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Abstract

Using positron emission tomography and functional magnetic resonance imaging, 

I investigated the neural substrate of spatial attention in humans. The aim of the project 

was to identify brain regions involved in spatial attention independently of the modality 

of the sensory stimulation (vision and touch) and those involved only when a specific 

modality was stimulated or attended. The thesis addressed two separate but related issues: 

attentional modulation of spatial sensory representations, and control structures involved 

in covert orienting.

Spatial attentional modulations were highlighted by directly comparing attention 

to the left hemifield and attention to the right hemifield, during bilateral stimulation. The 

results showed that, at relatively early stages of stimulus processing, spatial modulations 

are mainly modality specific, while higher associative areas are modulated independently 

of the modality stimulated or attended. However, the same experiments also showed that 

multimodal effects can affect activity in unimodal areas. Specifically, touch was found to 

modulate activity in occipital visual areas, in a spatially specific manner.

The second part of the project sought to identify structures involved in the control 

of spatial covert orienting. Orienting attention to peripheral locations resulted in 

consistent activation of the temporo-parietal junction, independently of which sensory 

modality was employed.
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Overall, the results suggest that spatial attention has multiple correlates in the 

human brain. Controls structures operate supramodally and direct attention toward 

specific spatial locations. In turn activity in modality specific regions that represents the 

attended location is increased allowing enhanced processing of stimuli presented at that 

location. However, because the control structures operate supramodally, regions 

representing the same portion of space, but in another modality, are also modulated. This 

integrated system of unimodal and multimodal areas may provide the substrate for a 

coherent representation of extra-personal space.
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PART I: Introduction

Daily life provides continuous stimulation of our sensory systems. Most of the 

signals that reach sensory receptors are behaviourally irrelevant and do not need any 

further processing. In the storm of incoming signals, some mechanism must select 

important input and make it available for immediate response or long term memorisation. 

The term selective attention describes the brain’s response to this requirement (Naatanen 

1992). Attention can be directed to different attributes of sensory input, such as colour or 

speed (for vision) and frequency or pitch (for audition) and can be switched between 

them. This shifting operation is also a vital process for updating the relevance of a 

specific subset of sensory input. In this thesis I will address both the issue of selection 

and shifts of attention in the context of spatial representations. Selection will be 

addressed in situations in which subjects are presented with competing stimuli in the two 

hemifields and are asked to attend to only one hemifield and ignore stimuli in the 

opposite hemifield. Shifts of attention will be investigated by delivering target stimuli at 

either attended or unattended peripheral locations.

For the brain, another essential requisite is to be able to integrate information 

across different sensory modalities. The representation of space is an excellent example 

of this. Although personal experience seems to suggest that space is a whole, where 

sounds, visual stimuli and sensory-motor occurrences merge automatically and
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effortlessly, we know that these are processed in different brain regions. This raises the 

question of how modality specific computations, which characterise the initial processing 

of any incoming sensory input are combined to form a coherent supramodal 

representation of space.

The experiments presented in this thesis are an attempt to provide some insight 

into these issues. In particular, I will suggest that cross-modal integration does not only 

occur because of convergent projections from unimodal (early) structures to multimodal 

(late) structures, but that space is inherently represented in parallel across modalities. I 

will show that activation of a spatial representation within one modality can result in a 

simultaneous update of the corresponding “modality specific” representation in a 

different modality. I will then show that these cross-modal effects are mediated by spatial 

attention, suggesting that a supramodal attentional control system may link spatial 

representations across sensory modalities.

Visuo-spatial attention

Most studies of spatial attention have focussed on the visual modality. Here I will 

briefly review some of the important findings, trying to emphasise the segregation 

between modulatory role that attention has on the processing of sensory input in “early” 

visual areas in the occipital lobe and the role of higher control structures in frontal.

10
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temporal and parietal cortices. The definition of control structures in the human brain is 

possibly one of the most challenging issue in modem neuroscience but will not be 

directly addressed here. For the purpose of this thesis, I will simply distinguish between 

attentional effects in areas either sensitive or non-sensitive to stimulus location. I will 

show that attentional effects in areas sensitive to stimulus location are also dependent on 

the attended location, while areas that do not show any preference for stimulus location 

are activated during more complex spatial attentional tasks (i.e. attentional shifts). These 

two class of regions could be referred as modulated and modulatory (control) areas. 

However direct proof of this causal relation is difficult and I will use this argument only 

as a potential working hypothesis. In the next sections I will discuss separately the effect 

of selective attention on visual processing (possibly modulation of sensory input) and 

brain activities involved in attention shifting (possibly related to higher control 

functions).

Selective spatial attention

The crucial aspect of experiments on selective attention is the presence of 

distractors. Distractors act as competitors for attentional resources (Desimone and 

Duncan 1995). Selective attention can use different criteria to constrain the relevant 

subset of stimuli, usually defined as targets. Sensory modality, features such as colour or 

form of an object or pitch of a tone are all potential candidates. In spatial attention tasks.

11
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the location of the stimulus is the decisive criterion for selection. Subjects are asked to 

detect targets that appear in a given position and ignore distractors presented in other 

positions. Previous research has investigated the neural substrate of spatial attention. 

There are three main sources of data: behavioural studies of patients with brain lesions, 

intracranial electrical recording in awake monkeys and non-invasive mapping of the 

human brain.

Among clinical tests, extinction is a good example of a test for selective spatial 

deficits. During this examination the clinician presents either a single stimulus in one 

hemifield or two stimuli, simultaneously one in each hemifield. Patients with parietal 

and/or frontal lesions typically fail to report the contralesional stimulus when it is 

coupled with one in the ipsilesional hemifield (Bisiach and Vallar 1988). In the 

attentional competition the more ipsilesional stimulus systematically prevails. Although 

these deficits highlight a difficulty of the injured brain in dealing with competing stimuli, 

the clinical test does not allow us to infer at what level of the processing is impaired. The 

deficit could be either due to an inability to direct attention to the contralesional hemifield 

(a problem in the control of attentional resources) or to a lack of sensitivity to the 

attentional “command” in structures involved in the boosting or suppressing of sensory 

input (ineffectiveness of attentional modulation).

More informative are brain imaging studies on healthy subjects performing tasks 

involving selection of a subset of information presented to the eyes. Non-spatial conflict 

paradigms, such as the Stroop test, require subjects to select some features and ignore

12
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other irrelevant attributes. When the word “red” is displayed in the colour green, the 

semantic content of the word (red) has to be ignored and attention has to be focussed only 

on the colour of the letters (green). Such studies have highlighted the role of the anterior 

cingulate cortex (Pardo et al. 1990, Bench et al. 1993). Corbetta et al. (1991) reported that 

attending to a particular feature (colour, speed or shape) of a visual stimulus causes 

increases of blood flow in the extrastriate area responsible for the processing of that 

attribute. In their task the unattended features (e.g.: shape and speed when the subject was 

instructed to detect changes in colour) have to be considered the distracting competitors 

for attention. This direct comparison of selective attention to different features revealed 

what can be conceivably described as a modulatory effect of attention on relatively early 

visual processing. Combining BEG and PET, Heinze et al. (1994) used a spatial paradigm 

to reveal brain activity associated with visuo-spatial selective attention. While fixating 

the centre of the screen, subjects were shown two streams of rapidly presented pairs of 

symbols. Pairs of stimuli were simultaneously flashed on the left and on the right of the 

fixation point. The task was to attend either leftwards or rightwards and press a button 

when the two symbols of the couple in the attended side were identical. This study 

showed that when attention was maintained to the left hemifield neural activity increased 

in the right fusiform gyrus (and viceversa), again suggesting that visual selective 

attention acts at an early level of visual processing. Other imaging studies have replicated 

these results (Vandenberghe et al. 1997, Mangun et al. 1998, Hopfinger et al. 2000),

13
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supporting the hypothesis that visuo-spatial selective attention modulates processing in 

visual areas contralateral to the attended hemifield.

The significance and sources of these modulations have been investigated using 

both electro-physiology in monkeys and brain imaging in humans. Single cell recording 

in non-human primates have shown that attention can narrow the orientation tuning curve 

of neurones in extrastriate areas as well as modulate peak responses (Haenny and Schiller 

1988) providing a possible mechanism for enhanced discrimination and selectivity. In the 

context of spatial selective attention, it has been suggested that attention biases 

competitive interactions between stimuli (Luck et al. 1997). When a probe stimulus is 

added to a reference stimulus within the receptive field (RF) of the same neurone, the 

probe causes either suppression or amplification of the neurone activity. If the probe has 

a non-preferred orientation (or colour or direction of motion) suppression occurs, while a 

probe that drives the cell better than the reference stimulus will cause amplification. This 

sensory interaction is biased by attention. When the “good” stimulus is attended the 

suppressive effect of a “bad” stimulus is decreased, while the amplificatory effect of a 

second driving stimulus is further amplified (Reynolds et al. 1999). These attentional 

modulations occur only when attended stimulus and distractor (i.e.: the competing 

stimulus) fall within the receptive field of the same neurones. The same experiments 

found only marginal attentional modulations when only one stimulus was presented 

within the RF. Hence, this mechanism can not account for the contralateral modulations 

observed in visual cortex during imaging experiments. Most of the imaging experiments

14
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used bilateral stimulations, with targets and distractors not falling within the RF of the 

same occipital neurones. However, single cell recordings also found that attention can 

induce sustained increases in baseline activity (Luck et al. 1997). This was interpreted as 

an effect of endogenous top-down signals (baseline shift), suggesting that some of the 

signal changes detected with PET and fMRI experiments may be due to sustained 

baseline shifts in areas representing the attended location, rather than increased responses 

to incoming sensory input. Recently, Kastner et al. (1999) using fMRI tested this 

proposal directly. Two principal manipulations characterised the study. First, the authors 

attempted to replicate some of the monkey findings in humans. They presented subjects 

with four contiguous stimuli in the right upper visual quadrant. The four stimuli could be 

displayed simultaneously or sequentially. Given the electro-physiological results, the 

authors predicted that the simultaneous presentation would cause competitive suppression 

and that attention to one of the four stimuli would counteract this. The results showed that 

the fMRI signal in visual cortex increased when the stimuli where attended (compared 

when attention was directed to the centre) and more so when the four stimuli were 

presented simultaneously, supporting the hypothesis that selective attention counteracts 

competitive sensory interactions. However, it has to be noted that the sequential 

presentation induced four visual transients in the attended quadrant while during the 

simultaneous presentation a single transient occurred. This make the interpretation of the 

main effect of “sequential versus simultaneous” presentation difficult and consequently 

the modulatory effect of attention upon this is questionable. The second question

15
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addressed in this study concerned the possibility that activity in visual areas representing 

the attended quadrant could increase by effect of endogenous attention, before stimulus 

presentation (baseline shift). This was assessed comparing blocks without stimulation 

that were either preceded by the instruction to attend a quadrant versus blocks when 

subjects fixated passively. This comparison revealed a substantial fMRI signal change 

although no stimulus was present. Importantly, the effect was region-specific with only 

the relevant portion of contralateral visual cortex showing a “spatially-specific” baseline 

shift.

