/ (Bv+Pa)

(6) RVWv =Bv/ (Bv+Pa)

where Ba and Pv are the parameter estimates of auditory and visual locations. RVWx
and RVWy were compared using a non-parametric Wilcoxon Signed Ranks test (2-

tailed).

6.2.5.4 Control analysis: eye-movements

Participants’ eye-movements were recorded for the 30-minutes duration of the
task for each session. Fixation, saccades and blinks were automatically detected by the
EyeLink eyetracking system. Fixation was well maintained within a radius of 1.3°
(threshold based on Blignaut et al., 2009) for 21 participants (mean = SD number of

left saccades across participants and sessions for the whole duration of the task: 9 +
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13.7). Only for one participant a high number of left saccades was detected (mean

across sessions: 456).

6.3 RESULTS

6.3.1 Effects of IPS-TMS on reliability of unisensory stimuli

For each block manipulating task-relevance (i.e., report auditory or visual
location) audiovisual targets were presented interleaved with unisensory targets in the
sensory modality defined by task-relevance. For unisensory targets, the 2 (TMS: sham-
TMS vs IPS-TMS) x 2 (task-relevance: report auditory vs report visual location) x 4
(spatial location: -32°, -24°, -16°, -8°) rmANOV A with SD of response as dependent
variable revealed no significant main effect of TMS, no significant interaction between
TMS and task-relevance or spatial location and no significant three-way interaction (p
> 0.05), suggesting that [IPS-TMS did not alter unisensory signal reliability. To further
support this hypothesis, we ran a Bayesian paired-sample t-test (JASP Version 0.8.4.0,
using the default Cauchy prior) to compare sham-TMS and IPS-TMS effects on signal
reliability, pooling over task-relevance and spatial location. These data were 3.04 more
likely to occur under the null hypothesis (i.e., sham-TMS effects = IPS-TMS effects)
(Bayes Factor in favour of the null hypothesis, BFO1 = 3.04, i.e., moderate evidence,
Jeffreys, 1961) relative to the alternative hypothesis (i.e., sham-TMS effects # IPS-
TMS effects) black vs grey lines in Fig. 6.3A, Table 6.1).

Despite the absence of IPS-TMS effects, the rmANOVA revealed a significant
main effect of task-relevance (F(1,21) = 148.14, p <0.001, ,> [90% CI] = 0.88 [0.76,
0.91]) and spatial location (F(3, 63) = 23.75, p < 0.001, #,> [90% CI] = 0.53 [0.36,
0.62]) and a significant interaction between task-relevance and spatial location (F(3,

63)=14.95, p <0.001, 5,° [90% CI] = 0.42 [0.24, 0.52]). Thus, we further ran separate
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rmANOV As with spatial location as factor for auditory and visual modality separately,
pooling over TMS conditions. While a significant main effect for spatial location was
found for the auditory modality (F(3, 63) = 33.28, p < 0.001, #,> [90% CI] = 0.61
[0.46, 0.68]), this effect was not significant for the visual modality (p > 0.05). Post-
hoc tests (Bonferroni-corrected for 6 multiple comparisons) revealed that the two
middle sound locations were reported with significantly less reliability than the two
outer locations (-32 vs -24: p < 0.001; -32 vs -16: p <0.001; -32 vs -8: p > 0.05; -24
vs -16: p > 0.05; -24 vs -8: p = 0.001; -16 vs -8: p < 0.001; Wilcoxon Signed Ranks
tests: -32 vs -24: p < 0.001; -32 vs -16: p < 0.001; -32 vs -8: p > 0.05; -24 vs -16: p >
0.05; -24 vs -8: p = 0.001; -16 vs -8: p < 0.001). Overall, these results suggest that
visual signals were localized with higher reliability than auditory signals (solid vs
dashed lines in Fig. 6.3A, Table 6.1) and that auditory signal report was more reliable
when the sound was presented at -32° and -8° locations. It should be noted that this
latter effect may not be purely perceptual but merely be a consequence of the response
distribution of outer signals, as more extreme responses were not made available to

participants.

6.3.2 Effects of IPS-TMS on the ventriloquist effect

Participants were presented with audiovisual signals randomly sampled from
four spatial locations in their left hemifield. Task-relevance was manipulated in blocks
by instructing participants to either report the location of the auditory signal or the
location of the visual signal. For the audiovisual targets, the 2 (7MS: sham-TMS vs
IPS-TMS) x 2 (task-relevance: report auditory vs visual location) x 3 (spatial
disparity: 8°, 16° and 24°) rmANOVA with VE as dependent variable revealed no
significant main effect of TMS, no significant interaction between TMS and task-