While monkeys experiments did not find any direct relation between baseline 

shifts and response amplification, a recent fMRI experiment by Chawla et al (1999) 

identified a possible link between the two. In this experiment non-spatial attention was 

directed to either colour or speed of a visual display. The display consisted of stationary 

green dots on a green background with different luminance. Intermittently moving red 

dots appeared. Throughout a block of 98 seconds, subjects were required to attend to the 

red dots and to respond when deviant transient occurred. During the “attend colour”- 

blocks subjects responded to the appearance of slightly lighter red dots, while during the 

“attend speed”-blocks slower dots constituted the targets. This design separated the 

sustained effects of attention to one of the two attributes (baseline shift in absence of red 

dots) and the gain effect on the event-related responses to the transient appearance of the 

red dots. The results showed that in the visual cortex both attentional effects occurred. In 

V4, baseline activity increased when subjects were asked to attend the colour of the red

16
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dots and the responses to the presentation of the red dots was also amplified during these 

blocks. Conversely in V5, fMRI signal increase was detected when subjects attended to 

motion (in absence of any moving stimuli), and again the transient signal increase 

produced by the appearance of the red moving dots was modulated by attention. These 

results, together with evidence derived from computational models, led the authors to 

suggest that baseline shifts may inherently produce response amplification to incoming 

sensory input.

Overall previous studies suggest that visual selective attention modulates 

processing in relatively early visual areas. These attentional modulations reflect two 

processes: baseline shifts and gain of the responses to sensory stimulation. The finding of 

these attentional modulations opens a question about any endogenous (top-down) sources 

of these effects. The direct identification of these sources is methodologically difficult 

and only recently have some convincing results been produced. These, together with 

earlier studies of neurological patients, provide important clues for the localisation of 

structures involved in the control of spatial attention.

Control o f spatial attention

The classical paradigm used to engage control mechanisms in spatial attention 

involves shifts of visuo-spatial attention (Posner et al. 1980). The principle is that 

attention is cued to a given position and after a variable time interval a target probe is

17
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presented either in the same or in another position. As soon as subjects see the target, 

they have to respond with a keypress. The difference in reaction times to correctly and 

incorrectly cued targets is known as the invalidity effect and is thought to represent the 

cost of shifting attention from the wrongly cued position to the target location. The task 

exists in two variations: endogenous or exogenous. In the exogenous task the cue is 

flashed in the periphery and attention is attracted reflexively. In the endogenous version, 

the cue is a central symbol (usually an arrow) that indicates the probable location of the 

target. In this case attention is shifted voluntarily to the location with higher probability. 

Alternatively, subjects can be verbally instructed to attend to one hemifield throughout a 

block of trials.

These procedures have been used to test patients with neglect syndrome.

Typically these patients ignore the hemifield contralateral to the lesioned hemisphere.

The deficit varies from misjudging the middle point of an horizontal line to failing to 

copy half of a drawing (Vallar 1993). Experiments involving shifts of visuo-spatial 

attention have suggested that these patients are impaired in performing shifts to the 

contralesional hemifield. Brain lesions associated with the neglect syndrome typically 

involve fronto-parietal regions (Posner et al. 1984, Friedrich et al. 1998). Deficits are 

more severe when the lesion affects the right hemisphere, supporting the idea that the 

right hemisphere is dominant for spatial attentional functions (Weintraub and Mesulam 

1987).

18
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Imaging studies that investigated control structures in visuo-spatial attention have 

used several variants of the basic Posner paradigm. Corbetta et al. (1993) measured blood 

flow in normal subjects while they were performing a variety of spatial attentional tasks. 

The critical comparison was between a condition where subjects were asked to shift 

attention through five predicable positions in one hemifield (pressing a button when the 

stimuli appeared) and a central detection condition (with irrelevant stimuli randomly 

flashed in the periphery). The results showed that superior parietal and superior frontal 

regions were involved in the shifting task. The same experiment highlighted the dominant 

role of the right hemisphere and also suggested that frontal activations depended on the 

production of an overt response (the keypress). Nobre et al. (1997) attempted a more 

subtle manipulation. In their experiment a target followed a peripheral cue either at the 

cued location (80 % of the trials) or in the opposite hemifield (20 %). In a different 

condition, the cue validity was inverted with only 20% of the targets presented at the 

cued location. The subjects were informed of this and therefore they were prompted to 

endogenously shift attention to the opposite side of the cued hemifield. The direct 

comparison of the “opposite side” versus “same side” conditions should have revealed 

brain regions responsible for voluntary shift of spatial attention. Unfortunately this direct 

comparison did not show any significant effect. When both conditions were compared to 

a low-level baseline (a rest condition without any visual stimulation, overt responses or 

attentional task) an extensive network of brain areas activated. The regions that showed 

consistent activation were the intraparietal sulcus, anterior cingulate gyrus and premotor

19
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areas. At a lower statistical threshold, the superior temporal sulcus and the pulvinar 

nucleus of the thalamus also showed increased blood flow. Generally the activations were 

lateralised to the right hemisphere. More recently, Gitelman et al. (1999) used fMRI to 

compare brain activity during endogenous covert spatial orienting (see above) versus a 

central detection task. Again, a large neuronal network comprising fronto-parietal and 

temporal structures was activated. Because of the adequate control condition (visual input 

and motor responses were matched between experimental and control condition) the 

activation could be undoubtedly associated with the spatial attentional task. However it 

has to be noted that the central control task was easier than the experimental task and that 

peripheral target detection occurred only in the latter.

Even more recently, development of new fMRI techniques permitted direct 

comparison of brain activity during valid and invalid trials on a trial by trial basis. This 

event-related approach was used by Corbetta et al. (2000). This study used central 

informative cues (pointing arrows) followed by peripheral targets. The study aimed at 

separating activity elicited by the cue presentation, activity during the delay period 

(maintenance of peripheral attention between cue and target) and reflexive shifts of 

spatial attention (for targets presented in the hemifield opposite to the cued side: invalid 

trials). Transient signal increases upon cue presentation were found in extrastriate 

occipital areas. In the intraparietal sulcus signals also increased after cue presentation, but 

unlike the occipital areas, activity remained high until target presentation. This suggested 

that the intraparietal sulcus might play a role in voluntary maintenance of visuo-spatial

20
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attention to peripheral locations. Finally, the temporo-parietal junction showed event- 

related responses to the targets. Interestingly these responses were stronger when the 

target was presented in the unattended hemifield (invalid trials), suggesting that this 

region may be involved in exogenous attention shifting. Concomitantly, Hopfinger et al. 

(2000) used event-related fMRI to investigate possible control structures involved in 

selective spatial attention. In their task a central cue instructed the subject to direct 

attention to either the left or right visual field. After the cue two reversing checkerboards 

were presented in the left and right hemifields (bilateral presentation). The task was to 

detect deviant checkerboards (grey squares substituted some of the white squares) in the 

attended hemifield. When attention to one hemifield was compared to attention to the 

other hemifield, the expected contralateral modulation of extrastriate areas was found. 

Interestingly, this increased activity in areas representing the attended location began 

when the central cue was presented (no peripheral stimulation). This supported the idea 

of baseline shifts, with endogenous attention modulating relevant spatial representation 

before any target is displayed. Nevertheless a potential problem might have affected the 

analysis of this experiment. The protocol involved high percentage of cue-to-target delays 

of the same duration. This created a correlation between the expected haemodynamic 

response of the cue and target. Because of the long interval between the cue and target 

(about 8 seconds) the correlation was negative, hence predicting a reversal (contralateral 

to ipsilateral) of the attentional effects at the time of the cue and the target. This was not 

observed (e.g.: both rightwards cue and right attended target caused increased signal in

21
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the left occipital lobe), but any results derived in such a situation are to be taken with 

prudence. The same study also found that a set of inferior parietal, superior temporal and 

superior frontal areas activated at the time of the cue. This result was interpreted as 

evidence that these regions control endogenous spatial attention and may act as sources 

of the modulation of sensory processing in extrastriate occipital areas. Similar 

suggestions were put forward by Kastner et al (1999). In the experiment described in the 

previous section, they found that baseline shifts also occurred in superior frontal and 

superior parietal cortex. Unlike occipital and occipito-temporal areas these did not show 

any effect of presenting simultaneous or sequential stimuli (index of competitive sensory 

suppression), suggesting that these areas might act as generators of the biasing signal that 

is observed in extrastriate areas.

Generally, imaging experiments investigating the neural substrate of spatial 

attentional control have supported the proposal, mainly derived from neuropsychological 

studies, that no single control region exists. Instead a set of interconnected temporal, 

frontal and parietal (+ subcortical) areas might share this function. However, despite the 

most recent advances in fMRI methodology direct proof of a causal link between 

activation of the “control-network” and the modulation of extrastriate cortex remains 

lacking. Moreover, the specificity of each component of the attentional network for a 

different function is still uncertain. Neurophysiological studies have suggested that some 

degree of segregation may exist. Posner and colleagues (Posner et al. 1984, Posner and 

Petersen 1990) proposed a separation between disengagement, moving and

22
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engagement/focussing of spatial attention. These functions were associated with parietal, 

superior colliculus and pulvinar, respectively. Mesulam proposed one of the most 

influential theories of covert spatial orienting (Mesulam 1990, Mesulam 1998). Again 

fronto-parietal and subcortical structures are the key elements of a network that can be 

subdivided into several components. A posterior parietal component that provides 

sensory representation of extra-personal space, a frontal/superior colliculus system 

associated with motor/explorations behaviour and a cingulate component involved in the 

motivational aspects of spatial orienting. These regions would operate jointly under the 

influence of the reticular activating system, which provides a spatially unspecific 

activation bias (possibly encoding the level of general arousal), and other subcortical 

structures (striatum and pulvinar) that coordinate the cortical output. As already 

discussed, imaging data have supported the notion of an integrated network for the 

control of spatial attention. However, different studies have proposed different roles for 

the various sub-components. Most notably, Corbetta et al. (2000) suggested that the 

temporo-parietal junction is involved in stimulus driven shifts of attention, with a major 

emphasis on the bottom-up processes associated with this type of covert orienting. This 

view is not compatible with the results of Hopfinger et al. (2000), where the same 

structures were activated in a task that was concerned uniquely with voluntary attention 

(top-down attentional control).

In conclusion, previous research on visuo-spatial covert orienting has highlighted 

two major attentional effects. First, attention to one particular location results in

23
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modulation of visual areas representing the attended portion of space. Second, the 

allocation of spatial attentional involves a distributed network of higher order cortical 

areas and subcortical structures. In the next section I will discuss the possible significance 

of this architecture in an integrated cross-modal representation of extra-personal space.

Cross-modal spatial attention

Studies on spatial attention have been concerned mainly with one single modality 

at the time (usually vision or audition). However, growing evidence suggests that spatial 

representations (and attentional influences upon them) are linked across modalities. 

Behavioural studies have shown that substantial interactions occur between sensory 

modalities in the healthy human brain. Information about the possible physiological 

substrate of these links has been derived from various sources. Electrophysiological 

recordings in monkeys have demonstrated the existence of neurones with bimodal and 

trimodal receptive fields. These may serve as building blocks for cross-modal spatial 

representations. In humans, both neurophysiological and brain imaging studies have 

provided further evidence for the localisation of structures and mechanisms involved in 

the integration between sensory modalities.

24
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Behavioural findings

Behavioural experiments and tests on neglect patients have adapted the classical 

Posner paradigm to demonstrate cross-modal links in spatial attention. As for the 

uni modal versions, it is important to distinguish between endogenous and exogenous 

versions of the paradigm. Additionally, cross-modal cueing paradigms are separable in 

terms of attended modality and/or direction of the cueing effects. For example one can 

study the effect of tactile cues when only vision is relevant (visual targets) or when both 

visual and tactile targets require responses (both modalities have to be attended). 

Moreover, vision can be used to cue touch or touch can be used to cue vision. This 

greatly increases the number of spatial attentional effects that can be studied. Here, I will 

present only a few of these effects, trying on the one hand to highlight the existence of 

shared supramodal attentional mechanisms and, on the other hand, to give a hint about 

the complexity of these cross-modal interactions.

Spence and Driver (1996) investigated cross-modal links between vision and 

audition in a situation of endogenous cueing. Attention was directed to one side using 

either a central arrow (trial-by-trial cueing) or verbal instructions (blocked paradigm). 

Targets were either visual or auditory peripheral stimuli. The aim of these experiments 

was to study the ability of normal subjects to direct visual attention to one side and 

auditory attention to the opposite hemifield. In order to achieve this, the subjects were 

informed that a given cue was associated with high target probability of one modality on 

one side and the second modality on the other side. In such a situation the optimal
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strategy would be to direct visual attention to one side and auditory attention to the 

opposite side. An additional experimental manipulation was that 80% of the targets were 

delivered in one modality. This constituted the “primary modality”. The results showed 

that subjects were unable to divide attention between the two hemifields. They were 

faster to respond to targets delivered in the hemifield corresponding to the valid cues in 

the primary modality, even when the targets were in the secondary modality. Subjects’ 

failure to orient auditory attention to one hemifield and visual attention to the opposite 

hemifield was interpreted as evidence for an attentional link between the two modalities. 

This effect was found whether vision or audition were set as primary modality, 

demonstrating a symmetric link between vision and audition during endogenous spatial 

attention.

In a different study Spence and Driver (1997) used peripheral cues to study audio

visual links in exogenous spatial attention. In this case the results showed asymmetric 

spatial attentional effects between the two modalities. Auditory peripheral cues 

efficiently speeded up responses to both auditory (within modality effect) and visual 

(cross-modal effect) targets. However, when visual targets were used as cues, the authors 

found only a within modality effect, with faster responses to visual targets but no 

advantage for correctly cued auditory targets. These two studies are a good example of 

the heterogeneity of the cross-modal links in spatial attention. They clearly demonstrate 

that to some extent visual and auditory attentional resources are shared and indivisible, 

but in particular circumstances (here the effect of exogenous visual cues on auditory
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processing) partial independence can be observed. Another finding of most cross-modal 

cueing experiments is that within modality cues always produce greater validity effects, 

indicating that modality specific attentional mechanisms are also implicated.

Fewer data are available on cross-modal links between vision and touch. Butter et 

al. (1989) used either visual or tactile peripheral stimulation to cue visual or tactile 

targets. This experiment demonstrated links between vision and touch during exogenous 

spatial attention. The effect of cueing tactile targets was found to be poorer than visual 

targets, independently of the modality of the cue. The authors argued that this was due to 

the weaker “spatial acuity” of the tactile modality. Accordingly, they suggested that in 

order to obtain a spatial cueing effect, the “spatial acuity” of the target modality has to be 

stronger than the acuity of the cue. Interestingly this argument can be used to interpret the 

results of the audio-visual exogenous experiment described above. In this case the 

asymmetry of the spatial attentional effect may relate to an higher spatial acuity in vision 

than in audition.

More recently Spence et al. (1998) partially challenged this view demonstrating 

that vision can efficiently cue touch. In a series of experiments they investigated the 

effect of visual and auditory cues on tactile discrimination and, conversely, the effect of 

touch on visual and auditory discrimination. These experiments employed particularly 

scrupulous procedures. Unlike most of the previous studies, the protocols used in the 

three experiments presented in this paper used a discrimination task rather than simple 

detection. This allowed measurement of both reaction times and accuracy. This might be
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important since faster reaction times, if accompanied by higher error rates, would not 

imply a true attentional advantage, but can be interpreted as a simple shift in response 

criterion. Moreover, simple detection may be an insensitive measure of auditory spatial 

attention. Critically, the peripheral cues used in this study were uninformative (1:1 ratio 

of valid and invalid cue). This avoided any contribution of voluntary (endogenous) 

attention. Finally, to ensure that any effect was purely due to covert mechanisms of 

attention, eye-movements were monitored in several subjects. In Experiment 1 

uninformative peripheral auditory cues caused faster (and more accurate) responses to 

tactile targets at the same position. Similarly, Experiment 2 showed that ipsilateral visual 

stimulation improved tactile discrimination. Experiment 3 used uninformative peripheral 

tactile stimuli to cue visual or auditory targets. Visual and auditory targets were 

intermixed in a task involving “up versus down” judgements. Either flashes of light or 

bursts of noise originated from one of two vertical positions (i.e. up or down) in each 

hemifield. The task of the subject was to discriminate from which of the two positions the 

target was presented. Using this protocol Spence and colleagues were able to show 

significant validity effects for both auditory and visual targets at two of the three cue-to- 

target intervals used (with no significant effect for the shortest [150ms] interval for the 

visual targets). The results of these experiments unequivocally demonstrated reciprocal 

links between touch and vision and between touch and audition.

Overall these behavioural results demonstrate a link between vision, audition and 

touch. Although some degree of uni modal specificity in the spatial attentional effects
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could be observed, previous behavioural studies clearly speak in favour of some 

shared/supramodal attentional mechanisms. In the next two sections I will review some 

of the physiological findings that provide some hints about brain structures involved in 

this cross-modal sensory integration.

Multimodal representations revealed by electro-physiology

One important source of evidence for cross-modal spatial representation comes 

from studies of the response properties of single neurones. Neurones with multimodal 

receptive fields (RF) have been found in several cortical and subcortical regions.

Graziano and Gross (1993) described bimodal responses to visual and tactile stimulation 

in the putamen, inferior premotor, inferior parietal and the ventral intraparietal area (see 

also Duhamel et al 1998). These bimodal neurones responded to cutaneous stimulation 

of the face or the arm and to visual stimuli presented in the vicinity of the relevant body- 

part. The size of the RF varied considerably from cell to cell. Some neurones displayed 

small unilateral RF, while others showed broader RF that encompassed both hemifields. 