relevance or spatial disparity and no significant three-way interaction (p > 0.05). We
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ran a default Bayesian paired-sample t-test to compare sham-TMS and IPS-TMS
effects on VE, pooling over task-relevance and spatial location. Data were 4.35 more
likely (BFO1 = 4.35, i.e., moderate evidence) to occur under the null hypothesis (i.e.,
sham-TMS effects = IPS-TMS effects) relative to the alternative hypothesis (sham-
TMS effects # IPS-TMS effects), (black vs grey lines in Fig. 6.3B, Table 6.1).
Despite the absence of IPS-TMS effects, the rmANOVA revealed a main effect
of task-relevance (F(1, 21) = 40.40, p < 0.001, 1,% [90% CI] = 0.66 [0.41, 0.76]) and
disparity (F(2, 42) = 79.74, p < 0.001, 7,*> [90% CI] = 0.79 [0.68, 0.84]) and a
significant interaction between task-relevance and disparity (F(2, 42) = 42.03, p <
0.001, 7, [90% CI] = 0.67 [0.50, 0.74]). Thus, we ran separate rmANOVAs with
spatial disparity as factor for task-relevance conditions separately, pooling over TMS
conditions. For both task-relevance conditions a main effect of disparity was found
(auditory report: F(2, 42) = 68.7, p < 0.001, 7,> [90% CI] = 0.77 [0.64, 0.82]; visual
report: F(2, 42) = 32.07, p < 0.001, 7,> [90% CI] = 0.60 [0.42, 0.69]). Post-hoc tests
(pooling across TMS conditions, Bonferroni-corrected for 3 multiple comparisons)
revealed that, for the ‘report auditory’ condition, when stimuli were presented at 8°
and 16° of disparity, the VE was significantly larger than when they were presented at
24° disparity (8° vs 16°: p > 0.05; 8° vs 24°: p <0.001; 16° vs 24°: p <0.001; Wilcoxon
Signed Ranks tests: 8° vs 16°: p > 0.05; 8° vs 24°: p < 0.001; 16° vs 24°: p < 0.001)
(solid lines in Fig. 6.3B, Table 6.1). Conversely, for the ‘report visual’ condition, the
VE was maximum at 8° but was significantly reduced already at 16° ( 8° vs 16°: p <
0.001; 16° vs 24°: p > 0.05; 8° vs 24°: p > 0.05; Wilcoxon Signed Ranks tests: 8° vs
16°: p <0.001; 16° vs 24°: p > 0.05; 8° vs 24°: p > 0.05) (dashed lines in Fig. 6.3B,

Table 6.1).
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Overall, these results suggest that the VE was higher when participants had to
report the location of the sound than the flash despite the audiovisual signal being the
same (Fig. 6.3B, Table 6.1). Moreover, they show that the VE effect increased with
reduced audiovisual disparity and that already at 16° the VE was significantly reduced
for the visual report.

Results of our model-based analysis confirm these conclusions. No significant
effect of TMS was found (p > 0.05; BFOlrvw = 4.59; BFOlraw = 3.53) and RVW and
RAW were larger for smaller audiovisual disparities (main effect of disparity: RVW:
F(1,21)=5.52, p = 0.029, 5,> [90% CI] = 0.21[0.01, 0.42], Wilcoxon Signed Ranks
tests pooling across TMS conditions: p = 0.049, solid lines in Fig. 6.3C, Table 6.1;
RAW: F(1,21)=18.99, p <0.001, 5,° [90% CI] = 0.47 [0.19, 0.63], Wilcoxon Signed
Ranks tests pooling across TMS conditions: p <0.001, dashed lines in Fig. 6.3C, Table

6.1).

6.3.3 Effects of modality-specific attention

Results of the rmANOVA on congruent signals in different task-relevance
conditions indicated that modality-specific attention had an effect on reliability of
congruent estimates, suggesting that during multisensory stimulation participants
focused their attention on the modality to be reported (i.e., significant main effect of
task-relevance: F(1, 21) = 94.67, p < 0.001, #,* [90% CI] = 0.82 [0.66, 0.87]). This
effect was not altered by IPS-TMS (no significant main effect of TMS or interaction
between TMS and task-relevance, p > 0.05, BFO1 = 5.93 for main effect of TMS for
the difference between task-relevance conditions). Furthermore, a significant increase
of visual weight when flashes were task relevant was observed (RVWy > RV W, two-

tailed Wilcoxon Signed Ranks tests: p <0.001).
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Table 6.1: Mean reliability (SD), Ventriloquist Effect and Visual and Auditory Weight

for each TMS condition, for each location and for each task-relevance condition.

Standard errors (SEM) are given in parentheses.

Degrees Report auditory Report visual
Standard deviation Sham-TMS -32 3.20(0.33) 2.43 (0.28)
(SEM) -24 4.85 (0.28) 2.37(0.19)
-16 5.10(0.26) 2.54(0.31)
-8 3.87(0.21) 1.96 (0.26)
IPS-TMS -32 2.94(0.29) 2.44 (0.25)
-24 4.94 (0.22) 2.51(0.18)
-16 5.08 (0.22) 2.38 (0.28)
-8 3.49 (0.22) 1.95(0.21)
Ventriloquist Effect Sham-TMS 8 0.233 (0.031) 0.074 (0.01)
(SEM) 16 0.224 (0.023) 0.042 (0.0006)
24 0.133 (0.023) 0.036 (0.006)
IPS-TMS 8 0.237 (0.031) 0.063 (0.009)
16 0.224 (0.026) 0.041 (0.0006)
24 0.134 (0.023) 0.037 (0.006)
Visual and Auditory Weight | Sham-TMS 0-8 0.113 (0.038) 0.009 (0.005)
(SEM) 16-24 0.090 (0.027) -0.010 (0.002)
IPS-TMS 0-8 0.120 (0.037) 0.001 (0.006)
16-24 0.083 (0.028) -0.008 (0.004)
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Figure 6.3: Behavioural results: sensory reliability, ventriloquist effect, relative visual
and auditory weights.

A. Standard deviation as a measure of reliability for unisensory auditory (solid lines)
and visual (dashed lines) report, for the four spatial locations. Auditory signals were
localized in space significantly less reliably than visual signals (p < 0.001). No
significant difference was found between sham-TMS (black line) and IPS-TMS (grey
line) conditions (p > 0.05). B. The VE was computed for the incongruent trials as a
function of task-relevance (report auditory location: solid lines, report visual location:
dashed lines). The VE was larger for auditory than visual stimuli (» <0.001). For both
sensory modalities, the VE significantly increased with audiovisual disparity
decreasing (p < 0.001). No significant difference was found between sham-TMS
(black line) and IPS-TMS (grey line) conditions (p > 0.05). C. Relative visual (solid
lines) and auditory weight (dashed lines) was computed pooling over congruent and
incongruent trials as a function of audiovisual disparity (small [< 8°] vs large [> 8°]).
Visual and auditory weight significantly increased with audiovisual disparity
decreasing (p < 0.05). No significant difference was found between sham-TMS (black
line) and IPS-TMS (grey line) conditions (p > 0.05).

No evidence that transcranial magnetic stimulation of right anterior intraparietal sulcus alters signal reliability or
ventriloquist effect 211

wBrep Aoypny aalejey



6.4 DISCUSSION

The posterior parietal cortex is involved in numerous functions such as visual
attention and multisensory integration (Kastner et al., 1999; Ghazanfar & Schroeder,
20006). In particular, previous neuroimaging studies have implicated IPS in attentional
control and spatial reorienting (Corbetta et al., 2008) regardless of sensory modality
(Macaluso et al., 2002) and have defined it as ‘association cortex’, i.e. a brain region
where multiple sensory modalities converge (Calvert and Thesen, 2004). Functional
activations observed in association cortices may derive from areas that are common to
different sensory modalities or from coactivation of functionally distinct unisensory
areas which are close in space (Klemen & Chambers, 2012).

Importantly, using a VE paradigm, previous functional imaging research has
suggested that IPS differently encodes the spatial estimates of sensory signals at
different stages: while in IPS1-2 signals are integrated weighted by their sensory
reliabilities, in IPS3-4 the full-segregation and the forced-fusion models are combined
(Rohe & Noppeney, 2015a). The VE paradigm provides direct information about how
signals are integrated or segregated in relation to signal reliability. In particular, the
magnitude of visual influence on auditory percepts (i.e., visual weight) increases with
increased sensory reliability (Rohe & Noppeney, 2018). Furthermore, previous
research has shown that multisensory processes depend on attention orienting,
suggesting that also top-down mechanisms such as task-relevance play an important
role in shaping multisensory percepts (Talsma & Woldorff, 2005; Vercillo & Gori,
2015).

Using a VE paradigm, the current study aimed to investigate whether changes in

terms of sensory reliability and audiovisual binding can be observed following a
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decrease of cortical excitability by means of right anterior IPS stimulation. Participants
were instructed to report the location of the auditory or visual signal in (1) unisensory,
(2) spatially congruent or (3) spatially incongruent audiovisual trials.

Our specific reliability and VE analyses produced three relevant results. First,
we found that the reliability of unisensory signals was not altered by IPS-TMS.
Second, we found that IPS-TMS did not alter the VE in the model-free analysis or the
relative visual or auditory weight in the model-based analysis, indicating that
audiovisual binding processes measured with our task did not significantly change
following application of IPS-TMS. Third, in our follow-up analysis we found that also
modality-specific attentional processes were not altered by IPS-TMS.