Usually the size of the visual RF matched the size of the tactile RF. Interestingly the 

responses were in spatial register. For example, the visual responses of a bimodal 

neurone with tactile RF on the hand shifted when the hand was displaced, maintaining the 

spatial alignment of the two RF. This suggests that the visual responses are not organised 

in a retinotopic frame of reference but they are in a body centred co-ordinate system. This 

and other evidence has lead to the hypothesis that extra-personal space is not uniquely
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represented in a single brain region, but that multiple areas contribute to a distributed 

representation (Gross and Graziano 1998). According to this view several brain regions 

encode space combining signals from different sources (sensory modalities, 

proprioception and motor feed-back). This pool of areas forms a distributed network 

where several co-ordinate systems coexist and interact (Andersen et al. 1997; Colby and 

Goldberg 1999).

The majority of the data about cross-modal interaction at single cell level come 

from studies of the cat superior colliculus (SC). This subcortical structure receives visual, 

auditory and somatosensory input. While the superficial layers of the SC consist mainly 

of unimodal neurones, the inputs of the different modalities are combined in the deep 

layers (Stein et al. 1995). Moreover the SC projects to regions of the reticular formation 

involved in eye, head and limb movements (Meredith et al. 1992). This pattern of 

connectivity puts the SC in a potentially important position to integrate sensory input and 

guide exploration behaviour. Importantly, unimodal, multimodal and motor maps are 

spatially arranged (frontal-to-caudal sensory space is represented anterior-to-posterior 

and superior-to-inferior space is represented medially-to-laterally) and are aligned with 

each other (Stein et al. 1995). Recordings from single neurones revealed several rules 

about multisensory integration in the deep layer the SC. First, these neurones increase 

their firing rate when two stimuli of different modalities are presented at the same 

location {spatial rule) (Meredith and Stein 1986). This spatial coherence can lead to an 

increased response of up to 400% during combined stimulation compared with the sum of
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the responses to the two stimuli presented separately (supra-additive rule). Moreover, the 

response to a preferred stimulus can be suppressed by a second stimulus presented in a 

different location, even if the two stimuli are in different modalities (Kadunce et al.

1997). Finally, these effects have a precise time course (Meredith et al. 1987), so that 

cross-modal interactions are only observed when the two stimuli are presented in close 

temporal proximity {temporal rule). Although most of these data were collected in 

anaesthetised animals recent experiments have shown that the same principles apply in 

awake animals (Wallace et al. 1998). Further experiments suggested a link between 

sensory integration in the SC, overt orienting and cortical input to the superior colliculus. 

Wallace and Stein (1994) showed that deactivation of the anterior ectosylvian cortex (an 

association area situated at the junction between frontal, parietal and temporal lobe that 

sends efferent projections to the SC) disrupted multisensory integration in SC neurones, 

leaving their responses to unimodal stimuli unaffected. Comparably, deactivation of this 

portion of the cortex caused degradation of the behavioural responses to multimodal 

stimuli in awake cats (Wilkinson et al. 1996). In these behavioural experiments, cats were 

trained to approach one of seven locations when a visual cue was presented, but to remain 

at the starting position when the cue was auditory. During the experiment the cats were 

presented with either visual, auditory (catch trials) or bimodal cues. The first result was 

that when two stimuli were presented at the same location the animals approached the 

correct location more often than upon presentation of a single visual cue. Conversely, 

spatially incongruent cues (i.e. vision and audition in different locations) induced an
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increase in incorrect orienting, with cats either moving towards the wrong location or 

remaining at the starting position. This was analogous to the physiological findings, 

where spatial coherence caused amplification of neuronal responses while spatial 

incoherence produced suppression. Critically when the anterior ectosylvian cortex was 

reversibly deactivated these multisensory effects disappeared. The cortical deactivation 

caused suppression of the facilitatory effect of auditory distractors presented at the same 

location as the visual targets. Similarly, the deactivation decreased the suppressive effect 

of audition when at a different location in respect to the visual targets. Now the animals 

responded to the bimodal cues in a similar way as to the unimodal visual cues, with little 

effect of adding auditory distractors. These finding further corroborated the hypothesis 

that cortical input is necessary to produce cross-modal sensory integration. This may be 

relevant for this thesis, because the techniques I used (PET and fMRI) might be more 

sensitive to changes in cortical activity than to activation of small subcortical structures 

(e.g. superior colliculus).

Localisation o f cross-modal links in the human brain

Human brain structures involved in cross-modal integration have been highlighted 

in studies of patients who show orienting deficits across several modalities and brain 

imaging experiments in normal subjects. I will first present some of the evidence 

collected in neuropsychological studies and then discuss imaging experiments that used 

sensory stimulation other than vision.
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Farah et al. (1989) tested neglect patients in a cross-modal cueing task similar to 

the paradigms used in normals (see section on behavioural evidence for cross-modal links 

in normals). Targets were always visual but peripheral cues were either visual or 

auditory. The results showed an interaction between validity effect and target side. A 

major impairment was observed when attention had to be shifted from the ipsilesional to 

the contralesional side. This was true for both visual and auditory cues, suggesting that 

the deficit affected multimodal attentional centres. The lesions were extensive, including 

right parietal, right frontal and right temporal cortices. In relation to the somatosensory 

modality, cross-modal spatial deficits have been demonstrated by Mattingley et al.

(1997). These authors tested three patients for cross-modal extinction. During this 

examination the clinician presents either a single stimulus in one hemifield or two stimuli 

simultaneously, one in each hemifield. Neglect patients typically fail to report the 

contralesional stimulus when it is coupled with stimulation of the ipsilesional hemifield. 

In the cross-modal version the two stimuli are in two different modalities. The 

experiment demonstrated that ipsilesional tactile stimuli extinguished contralateral visual 

stimuli. The reverse test gave also positive results: visual stimuli could extinguish tactile 

ones. Lesions were in the right hemisphere. In one patient the lesions were very 

extensive: temporal pole, inferior, middle and superior temporal gyri, inferior parietal 

lobe, insula, internal capsule and basal ganglia. The other two patients had more 

circumscribed lesions: right medial pulvinar in one, putamen and globus pallidus in the 

other. Lavadas and colleagues (1998), who tested a larger group of patients (10 subjects).
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used similar procedures again demonstrating reliable visuo-tactile extinction. Their study 

included several other comparisons. First, they were able to demonstrate that vision can 

both improve as well as interfere with tactile discrimination. Improvement was found 

when the visual stimulus was presented ipsilesionally, during bilateral tactile stimulation. 

In this case the patient partially recovered the ability to detect the ipsilateral tactile 

targets. This study also manipulated the spatial relation between the visual stimulus and 

the stimulated hands. Patients were tested with the visual stimulus delivered near to the 

hand (with the hand resting on the table in front of the patient), with visual stimulation 

delivered above the hand (at the level of the patient’s eyes), or with the right hand placed 

behind the patient’s back. These tests showed that cross-modal effects (both amelioration 

and interference) were dependent on the visual stimulus being presented near to the hand. 

This let to the speculation that cross-modal extinction operates in a body-centred frame of 

reference, where competition/facilitation can occur only when the visual stimulus is 

presented within the receptive field of bimodal visuo-tactile neurones (see Graziano and 

Gross 1993). The patients’ lesions were located in parietal, frontal and temporal lobes as 

well as the putamen, supporting the connection with the single cell literature.

Overall, neurological studies have associated cross-modal spatial integration with 

structures previously highlighted in experiments on control of visuo-spatial attention.

This supports the idea of a single network responsible for spatial orienting across sensory 

modalities. The principal structures of this distributed system appear to be the 

intraparietal sulcus, the temporo-parietal junction and several frontal areas. However,

34



E. Macaluso Cross-modal Spatial Attention

patient studies provide only a very crude localisation of brain functions. Often lesions 

extend over large brain areas and encompass white matter axons, probably affecting 

activity in distant areas. Better localisation of possible centres involved in cross-modal 

integration and non-visual spatial attention comes from brain imaging studies.

Several imaging studies examined the effect of non-visual spatial attention on 

brain activity, most of which employed audition. Event-related brain potentials (Woldorff 

and Hillyard 1991), magnetic-encephalographic recordings (Woldorff et al. 1993) and 

PET experiments (O’Leary et al 1996, Tzourio et al. 1997) used dichotic listening to 

study the effect of selective attention on auditory processing. These procedures are 

essentially equivalent to the one used in imaging experiments on visual selective attention 

(e.g.: Heinze et al. 1994). Subjects are presented with two different streams of stimuli in 

the left and right ears. According to the instructions, attention is focussed on one of the 

two streams (or in some cases on both: divided attention), and brain activity in the two 

conditions is then compared. Analogous to the effect of visual attention on visual 

processing, lateralised auditory attention was found to cause enhanced activity in early 

contralateral auditory regions. This is interpreted as the effect of top-down signals that 

modulate processing in sensory specific areas.

Fewer studies investigated somatosensory attention and none of these used 

concurrent tactile distractors (i.e.: selective attention). Pardo et al. (1991) compared brain 

activity (PET) while subjects sustained attention to a tactile stimulus delivered to the 

great toe with a rest baseline (no stimulation and no task). This revealed activation of the
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right parietal and frontal lobes. The authors argued that these activations directly related 

to the attentional demands of the task. However, the comparison was clearly not very 

specific and the lack of contralateral activation in the somatosensory cortex was also 

somewhat surprising. In a previous study, Roland (1981) measured blood flow while 

subjects expected to be touched on their index finger, but they were never actually 

touched. This was compared with a rest state. Because there was no stimulation of the 

finger during the active state the results were not confounded with activity due to the 

sensory stimulation per se. This experiment showed that activity in the contralateral post

central gyrus (primary somatosensory area) increased during the expectation scans. 