Importantly, the absence of TMS effects that we observed cannot be explained
by the lack of behavioural effects per se, as we were able to successfully replicate
previous behavioural findings: (1) the magnitude of the VE depended on audiovisual
disparity (Wallace et al., 2004); (2) vision exerted a stronger influence on audition than
audition on vision (Odegaard et al., 2015), which reflected on a greater VE for audition
than vision and on a larger relative visual weight than relative auditory weight (Alais
et al., 2010); (3) modality-specific attention increased sensory weight (Rohe &
Noppeney, 2018), possibly either by increasing reliability of sensory signals
(Martinez-Trujillo & Treue, 2004) or by actively biasing multisensory integration
processes in favour of the attended signal (Talsma & Woldoroff, 2005 but see
Bertelson, et al., 2000). Therefore, collectively we showed that sensory reliability is
different in audition and vision and that audiovisual binding can be measured in
function of audiovisual disparity, sensory reliability and top-down attentional

processes.
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Our study is not the first that failed to find effects of [IPS-TMS on multisensory
processes. Bertini et al. (2010) applied rTMS to the right posterior parietal cortex
(rPPC), right temporoparietal cortex (rTPC) and right occipital cortex (rOC) and
evaluated its effects on spatially congruent and incongruent auditory and visual
stimuli. Inhibition of rTPC reduced multisensory enhancement of congruent trials,
whereas inhibition of rOC reduced the VE of incongruent trials. However, no
significant effect was found for rPPC. They hypothesised that their null effect would
be explained by postulating that temporoparietal regions are responsible for
audiovisual integration and posterior parietal activations would only reflect an
epiphenomenon. Their conclusions are consistent with previous neurostimulation and
neuropsychological studies showing that the parietal lobe is not crucially involved in
audiovisual integration (Bolognini et al., 2009; Passamonti et al., 2009). Moreover, in
agreement with this hypothesis, further neurostimulation studies brought evidence that
temporoparietal cortex stimulation indeed altered multisensory processes (Chambers
et al., 2007; Kamke et al., 2012). However, in contrast with this conclusion, other
studies targeting the right IPS were able to reveal changes in multisensory processes
caused by TMS application (Pasalar et al., 2010; Bien et al., 2012). Given the
numerous differences in terms of stimulation site, TMS protocol and experimental task
employed by those previous studies, striking conclusions about the causal involvement
of posterior parietal cortex in multisensory processes cannot be drawn.

In our study, the stimulation site was selected based on retinotopy maps of a
brain region (IPS3-4) which was found to be relevant for multisensory integration
measured with fMRI in a similar spatial ventriloquism study (Rohe & Noppeney,
2015a). Further, we performed MRI-guided neuronavigation to accurately localise

individual spots and optimise the effect of stimulation (Sack et al., 2008). For these
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reasons, we are inclined to exclude the possibility that the cortical region that we
targeted in each participant was inadequate for the behavioural outcome that we tested.
We showed that our control condition was effective, that only few participants noticed
the difference between sham and real stimulation and that the stimulation discomforts
reported after real stimulation were not significantly different than those reported after
sham stimulation. Moreover, we employed an offline approach to avoid that TMS-
specific effects, such as lateralized clicking noise, could interfere with sensory task
performance (Duecker & Sack, 2015). Hence, we can safely exclude that any bias
could have been introduced by the application of sham-TMS vs IPS-TMS and by
related subjective discomforts.

Previous methodological studies showed that the after-effect of low-frequency
rTMS lasts for up to 50-100% the duration of the stimulation (Robertson et al., 2003
and Hoogendam et al., 2010). Importantly, only few studies investigated the after-
effect duration in brain areas other than the motor cortex (Eisenegger et al., 2008). To
evaluate whether stimulation after-effects could have lasted less than stimulation time,
we repeated our analyses including only the first 15 minutes of the task, but we did not
find significant effects related to TMS application. Critically, we cannot exclude the
possibility that longer-lasting stimulation after-effects were completely absent or that
the strength of the magnetic field was too weak in the relevant portion of IPS3-4 (the
strength of the magnetic field rapidly weakens with depth, Siebner et al., 2009), as we
did not make any physiological measurement which could challenge such conclusion.

The magnitude of the VE that we observed deserves some consideration. Despite
the visual signal being very reliable (i.e., a white disc on a black background) the mean
VE across subjects at the smallest disparity was 0.24. A previous similar study reported

higher mean VE across subjects, ranging between 0.5 to 0.9 for auditory report of
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audiovisual stimuli with high visual reliability (Rohe & Noppeney, 2015b). Hence, we
cannot rule out potential floor effects that could have prevented detectable behavioural
changes following IPS-TMS. Moreover, the VE could have potentially been reduced
following the unisensory training that our participants underwent before performing
the experimental task. The advantage of improving localisation accuracy in the
unisensory condition may have come at price of a lower audiovisual binding.
Importantly, our analysis did not simply fail to provide evidence in favour of
IPS-TMS altering signal reliability or the VE. By means of Bayesian analyses we were
able to provide moderate evidence in favour of the absence of a difference between
sham-TMS and IPS-TMS. Nevertheless, in light of recent neuroimaging results, it
seems implausible to conclude that IPS3-4 would not be involved in audiovisual
binding as more substantial proof is needed to draw such conclusion. Our contribution
instead emphasises the complexity of multisensory integration and segregation
processes in relation to modality-specific attention and the necessity for more fine-
grained investigation on the multifaceted role of IPS in such processes. Previous
research combined multisensory paradigms with common-source judgment tasks
where participants were asked to report whether the two sensory signals were produced
by a common source. Different results were found for signals perceived from same or
different sources and localization biases emerged for trials which were reported as to
be emanated from a common source (Wallace et al., 2004; Odegaard et al., 2015).
Accordingly, reducing the excitability of IPS3-4 may lead to independent behavioural
effects in terms of (i) audiovisual bias and (ii) common-source judgments or (iii) their
interaction (Wallace et al., 2004; Rohe & Noppeney, 2016). Thus, further studies may
compare behavioural and neurophysiological effects of excitation/inhibition of

sensory cortices, IPS1-4 and more decision-related areas (e.g., the dorsolateral
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prefrontal cortex) during localization and common-source judgment tasks, to
disentangle outcomes predicted by full segregation, full integration and Bayesian

Causal Inference models.
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7.1 SPATIAL ATTENTION AND EXPECTATION IN A MULTISENSORY

ENVIRONMENT

Our brain is constantly bombarded by an overwhelming amount of signals from
different sensory modalities and needs to combine them into a coherent percept.
Attention and expectation are two mechanisms that facilitate perception by
respectively selecting relevant information and constraining the interpretation of such
information on the basis of prior probability. Furthermore, perception is facilitated
when signals in multiple sensory modalities that share spatial and temporal features
are combined. The interplay between attention and expectation (Summerfield & Egner,
2009) and between these two mechanisms in relation to multisensory processes
(Santangelo & Macaluso, 2012) is multifaceted. In particular, previous research has
strived to address two main questions: (1) does attention (and expectation) engage
multisensory processes and (2) are attention and expectation two sides of the same
mechanism?.

Previous multisensory studies showed that behavioural and neural effects of
spatial attention are synergistic across sensory modalities and engage frontoparietal
and temporoparietal cortices (Spence & Driver, 1996; Macaluso et al., 2002).
Furthermore, the posterior parietal cortex has recently been shown to play an important
role in arbitrating between integration and segregation of multisensory signals (Rohe
& Noppeney, 2015, 2016) However, the causal and critical involvement of the
posterior parietal cortex in multisensory processes remains unclear, in light of previous
neurostimulation studies reporting contrasting evidence (Bertini et al., 2010; Kamke

et al., 2012).
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Critically, previous multisensory research has often confounded attention with
expectation, thus behavioural and neural effects of these two mechanisms could not be
disentangled. Only recently have studies attempted to separate attention and
expectation (mainly in the unisensory field and at the neural level), yet they showed
contrasting results (i.e., additive or interactive effects of attention and expectation, Kok
et al., 2012; Lange, 2013).

The main aim of this thesis was to contribute to the understanding of
multisensory processes in relation to spatial attention and expectation. By
implementing a novel audiovisual paradigm which relies on the multisensory
generalization effects originally showed only for attention (Spence & Driver, 1996),
chapter 3 aimed to evaluate whether spatial attention and expectation, when
orthogonally manipulated, have additive or interactive effects at the behavioural level.
Chapters 4 and 5 investigated (1) whether interactive effects of spatial attention and
expectation observed at the behavioural level could be observed at the neural level and
(2) whether spatial attention and expectation (or their interaction) engaged
multisensory processes at the behavioural and neural level. Finally, chapter 6
examined the causal and critical role of right anterior IPS in modifying signal

reliability and in multisensory integration and segregation.

7.2 FINDINGS

The operational definition of attention as ‘task-relevance’ and expectation as
‘signal probability’ sets up a dichotomy between these two processes. Contrasting
behavioural and neural evidence has been provided in support of such dichotomy
(Nobre & van Ede, 2017). Chapter 3 indicated that a rigid dichotomy between attention

and expectation does not explain perceptual decision processes. In fact, seemingly

228 Spatial attention and expectation across audition and vision



opposite behavioural effects of attention and expectation can be parsimoniously
explained by general and spatially selective response probability. Importantly,
response probability is determined by the probability that the signal is task-relevant,
suggesting that attention and expectation are intimately linked during perceptual-
decision processes. Consequently, chapter 3 shed new light on the central role of task-
relevance in attention and expectation processes. Behavioural results of chapter 3 were
further replicated in chapter 5.

Using the same multisensory approach, chapter 4 enriched the results of chapter
3 by providing more information about how attention and expectation processes are
shared across sensory modalities. Importantly, while chapter 3 aimed to characterise
the interplay between spatial attention and expectation by capitalising on crossmodal
links of attention (and expectation) previously described in multisensory research
(Spence & Driver, 1996), chapter 4 provided evidence in support of such links. In
particular, chapter 4 demonstrated that response probability (i.e., the probability to
respond in function of spatial attention and expectation) exhibits similar crossmodal
qualitative patterns for vision and audition. This expands the conclusions of chapter 3
which were limited to a specific multisensory setup (i.e., crossmodal effects were
evaluated only in vision). Furthermore, chapter 4 showed that crossmodal effects of
response probability were quantitatively smaller than modality-specific effects, hence
demonstrating that response probability is not fully supramodal but generalises
crossmodally. Importantly, results of chapters 3 and 5 could not address the question
of whether modality-specific and crossmodal effects of response probability differed
because of intrinsic properties of attention and expectation mechanisms or because of
sensory features of the signals. Findings of chapter 4 supported a combination of the

former and the latter, by showing that response probability effects emerge slower over
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time for audition than vision, possibly because of lower reliability of auditory signals
compared to visual signals (Knudsen & Brainard, 1995; Jabar & Anderson, 2015; Rohe
& Noppeney, 2015).