Although no distractors were used, this experiment revealed a modulatory effect of 

attention on unimodal brain areas, similarly to the results obtained in studies of visual and 

auditory selective attention. Unlike experiments on visual and auditory attention, tactile 

attention has also been found to produce de-activation in brain areas representing 

unattended body-parts. Drevets et al. (1995) asked subjects to expect stimulation on the 

left toe. No stimulation was delivered in order to avoid sensory confounds between active 

state and baseline (i.e.: rest). In this case the authors reported that blood flow decreased 

in the ipsilateral somatosensory cortex of the attended body part and in contralateral 

regions representing other body parts. Meyer et al. (1991) investigated tactile attention in 

presence of tactile input, but still without tactile distractors. This study compared a 

condition where subjects had to attend to vibro-tactile stimulation with a condition when 

the subjects were performing a mental calculation task, while receiving the same tactile
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stimulation. The results showed that when the somatosensory input was attended, rCBF 

increased in the postcentral gyrus contralateral to the stimulated finger. Additionally, 

tactile attention has been found to modulate activity in the parietal operculum (SII). 

Unlike the contralateral effects observed in SI, attentional modulations of SU are usually 

found bilaterally (Mima et al. 1998; Burton et al. 1999).

Some imaging studies directly investigated cross-modal issues using stimulation 

of several modalities within the same experiment. Roland (1982) published a study where 

subjects were simultaneously stimulated in three modalities: vision, audition and touch. 

Subjects were instructed to attend only to one modality and perform a discrimination task 

using the sensory input of the attended modality. Stimulation of the other modalities had 

to be ignored. Attentional conditions were not directly compared. The data were analysed 

comparing differences in percent of blood flow changes between attention to one 

modality (with stimulation of all the three modalities) and a rest condition without any 

stimulation. This analysis showed activation of extrastriate areas when attention was 

directed to visual input and association auditory areas for attention towards auditory 

stimuli. No effect was detected in the somatosensory cortex when discrimination was 

based on tactile input. Additionally, the right superior posterior parietal cortex and the 

inferior frontal cortex were activated for visual and auditory attention respectively, while 

the frontal eye field was active for attention to both visual and auditory stimulation. The 

methodology of this early study is probably questionable given that no formal statistic 

was used to separate stimulus-related activity and attentional effects. However, it is
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interesting to notice the segregation of modality specific attentional effects in unimodal 

areas and bimodal audio-visual effects in the frontal cortex. More recently, using a 

similar experimental setup. Frith and Friston (1996) presented subjects with two 

competing streams of stimuli. Letters were presented visually and low or high tones were 

played through earphones. Subjects were instructed to detect targets either in the visual or 

in the auditory modality. Modulation of extrastriate areas and posterior temporal cortex 

was found when activity during the visual conditions was compared with activity during 

the auditory conditions. These activations were detected comparing conditions with 

identical sensory stimulation and motor responses and thus they should reflect a genuine 

cross-modal attentional effect. The reverse comparison did not revealed any activation of 

the auditory cortex. In this experimental design the presentation rate of the stimuli was 

varied parametrically. This permitted detection of an interaction between attended 

modality and stimulus rate. This interaction was found in the right thalamus. The authors 

suggested that thalamic activity could affect the degree of synchronisation in the auditory 

cortex without causing an increase of the regional blood flow.

All the imaging studies described above investigated cross-modal effects related 

to endogenous attention (i.e.: subjects voluntarily directing attention to one sensory 

modality). In contrast, Downar et al. (2000) used a trimodal audio-visuo-tactile 

stimulation to investigate the bottom-up (exogenous) effects of changes in the sensory 

environment. Subjects received simultaneous passive stimulation in the three modalities. 

In each modality two types of stimuli could be presented (for example two different
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abstract shapes, for vision). Every 14 seconds, stimuli in one modality switched from one 

type to the other, causing a modality specific sensory “transient”. It was postulated that 

these transients would automatically capture attention. The analysis (event-related fMRI) 

was organised to identify brain areas that responded to sensory transients only when 

occurring in one specific modality and areas that responded to the environmental changes 

independently of the modality of the change. The results showed that event-related 

responses characteristic for changes in one specific modality occurred in modality 

specific areas (e.g.: in occipital and posterior parietal lobe for vision, the superior 

temporal gyrus for audition and parietal operculum for touch). In contrast, the superior 

temporal sulcus responded independently of the modality of the changes, revealing a 

potential multimodal role in the integration of bottom-up signals from different 

modalities. Further evidence for a role of the temporo-parietal junction in multisensory 

integration comes from studies that used cross-modal matching tasks. During these tasks 

subjects are asked to match two shapes. The task can be performed intra-modality, with 

the two shapes presented both visually or through touch, or cross-modally (e.g.: matching 

the size of an ellipsoid that is seen with one ellipsoid that is felt with the hand). Banati et 

al. (1999) reported that the cross-modal version of the task activated the inferior parietal 

lobe, anterior cingulate, dorsolateral prefrontal cortex and the claustrum/insulae (this 

latter activated in a similar task used by Hadjikhani and Roland (1998)). Finally, the 

inferior parietal lobe has been implicated in cross-modal spatial localisation. Bushara et 

al. (1999) employed visual and auditory stimulation to determine modality specific and
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supramodal brain areas involved in spatial localisation. Two tasks were used: a delayed 

matching-to-sample task (detection of consecutive stimuli from the same position) and a 

task requiring an immediate joystick response (pointing task). Comparing all four 

experimental conditions (the two tasks in the two modalities) versus passive stimulation 

baselines demonstrated bilateral activation of the inferior parietal lobule. This suggests 

that this area may contain spatial maps that are can be accessed by both vision and 

audition, and that these can be used for online sensory-motor transformations (immediate 

pointing) as well for storage in short-term memory (delayed matching task). The same 

study also demonstrated modality specific subdivisions in the superior parietal and 

middle frontal cortices.

Overall imaging studies that used several modalities within the same experiment 

revealed two significant phenomena. First, in situations of competition between 

modalities (multimodal stimulation), selective attention modulates activity in modality 

specific areas, early in the stimulus processing pathways. Second, several higher order 

areas (in parietal, temporal and frontal association cortices) seems to receive information 

from different modalities and are in a position of perform the integrative role that is 

necessary for a coherent representation of the external world. In the next section I will 

briefly summarise how these two effects parallel the findings reported in studies of visual 

attention, and I will introduce the experimental approach I used to explore cross-modal 

links in spatial attention.
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Overview and experimental approach

This thesis is concerned with spatial representations and the role of spatial 

attention in integration across sensory modalities. In the two previous sections I described 

some of the data regarding visuo-spatial attention and experiments that highlighted cross- 

modal links in attention research. Studies in the visual modality showed that spatial 

attention has two major physiological correlates. On one hand, single cell recordings 

(Luck et al. 1997) and neuroimaging studies (Heinze et al. 1994) have demonstrated that 

attention can modulate processing in visual areas, within the occipital lobe. 

Characteristically, these effects are spatially specific. When attention is directed to a 

given portion of space, modulations are observed in areas that represent the attended 

location. On the other hand, both neuropsychological testing (Posner et al. 1984) and 

imaging studies (Corbetta et al. 1993; Nobre et al. 1997) have suggested that a distributed 

network of parietal, frontal and temporal areas may serve as control structures for visuo- 

spatial attention. Although the exact role of this network has not been definitively 

established, control structures (primarily lateralised in the right hemisphere) may be 

distinguished from the former occipital structures because they do not show differential 

responses depending on which portion of space is attended. Usually, the attentional 

network has been activated in imaging experiments involving shifts of visuo-spatial 

attention. Furthermore, recent studies (Hopfinger et al. 2000) have suggested that the
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attentional network may generate the attentional signals that cause the spatial 

modulations in occipital areas.

Concomitantly, experiments investigating cross-modal issues found that a similar 

set of temporal, frontal and parietal areas is involved in the integration sensory input 

across sensory modalities (Graziano and Gross 1994; Lavadas et al. 1998; Downar et al. 

2000). This correspondence suggests that the same network that controls visuo-spatial 

attention might be involved in orienting spatial attention in different modalities. The test 

of this hypothesis constitutes one of the two aims of this thesis. This is addressed mainly 

in Part HI, where I will present several experiments that engaged the attentional network 

using tasks involving spatial attentional shifts. Differently from previous studies, I used 

both visual and tactile stimulation in order to highlight commonalities and differences in 

the brain structures controlling attentional resources in the two modalities.

The second aim of this thesis is to investigate cross-modal links in selective 

spatial attention. As I already outlined, attention to one side results in modulation of 

contralateral brain responses. Experiments using a single modality at a time have 

indicated that these modulations take place in modality specific brain regions (Heinze et 

al. 1994; Tzourio et al. 1997). However, the use of several modalities within the same 

experiment may reveal brain areas that show differential responses depending on the 

attended location, independently of the modality stimulated or attended. These would 

provide the type of integrated spatial representations that could explain the cross-modal 

spatial cueing effects observed behaviourally (Spence et al. 1998). Experiments
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investigating cross-modal links in selective spatial attention will be described in Part II. 

Typically in these experiments subjects were presented with bilateral stimulation and 

they were required to orient attention to one hemifield. The analysis aimed at directly 

comparing attention to one side versus attention to the other side. Differences in brain 

activity are interpreted as spatial attentional modulation of the sensory input. As for the 

experiments in part III, I used both visual and tactile stimulation to separate multimodal 

and unimodal mechanisms of spatial selective attention.

Before presenting experiments and results in detail, the next section will give an 

introduction to the methods used to image brain activity and the statistical approaches 

that were employed to analyse the data.