Crucially, chapters 3 and 4 drew conclusions about how attention and
expectation processes interact during perceptual decisions. Hence, they investigated a
stage in perceptual decision-making processes where decision-making and motor
preparation play a decisive role (Summerfield & Egner, 2009, Summerfield & de
Lange, 2014; Banerjee et al., 2017). Moreover, given our operational definition of
attention as requirement to respond, in chapters 3 and 4 data for the task-irrelevant
hemifields were not collected for the primary modality. fMRI allows tracking neural
responses of brain areas involved in different stages of perceptual decision-making and
for signals that do not require a response. Chapter 5 further complemented results of
chapters 3 and 4 by investigating whether spatial attention and expectation engaged
similar systems at the neural level and whether such systems were modality-specific
or were shared across sensory modalities. First, chapter 5 showed that spatial attention
and expectation indeed share neural systems. Second, with regard to whether such
systems have multisensory properties, chapter 5 replicated previous results showing
that attentional resources are interactively controlled by a frontoparietal system across
sensory modalities (Macaluso et al., 2000, 2002; Banerjee et al., 2011). Furthermore,
it demonstrated that spatial expectations are formed in primary and frontoparietal
cortices in a modality-specific fashion, i.e., only for the modality where expectation is
directly manipulated. This novel result suggests that neural correlates of spatial
attention and expectation differ in their modality-specificity.

Finally, chapter 6 showed that vision exerts a stronger auditory capture and

dominates audition (Alais et al., 2010). Moreover, it reiterated the pivotal role of
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spatial proximity in multisensory integration (Wallace et al., 2004). Nevertheless,
application of TMS over right anterior IPS did not alter unisensory reliability (possibly
controlled by attentional top-down modulation, Martinez-Trujillo & Treue, 2004) or
the magnitude of the ventriloquist effect. Considering the complexity of multisensory
interactions in relation to top-down attention and in light of recent neuroimaging
results that rigorously characterised the neural correlates of multisensory processes in
IPS (Rohe & Noppeney, 2015, 2016), we concluded that further research is needed to
verify whether the involvement of the posterior parietal cortex is critical for

multisensory integration and segregation.

7.3 IMPLICATIONS, LIMITATIONS AND FUTURE DIRECTIONS

Past unisensory literature underlined the importance of dissociating attention and
expectation behavioural and neural effects (Summerfield & Egner, 2009). The
predictive coding framework postulates that attention and expectation function
synergistically, with attention increasing the precision of prediction errors (Friston,
2009). Furthermore, past fMRI research showed that, while it is possible to set up an
operational dichotomy of attention as ‘task-relevance’ and expectation as ‘signal
probability’, the effects of these two mechanisms are not completely separate (Kok et
al., 2012, Jiang et al., 2013). Our results contribute to this ongoing debate by showing
that, at the level of perceptual-decisions, attention and expectation co-determine the
probability to respond and completely separate behavioural effects cannot be
pinpointed. Furthermore, we showed that a clear dichotomy in terms of neural
correlates cannot be defined either, as attention and expectations engage overlapping
neural systems, despite exhibiting independent neural activations. A limitation of our

studies (chapters 3, 4 and 5) is that attention and task-relevance were not dissociated,
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thus we could not entirely separate endogenous mechanisms of attention orienting
from perceptual-decision making processes. It would certainly be possible to employ
instructions alone to manipulate attention whilst holding the response requirements
constant (although to our knowledge, only few studies already used this attention
manipulation, e.g., Heinze et al., 1994; Yi et al., 2006). Yet, with this experimental
design it would be challenging to evaluate how observers orient their attention in
function of the instructions alone.

Similar conclusions can be drawn for the differences that we found between
attention and expectation mechanisms with regard to multisensory processes. Previous
research showed that a stimulus that is task-relevant can trigger attention reorienting
to the unattended hemifield, as indicated by frontoparietal activations (Indovina &
Macaluso, 2007). Our neural results (chapter 5) can be reconciled with this finding by
postulating that in our task attention reorienting initially took place regardless of
stimulus modality, as visual stimuli were always task-relevant (i.e. they required a
response whether they were presented in the attended or unattended hemifields). Only
at this stage perceptual decisions could be formed, with task-relevance (i.e., whether a
response was required depending on the stimulus modality) and signal probability co-
determining response probability. Consequently, we may conclude that while
reorienting of attention was triggered by any stimulus presented in the attended
hemifield as in both hemifields a proportion of stimuli always required a response,
expectations were formed independently in each sensory modality to be combined only
at decisional stages. This would suggest that in our experiments task-relevance
influenced attention reorienting even before decisional stages. In conclusion, whether

it is possible to investigate attention (and expectation) only at the perceptual level by
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fully factoring out task and decision-making processes remains an open question
(Nobre et al., 2018).