Methods

Two experimental techniques were used to investigate the neural substrate of 

cross-modal spatial attention in the human brain. These were positron emission 

tomography (PET) and functional magnetic resonance imaging (fMRI). Both are non- 

invasive imaging techniques that allow to me measure brain activity in healthy subjects 

without any major risks. The general idea of these scanning procedures is that activity in 

the whole brain is measured during two behavioural tasks (conditions). Comparison of 

the signal in the two conditions reveals areas that show higher signal in one condition
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respect to the other. These activations are then related to the cognitive processes that 

differentiate the two conditions. The major difference between PET and fMRI is that the 

acquisition of a single PET image takes over one minute, while an MRI volume of the 

whole brain takes only 3-4 seconds. However, the ratio of signal to noise is higher in PET 

so that hundreds of MR images are needed to detect any activation.

Positron Emission Tomography (PET)

PET relies on the physical properties of certain isotopes of Oxygen {*^0}, Carbon 

{"C} and Fluoine {*^F}. These isotopes decay to more stable configurations (e.g.: to

by emission of positrons and neutrinos. Collision of a positron with an electron 

results in annihilation of the two mass particles and emission of two high-energy 

electrons at an angle of 180 degrees from each other. These are detected by the PET- 

camera in a photoelectric reaction. The PET signal can be used as an indirect measure of 

brain activity because of its coupling with the regional cerebral blood flow (rCBF). High 

synaptic activity results in an increased energy demand (glucose and oxygen) which 

causes increases in rCBF (Hoge et al. 1999). Because the isotope tracer diffuses in the 

blood reconstruction of the sources of the PET signal permit inference about rCBF and 

brain activity (Roland et al. 1995).

PET scans of Experiment 1, 2, 3 and 5 were performed with a CTl EXACT HR-h 

(CTl Inc. Knoxville, USA) 32-slice scanner, with retracted collimating septa covering a 

field of view of 15.5 cm. Subjects rested on their back with only the head in the scanner.
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The head was immobilised with a foam-padded helmet. Each subject underwent 12 

successive administrations of H2^^0; each separated by 8 minutes. Because has a 

short half-time life of 123 seconds, 8 minutes are sufficient to reduce the background 

signal to less than 10% of the peak activity before each injection. An intravenous bolus of 

H2*^0 was infused over 20 s, followed by a 20 s saline flush. The H2*^0 was produced 

before each injection with a small cyclotron (EBA BMev Cyclone) and a water generator 

located in an adjacent room. Images were reconstructed with a Hanning filter of 0.5 

cycles/pixel, full width at half maximum (FWHM) 6.5 mm. Data were acquired in a 90 s 

scan frame after injection of 8-10 mCi of H2^^0. Usually stimulation or task condition 

began 20-30 s before image acquisition, and continued for two minutes. Total counts per 

voxel during the build-up phase of radioactivity served as an estimate of regional cerebral 

blood flow: rCBF (Mazziotta et al. 1985; Fox and Mintun 1989).

Functional Magnetic Resonance Imaging (fMRI)

MR imaging is based on the magnetic characteristic of certain atom’s nuclei (e.g.: 

^'P, *H). These have non-zero nuclear spins and behave like small dipoles.

When a magnetic field is applied to a probe containing these isotopes, the spins align 

with the direction of the applied magnetic field. Importantly, the spin can align either 

parallel (high-energy configuration) or antiparallel (low energy configuration) to the 

static magnetic field. At a macroscopic level, a difference in the number of parallel and 

anti-parallel spins causes a net magnetisation of the probe. At equilibrium, the net
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magnetisation vector is oriented along the direction of the applied magnetic field (Z- 

axis). However, particles in the lower energy state can be promoted to the upper energy 

state by absorption of a photon of a specific energy. The energy of this photon must 

exactly match the energy difference between the two configurations, which is a 

characteristic of each isotope. By exposing the probe to energy of this specific frequency, 

it is possible to reduce the net magnetisation. The probe is now at a higher energy level 

and will spontaneously return to the equilibrium state by emitting the same amount of 

energy, in a specific time. The value Ti describes the exponential dynamics of this 

process. The energy emission is the signal that is detected during a MR experiment. If a 

second magnetic field is applied orthogonal to the static magnetic field, the magnetisation 

vector will rotate about the Z-axis. Because different spins experience a slightly different 

magnetic field, the net magnetisation starts to dephase in the XY-plane. The time 

constant, which describes the return to equilibrium of this transverse magnetisation, is 

called the spin-spin relaxation time (T2). Molecular interactions and variation of the static 

magnetic field determine the measured value of T 2 , called T2 *. For the point of view of 

functional imaging this is the important variable. High neuronal activity (i.e.: oxygen 

consumption) results in a change in the ratio of oxy- and deoxy-haemoglobin. Because 

the two molecules have different magnetic properties this results in a change of field 

experienced by water molecules in the blood and local T 2* value. Echo-planar imaging 

(which I used in Experiment 4, 6, 7, 8 and 9) is a technique that employs sequences of 

several gradients in different directions to obtain an MR signal which is dependent on T 2*
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and therefore can be used as an index of underlying neuronal activity. The resulting 

signal is called the BOLD signal (blood-oxygenation-level-dependent signal). Neuronal 

activity causes a reduction of the BOLD signal (de-oxygenation), which is followed by an 

signal increase caused by the inflow of new oxygenated blood. The BOLD signal is 

therefore affected by the local vascular system, and by the rate of oxygen exchange 

between blood vessels and tissue. In all fMRI experiments the MR images were acquired 

with a 2 Tesla Magnetom VISION MRI scanner (Siemens, Erlangen, Germany).

Statistical Parametric Mapping (SPM)

SPM was used to analyse the imaging data of both PET and fMRI experiments. 

The analysis can be divided in three basic stages: spatial preprocessing, statistical 

analysis, and statistical inference.

Spatial preprocessing

To facilitate inter-subject pooling, data were realigned, spatially normalised and 

smoothed. Although great care was taken in order to avoid head movement during the 

experiment, some residual movement is always present in the data. Therefore the first 

step of the analysis consists in realigning all scans acquired in one subject (12 in case of 

PET, hundreds for fMRI) to the first scan of the same subject. This rigid body 

transformation involves six parameters (three translations and three rotations) that are 

estimated using a least squares approach (Friston et al. 1995a).
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The second step is to move the images of all subjects of one experiment to a 

common space. The reference used in SPM is the Montreal Neurological Institute (MNI) 

standard space (Collins et al. 1994). The transformation involves the use of linear and 

quadratic functions. Residual variance is corrected using a set of smooth basis functions 

(Friston et al. 1995b). The transformation is usually computed starting from the mean 

functional image of each subject. Alternatively, the structural MRI of the subject can be 

first co-registrated to the mean functional image and then used for the normalisation. In 

both cases, parameters are then applied to all functional images of the same subject.

The final pre-processing step is to smooth the images using an isotropic Gaussian 

kernel. The typical full width half maxima (FWHM) of the kernels were 16 mm for PET 

and 10 mm for fMRI. The difference between the two kernels reflects the difference in 

spatial resolution of the two techniques. The spatial smoothing fulfils three principal 

functions. First, it increases the signal to noise ratio. Second it helps to conform the data 

to the requirements of the Gaussian field model (see section on statistical inference). 

Finally, because SPM operates on a voxel level (see next section), it is important to 

account for the fact that the same functional area may be located a few millimetres apart 

in different subjects. The use of smoothing partially overcomes this problem by imposing 

a correlation between signals in contiguous voxels.

Statistical analvsis

SPM performs an analysis of variance at each voxel of the functional images. This 

is implemented using the general linear model. A set covariate is fitted to the data (least
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squares), so that the signal in a single voxel can be explained as a linear combination of 

the CO variâtes plus the error term.

Y(j) = Pi * X,(j) + P2 * X2(j) +....+ Pk * Xk(j) + c + e(j)

Where: Y is signal measured at a given voxel

j = 1, ....n is the number of scans acquired 

X is the value for each of the covariates used to fit the data 

k is the total number of covariates

P are the estimated parameters of the regression for each covariate 

c is a constant term 

e is the error term

Y (the response/dependent variable) and X (the explanatory/independent variable) 

are known. Multiple regression is used to estimate the values for P that minimise the error 

{e}. The constant term {c} models the mean signal and can be omitted if the signal is 

adjusted to have a mean of zero. The validity of the estimation of the parameters assumes 

that the errors are independent and normally distributed. If these are satisfied linear 

compounds (contrasts) can be used to assess regionally specific differences in the 

parameter of estimates. These constitute the SPM{t}maps. The SPM{t} values are then 

transformed into units of the normal distribution, SPM{Z}.
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The covariates {X} that are used to fit the data {Y} substantially differ between 

PET and fMRI. Typically in a PET experiment these correspond to the conditions and are 

entered as dummy variables. The covariate is simply a vector that has value 1 for the 

scans acquired during one condition (e.g.: condition A) and 0 for all other scans (e.g.: 

condition B, C and D). The next covariate will have ones for scans of condition B and 

zeros everywhere else, and so on. Another source of variance that is modelled is the 

subject effects. These take the form of vectors with ones for all scans of one subject and 

zeros for scans of all other subjects. Additionally, a covariate that models the global 

signal is generally included. Because of several factors (injected dose, temperature, 

subject blood pressure, ....) a lot of the variance present in the data is explained by the 

overall amount of radioactivity that has reached the head. Other independent variables, 

such as reaction times or error rates can also be included in the model if there is a reason 

to think that they may contribute the signal measured. A PET experiment with 10 

subjects (12 scans each), 4 conditions and global signal modelled will have 15 covariates, 

with 14 degrees of freedom (some of the effects are colinear) leaving 116 residual 

degrees of freedom for statistical inference.