In chapters 4 and 5 we showed that spatial attention and expectation behavioural
effects extended crossmodally and that attention engaged multisensory systems.
However we also found that expectations were formed in a modality-specific fashion.
Importantly, while at the behavioural level we were able to demonstrate that the way
expectations and response probability are shaped depend on sensory properties of the
signal, in our fMRI study we only tested for modality-specific effects of auditory
expectations and the respective crossmodal effects in vision but not vice versa. Thus,
in this specific study we could not determine whether modality-specific expectation
effects crucially depended on sensory-specific properties of the auditory signal.

Overall, our behavioural and neural results emphasized the pivotal importance
of sensory properties of the signal when investigating multisensory processes. As
demonstrated by previous studies, visual information is space-based and continuously
available, whereas auditory information is frequency-based, intermittent and depends
on the occurrence of an event (Lauter et al., 1985; Neumann et al., 1986; Sereno et al.,
1995). In chapter 6 we reported critical differences in terms of reliability and spatial
properties between auditory and visual signals. Nevertheless, we could not support the
causal involvement of IPS in modulating signal reliability or audiovisual binding in
function of signal location. Future neuroimaging studies may provide further evidence
about how IPS arbitrates between multisensory integration and segregation in function
of sensory-specific features, taking into account the fundamental different functions of

audition and vision in perception and action (Neumann et al., 1986).
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Figure 8.1: Experiment 1: hit rates; Experiment 2: d-prime and bias.
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a. Experiment 1: hit rates for each of the six conditions with response requirements.

The brackets and stars indicate significance of main effects and interactions. * p <

0.05.

b. Experiment 2: d-prime and bias values for each of the four conditions for the visual

modality. The brackets and stars indicate significance of main effects and interactions.

* p < 0.05.
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Table 8.1: Spatial signal probability, general response probability and spatially
selective response probability for each condition in experiment 1 and experiment 2.

S = signal location, H.as.exp = hemifield e.g. +att +exp, R = response.

Please note that these probabilities are computed pooled over auditory and visual

modalities.

Conditions
+att +att -att -att
+exp -exXp +exp -exp
Experiment 1
Spatial signal probability 0.65 0.35 0.65 0.35
P(S = HA.att“exp )
General response probability 0.9 0.6 0.6 0.9
P(R=+)
Spatially selective response probability 1 1 0.384 0.714
P(R =+ ‘ S = H..att..exp )
Experiment 2
Spatial signal probability 0.625 0.375 0.625 0.375
P(S = HA.att“exp )
General response probability 0.123 0.123 0.123 0.123
P(R=+)
Spatially selective response probability 0.131 0.218 0.065 0.109

P(R =+ ‘ S= H..att..exp )

The spatial signal probability is the probability that a signal is presented in a particular
hemifield, e.g. in experiment 1: P =0.65 for the hemifield that is attended and expected
vs. P =0.35 for the hemifield that is unattended and unexpected (n.b. the spatial signal
probabilities sum to one for the two conditions presented in the same run).

The general response probability is the probability that a trial requires a response in a
particular run irrespective of where the signal is presented, e.g. in experiment 1: P =
0.9 for runs where attention and expectation are congruent vs. P = 0.6 for runs where
expectation and attention are incongruent.

The spatially selective response probability is the probability that a response is

required conditioned on the signal being presented in a particular hemifield, e.g. in

240 Spatial attention and expectation across audition and vision



experiment 1: the probability of a response is P = 0.384, if the signal is presented in a
hemifield that is not attended, but expected.

As a result, we can compute the general response probability by multiplying the
spatially selective response probability with the spatial signal probability and
marginalizing over the spatial signal probability; e.g.

P(R = +) = P(R = +|S = H+att+exp) P(S = H+att+exp) + P(R = +|S = H-att-exp) P(S = H-att-exp)
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Figure 8.2: Comparison of modality specific effects of response probability (across
subjects’ mean ART) over time (i.e., across chunks) for audition in chapter 3, 4 and 5.
ART for each chunk was tested as > 0 using one-sample t-tests. Shading represents
standard error of the mean. * p < 0.05, ** p < 0.01, *** p < 0.001. A. Chapter 3:
Auditory stimuli were presented with a ratio of 4/1 in the expected/unexpected
hemifields. B. Chapter 4: Auditory stimuli were presented with a ratio of 2.33/1 in the
expected/unexpected hemifields. C. Chapter 5 (fMRI experiment): pre-experiment
runs, i.e., runs prior to the experiments, were used to boost the implicit learning of
auditory spatial signal probability. Auditory stimuli were presented with a ratio of 4/1
in the expected/unexpected hemifields. The difference between expected and
unexpected auditory targets (when attended, i.e., the effect of response probability)
was absent during the first temporal chunk and increased over time (i.e., significantly
> () when participants were not exposed to expectation manipulation before the main
experiment (i.e., no pre-experiment runs, chapters 3 and 4). Conversely, when
participants’ implicit learning of auditory spatial signal probability was previously
boosted via pre-experiment runs, the effect of response probability was significantly >

0 already during the first temporal chunk and it remained constant.
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CHAPTER 5

Table 8.2: Group mean reaction times (RT) for each stimulus modality in each

condition for psychophysics and fMRI experiment.

Note. Standard errors of the mean (SEM) are given in parentheses.

Experiment Auditory modality ~ Visual modality
+att +att +att +att -att -att
+exp -exp +exp -exp +exp -eXp
Psychophysics
RT (ms) 530.7 566.8 446.9 458.3 487 472.6
(SEM) 17.1) (15.3) (10.2) (94 (11.4) (11.8)
fMRI
RT (ms) 508.4 552.9 432.3 441.2 467.1 4542
(SEM) (24.5) (27.4) (13.9) (1290 (149) ((14.7)
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Figure 8.3: Behavioural results for the psychophysics experiment.

Bar plots representing across subjects’ mean (=SEM) response times for each of the
six conditions with response requirements for the experimental runs of the
psychophysics experiment. The brackets and stars indicate significance of main effects
and interactions. ** p < 0.01; *** p <0.001. audition: orange; vision: blue; attended:

full pattern; unattended: striped pattern; expected: dark shade; unexpected: light shade.
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Table 8.3: Main effect of auditory spatial attention for auditory and visual stimuli.

p-values are FWE corrected at the cluster level for multiple comparisons within the

entire brain. Auxiliary uncorrected voxel threshold of p <0.001. L, Left; R, right.

MNI coordinates

Brain regions X y 7 Z-score Cluster size p-value
(peak) (cluster)
Attended vs unattended hemifield
Auditory stimuli

R cerebellum 18 -54 20 >8 1786 0.000

L thalamus/ 0 -6 6 5.16

R thalamus

L central sulcus -40 -20 54 >8 1386 0.000

L frontoparietal operculum -54 -18 20 4.22 294 0.003

-44 -6 14 4.89 177 0.032

R caudate 18 12 18 4.68 1781 0.000

L caudate -16 8 20 4.60

L putamen -20 8 -4 4.47 717 0.000

L hippocampus -20 -20 -16 4.17

R hippocampus 22 -20 -18 5.08 339 0.001
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[continues from previous page]: Main effect of auditory spatial attention for auditory
and visual stimuli.
p-values are FWE corrected at the cluster level for multiple comparisons within the

entire brain. Auxiliary uncorrected voxel threshold of p <0.001. L, Left; R, right.

Unattended vs attended hemifield

Auditory stimuli
R superior frontal gyrus 24 -8 60 6.37 5494 0.000
R superior frontal sulcus/ 28 -10 58 6.02
R precentral sulcus
R postcentral sulcus/ 42 -26 38 5.22
R intraparietal sulcus
R inferior parietal lobule 60 -38 30 3.85
R anterior cingulate gyrus 10 24 26 4.40
L superior frontal gyrus -16 -10 62 4.15 668 0.000
L superior frontal sulcus/ -32 -4 54 4.90
L precentral sulcus
R middle frontal gyrus 30 46 22 5.73 524 0.000
R anterior insula 36 16 2 5.26 1239 0.000
R posterior insula 36 -12 8 4.54
L anterior insula -30 22 4 4.72 418 0.000

Unattended vs attended hemifield
Visual stimuli

R superior frontal gyrus 18 -4 64 4.09 2335 0.000
R superior frontal sulcus/ 26 -4 46 4.45

R precentral sulcus

L superior frontal gyrus -24 -4 60 4.70

L superior frontal sulcus/ -26 -8 54 4.19

L precentral sulcus

R anterior cingulate gyrus 10 14 36 3.86

L anterior cingulate gyrus -4 8 50 4.54

R postcentral sulcus/ 42 -34 42 4.02 472 0.000

R intraparietal sulcus

L postcentral sulcus/ -44 -34 38 4.49 488 0.000
L intraparietal sulcus

R anterior insula 30 20 8 4.41 227 0.012
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Figure 8.4: Attended > unattended for auditory and visual stimuli.

Activation increases for attended > unattended stimuli for auditory stimuli (orange)
are rendered on an inflated canonical brain; they are encircled in white, if they are
significantly greater for auditory than visual stimuli (i.e. interaction). Height
threshold of p < 0.001, uncorrected; extent threshold k > 0 voxels.

Bar plots show the parameter estimates (across participants mean = SEM, averaged
across all voxels in the green encircled cluster) in the left central sulcus that are
displayed on axial slices of a mean image created by averaging the subjects’
normalized structural images; the bar graphs represent the size of the effect in
nondimensional unit (corresponding to percentage whole-brain mean). Audition:
orange; vision: blue; attended: full pattern; unattended: striped pattern; expected:

dark shade; unexpected: light shade.
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