In the case of fMRI the models (covariates) tend to be more complicated. Two 

basic fMRI approaches were used in this thesis. Experiment 4 and 6 used a blocked 

design. The same stimulus/condition is repeated throughout a block of 20-30 sec. In this 

case the covariate for a single condition will be an on-off boxcar which has the value one 

during the 5 scans (for a 20 seconds block with an acquisition time of 4 seconds) when
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the stimuli are presented and zeros everywhere else. Additionally this boxcar function is 

temporally smoothed to deal with the autocorrelation of the fMRI signal (see next 

paragraph). The kernel used in the temporal smoothing corresponds to the shape of 

expected haemodynamic response or a gaussian kernel with similar FWHM (usually 3-4 

seconds). The second approach that I used was event-related fMRI. With this method 

stimuli belonging to different conditions are intermixed. This can be of great advantage 

when the cognitive process under investigation requires that subjects do not know what 

the next stimulus will be (e.g.: invalid versus valid spatial cues). In this case the 

regressors that are used to fit the data consist of the timing of each of the event types 

convolved with the expected haemodynamic response function.

Two additional effects need to be taken in account in fMRI models. One is the 

presence of low frequencies in the signal measured. These may originate from hardware 

instability or from long term physiological shifts and can be either explicitly modelled 

using covariates or removed using appropriate filtering kernels. A second problem with 

fMRI time series is the presence of temporal autocorrelation in the signal (i.e.: the signal 

measured in consecutive scans is not independent). This is because the haemodynamic 

response is slow in respect to the data acquisition (10-15 sec versus 3-4 sec). This causes 

the assumption of the general linear model to be violated (independence of the error). To 

deal with this, when SPM generates fMRI t-statistics the degrees of freedom are 

recalculated to represent an uncorrelated set of observations. These effective degrees of
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freedom are less than the number of scans and depend on the temporal smoothing applied 

to the data.

Statistical inference

SPM generates several types of statistics for each contrast. The simple approach is 

to consider the p-value associated with the t-value at a given voxel (p-uncorrected). This 

simply tests for the probability that the activation (weighted difference between estimated 

parameters of different conditions) may have occurred by chance. However, because of 

the great number of t-tests (one for each voxel) there is a high probability of obtaining 

false positives. Typically over a hundred thousand voxels are tested in each contrast. A 

straightforward approach to address this issue is to divide each p-value by the number of 

tests performed (Bonferroni correction). However, this procedure would be much too 

stringent because not all t-tests are independent. This is due to the fact that the images are 

spatially smooth causing nearby voxels to have similar variance. Hence, SPM uses the 

Gaussian Random Field Theory. The mathematics of this is very complex and will not be 

addressed here. The general principle is that a 3-D image can be described as a field of 

elements of a given size (the voxel size) and an overall smoothness (smoothness of the 

residual error). From these parameters the number of resolution elements (RESETS) can 

be calculated. These correspond to the number of independent elements in the field. The 

RESETS are then used to estimate the Euler Characteristic (EC) of the field at a given 

threshold and to assign p-values that are corrected for the field in question. Different
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types of corrected p-values can be derived from the Random Field Theory. Voxel-level 

correction is the most stringent approach and consists in evaluating the statistical 

significance of each voxel on the sole basis of the Z-value at the tested voxel. Cluster- 

level correction considers both peak-height and extent of the activated cluster. The 

disadvantage of this approach is that the spatial resolution of the inference is limited to 

the size of the cluster, so that one should report activation of a region rather than a precise 

voxel. However, because the cluster size is usually in the order of magnitude of the 

smoothing (which limits the spatial resolution of the voxel-level inference) this is not a 

major drawback and therefore in most of my experiments I employed this type of 

correction. Both Voxel- and Cluster-level corrections are used when the whole brain 

serves as search volume. However, in some case there is a regional specific hypothesis of 

where the activation should be found. In these cases it is not necessary to correct for the 

volume of whole brain. Hypotheses can be generated by results of previous studies or by 

orthogonal contrasts (e.g.: main effects and interactions) within the same experiment. 

When such a regional hypothesis exists, a small volume correction (implemented only in 

SPM99) is used to assign corrected p-values. Before the implementation of the small 

volume correction, a less rigorous procedure was used to establish if an expected region 

was activated. This consists in accepting an uncorrected p-value. Generally, regional 

hypotheses were not confined to a single voxel therefore thresholds were set to 

uncorrected p-value = 0.001 (rather than p-uncorrected = 0.05).
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Levels of inference

In a typical SPM analysis variance results from scanning the same condition in 

several subjects and each condition several times (typically 2-4 for PET and 20-100 times 

for fMRI) within each subject. Because the two sources of variance are combined the 

statistical inference is limited to the subjects studied at the specific time they were 

scanned (fixed effects analysis). To extend the inference to the population from which the 

subjects were drawn it is necessary to separate inter- and intra-subject variance (random 

effects analysis). In SPM97d this was done by creating a single mean-image for each 

subject and each condition, so that only one image for each condition and subject was 

entered in the final analysis. However, this approach is valid only if the variance is 

similar across conditions (sphericity assumption). SPM99 adopts a more robust approach, 

in which the effects size (contrast-weighted difference between conditions) is first 

computed for each subject. At a second level, the effect size of each subject is entered in 

a simple t-test, where now only inter-subject variance contributes to the statistic, allowing 

for a generalisation of the finding to the whole population. It is evident that using this 

approach the degrees of freedom are severely reduced (typically from > 100 to the 

number of subjects -1) causing a significant loss of power.

Most of the experiments in this thesis were analysed using a fixed effect 

approach. This is because in PET experiments inter- and intra-subjects variances are 

similar, generally leading to robust results. For the fMRI experiments, I scanned small 

groups of subjects, making the sensitivity of random effect analysis very poor. Therefore
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for groups of 3 to 6 subjects I used fixed effects models. The two experiments with larger 

groups (9 subjects in Experiments 4 and 8 subjects in Experiment 8) were analysed using 

a random effects analysis. In Experiment 8 (analysed with SPM99) I used a random 

effects model in which four effect sizes for each subject were entered in the second level 

analysis (one for each session). Using this approach the inference was extended beyond 

the specific session scanned, but the results were still limited to the pool of subjects that 

participated in the study rather then the entire population (for details see method section 

of Experiment 8).

Detection of commonalities

A further issue that I should consider in this methods section concerns the 

detection of common activations across conditions. The central question of this thesis 

concerned the separation of modality specific and multimodal (i.e. common across 

modalities) spatial attentional effects. These were assessed using factorial designs where 

one factor was the spatial attentional effect of interest (e.g. attended side, validity of the 

cues...) and the second factor was the modality stimulated/attended (vision or touch). In 

SPM97d the conventional approach for identification of commonalities across levels of a 

factorial design was to test for a main effect in the absence of any interaction (Price and 

Friston 1997). However, this is statistically invalid because it involves the acceptance of 

the null hypothesis (no interaction at a given voxel). The approach I adopted instead was 

based on the idea that a common activation exists only when activation is present in each
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of the levels of the design. To satisfy this condition it is necessary to constrain the tests 

for the main effect to those voxels where simple main effects are also significant. This 

was implemented in SPM97d using masking. Masking simply constrains the volume in 

which one contrast (e.g. the main effect) is tested to those voxels that survive one or more 

other contrasts (e.g. the simple main effects). This ensures that any voxel that shows a 

main/common effect across modalities also shows a simple main effect within each 

modality. Similarly masking was used to detect modality specific spatial attentional 

effects. Here I used the appropriate interaction term to mask the simple main effect 

within the modality of interest. Because different statistical thresholds can be used for the 

mask and the contrast of interest this procedure allowed me to highlight areas that 

showed a strong effect in one modality, with no/weak effects in the second modality. This 

was best achieved by setting a high threshold for the simple main effect and a lower 

threshold for the interaction. Nevertheless, it should be noted (see argument above) that it 

is not possible to prove statistically that there was no effect in the second modality. The 

masking guarantees only that the effect in one modality is significantly greater than in the 

second modality.

Localisation of activated areas

In other to localise what brain area is activated during a given task, thresholded 

SPM{Z}-maps are superimposed on a structural MR scans. Because all experiments 

presented in this thesis were normalised to the standard MNI template, the anatomic
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localisation was based on a template brain, which is in the standard space. Activations are 

reported according to the location of the maximum, which is given in Talairach & 

Toumoux (1988) coordinates. The origin (x,y,z = 0 0 0) of this system is located at the 

anterior commissure. Coordinates are expressed in millimetres: x, distance to right (+) or 

left (-) of the midsagittal plane; y, distance anterior (+) or posterior (-) to vertical plane 

through anterior commissure; z, distance above (+) or below (-) intercommissural line. 

Brodmann areas were also estimated according to Talairach & Toumoux (1988). 

Additionally, the human brain atlas by Duvemoy (1991) was used to name the anatomical 

areas activated (gyri and sulci).
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PART II: Spatial Selective Attention

Introduction

In the first experimental Part of the thesis, I will present four neuroimaging 

studies, which addressed the issue of spatial selection. Typically in these studies subjects 

were presented with bilateral stimulation and, while maintaining central fixation, they 

were required to covertly orient attention to one hemifield. Targets presented in the 

attended hemifield required overt responses (usually verbal). Stimuli on the opposite side 

were ignored. The analysis of the imaging data focused on direct comparisons between 

attention to one side versus attention to the other side. Differential activation is 

interpreted as index of spatial attentional modulation of the selected sensory input.

Within this general design I investigated visuo-tactile links with three PET 

experiments. Experiment 1 sought to identify any commonalities between the effects of 

selective spatial attention during either visual or tactile stimulation, implying bimodal 

mechanisms of attention. It also tested for any differences between spatial attention in 

vision and touch, consistent with unimodal aspects of attention. Experiment 2 

investigated the effect of the presence of visual input on tactile spatial attention. 

Experiment 3, like Experiment 1, compared unimodal and bimodal mechanisms of 

selective spatial attention. The difference between the two experiments was that in
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Experiment 3 the stimulation was bilateral and bimodal. Subjects were required to 

monitor one modality on one side, so that selective attention had to operate not only 

between spatial locations but also between sensory modalities.

Finally, Experiment 4 investigated the possibility that the task performed at the 

attended side may interact with the pattern of brain activity associated with spatial 

attentional selection. This was an fMRI experiment, where only visual stimulation was 

used.

1. Spatial selection using visual or somatosensory stimuli

Introduction

In the first experiment I investigated the effect of sustained spatial attention using 

PET. During each scan, volunteers attended to one hemifield when concurrent distractors 

were present on the other side. Hence the stimulation was always bilateral. Stimuli were 

given in only one modality (vision or touch) during each scan. Competition took place 

between spatial positions but not between modalities. This design was similar to the one 

previously used by Heinze et al. (1994) to demonstrate modulatory effects in occipital 

areas during sustained attention to one side of a bilateral visual presentation. The first aim 

of my experiment was to demonstrate equivalent effects in the tactile modality. Given
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previous findings within vision (Heinze et al. 1994), and within audition (Tzourio et al. 

1997), I expected that sustained tactile spatial attention to a particular side would produce 

stronger contralateral activation within areas of cortex involved in tactile processing (e.g. 

the postcentral gyrus; Kaas 1983).

The second aim was to compare activations for sustained spatial tactile attention 

to one side or another, against those for comparable sustained visual attention. In this 

way, I sought to identify any commonalities between the effects of sustained selective 

spatial attention in the two modalities, implying multimodal mechanisms of attention in 

accord with the crossmodal links identified psychophysically (Driver and Spence 1998a, 

Driver and Spence 1998b). I also tested for any differences between spatial attention in 

vision and touch, consistent with unimodal mechanisms of attention. Accordingly, I 

compared covert attention to the left with attention to the right within touch; and likewise 

within vision. I tested for main effects of spatial attention that held across the two 

modalities; and also for interactions indicative of modality-specific spatial effects. The 

bilateral stimuli were the same regardless of the side to which attention was directed, but 

in some blocks these stimuli were all tactile, whereas in others they were all visual.
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Design

Subjects

Twelve volunteers participated in Experiment 1. All subjects were right-handed 

males. Mean age was 32 year (range 23-51). None of them had a psychiatric or 

neurological history, or was taking any drugs.

Paradigm

The first experiment was intended to have a 2x3 factorial design, but became a 2 x 

2 design in practice. One factor was the attended hemifield: left or right. The second was 

the modality of current bilateral stimulation: vision versus touch (versus audition). This 

gave a total of six conditions, with two replications each. However, auditory conditions 

were not analysed, because the sounds were extremely hard to localise when in the 

scanner, thus compromising spatial attention during auditory blocks. Therefore, only 

visual and tactile blocks were analysed, reducing the experiment to a 2x2 design. Note 

that the bilateral stimulation was identical for attend-left and attend-right blocks within a 

modality, but that the modality of this bilateral stimulation changed between visual and 

tactile blocks. The four analysed conditions will be referred to as vision-left (VL), vision- 

right (VR), touch-left (TL), and touch-right (TR). Their order was counterbalanced within 

and across subjects. Prior to each scan, the subjects saw a message informing them about 

the upcoming condition, e.g. “Modality: VISION. Attend to: LEFT”.
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Stimuli

Subjects lay in the scanner with elbows bent at 70 degrees, and hands visible, 

each resting on a wooden support 25 degrees from the midline. The computer screen was 

located centrally between the two supports. Each support accommodated a red LED (10 

mm diameter), and a solenoid (12 V) for delivering tactile stimulation. The index finger 

of each hand was restrained over the solenoid and the LED on that side was placed as 

close as possible to the finger (see Fig. II. 1.1).

E x p eiim en ta l setup
Figure 11.1.1. shows the arrangement of 
the stimuli used in Experiment 1, 2 and 5. 
The subject rests on his back with the 
head restrained. Centrally, a computer 
screen displays the fixation point. On 
both side of the screen there are wooden 
supports, where the stimuli are attached. 
On each support there was a solenoid to 
deliver the tactile stimulation and an LED 
for the visual stimuli. In this photograph 
it is also possible to see the speakers that 
were used to deliver the auditory 
stimulation.

Experimental stimulations were always bilateral: either flashing red lights on both 

sides in the visual blocks, or 30 Hz vibrations (which could not be heard) on both index 

fingers in the tactile blocks. Only one modality was stimulated within each condition. 

Each block of stimulation comprised a 2-minute sequences of events, half of which were
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single-pulses (each 200 ms) with the other half double-pulses (200 ms on, 200 ms off, 

200 ms on), and with one event on each side every 2 seconds. The order of single and 

double-pulses was random, and independent in the two hemifields.

Task

The task was the same regardless of stimulated modality. As instructed before 

each scan, subjects sustained attention on the stimuli in only one hemifield to detect 

double-pulses, while ignoring all distractor events (both single- and double-pulses) 

presented in the other hemifield, throughout the scan (see Fig. II. 1.2).

Stim uli and task

Attend LEFT hemifield

Time Attend RIGHT hemifield

Single pulses 
Double pulses

Figure II.1.2. shows a schematic representation of stimuli and task used in Experiment 1. During all scans 
subjects received bilateral stimulation. Depending on the instructions, they had to attend to one hemifield 
and ignore distractors presented on the opposite side. Within the attended hemifield subjects had to 
discriminate single or double pulses. Double pulses in the attended hemifield required a verbal response.

Single-pulses in the attended hemifield also did not require any response. A small 

white cross was displayed centrally on the computer screen, and fixation was maintained
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on this throughout. When a target double-pulse occurred in the attended hemifield, a 

verbal response was required (quickly saying ‘hip’). A ten-minute training session 

allowed familiarisation with the task for each modality prior to the experiment.

Monitoring of fixation

Eye position was monitored using a CCD camera, placed close above the left eye. 

An infrared LED was directed at the eye to ensure a good image. This procedure ensured 

a good qualitative assessment of eye-position. However, because no eye-tracking 

equipment was used, this did not permit any quantitative analysis o f the eye-position. 

Nevertheless, it allowed me to check that subjects were not systematically saccading 

towards the targets, but were following the instruction to maintain central fixation. The 

same procedure was used in all PET experiments presented in this thesis. No subjects in 

this or subsequent experiments was excluded due to systematic saccades to the targets.

Analysis o f the rCBF data

Experiment 1 was analysed using SPM97d. Because o f the high number o f voxels 

tested, the significance o f each region was estimated using distributional approximations 

from the theory o f Gaussian Fields to assign corrected p-values. The spatial extent o f the 

activations for this calculation was first determined by thresholding all SPM-maps at p- 

uncorrected = 0.001. Masking was used to determine spatial modulation expressed 

independently o f the modality stimulated or specific to one modality only.
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Results

Behavioural performance

The task was performed well, with accuracy above 97%. For technical reasons 

verbal reaction times (RTs) to the double-pulse targets in the attended hemifield were 

available for only six subjects. Means (s.e.m.) were 528 (40) ms for Vision-Left (VL);

531 (35) ms for VR, 541 (44) ms for TL and 505 (46) ms for TR. A two-way within- 

subject ANOVA found no significant terms; RT did not differ reliably between vision 

and touch (p>0.72), nor between attending left or right (p>0.43), with no interaction 

(p>0.18). Attending left or right, within vision or touch, thus appears well matched for 

difficulty.

rCBF in relation to stimulated modalitv

Activity associated with performing the task with visual stimulation

Comparing scans acquired during the spatial attention task for visual stimuli, 

versus the tactile scans (i.e. [VL-i-VR] > [TL 4- TR]), revealed areas of greater regional 

rCBF bilaterally in the medial occipital gyrus (BA 19), the superior occipital gyrus (BA 

19) and the superior parietal gyrus (BA 7); see Table II. 1.1. The medial occipital 

activations were anteriorly located, extending to the posterior part of the inferior temporal 

gyri (BA 37) and the medial temporal gyri (BA 39). The activations in the superior 

occipital gyri extended from the superior occipital sulci and gyri into the superior part of 

the medial occipital gyri. The activations associated with the visual task thus all fell
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within cortical areas that would be expected to be involved in low-level visual 

judgements such as those required here.

Main effect of the stimulated modality
Anatomical Area Co-ordinates Z-values

Vision Middle occipital gyrus 38 -7 2  10 6.7

-46 -7 6  10 5.2

Superior occipital gyrus 28 -7 8  24 5.3

-26 -8 6  26 6.7

Superior parietal gyrus 26 -5 4  50 3.8

-1 6 -5 8  42 3.9

Touch Inferior post-central gyrus 58 -2 2  18 5.5

-50 -2 4  20 7.1

Superior post-central gyrus -52 -2 2  46 6.0

Table I I . l . l .  Anatomical areas, co-ordinates and Z-values o f voxels showing maximal sensitivity to 
the stimulation o f one modality versus the other.

Activity associated with performing the task on tactile stimulation

The reverse comparison (i.e. [TL -i- TR] > [VL + VR]) showed increased regional 

rCBF in three areas: the left and right parietal operculi (S2), with the activations 

extending into the inferior postcentral gyri, plus the left superior postcentral gyrus 

(encompassing BA 1-2-3); see Table II .l .l . The latter activation extended posteriorly to 

the left supramarginal gyrus (BA 40), postcentral sulcus and intraparietal sulcus (BA 

7/5). Thus, the activations associated with the tactile task all fell within cortical areas 

previously associated with somatosensory processing (Kaas 1983, Coghill et al. 1994). 

The greater extent of activations in the left hemisphere will be considered later.
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Main effect of sensory stimulation in Experiment 1

Main effect of TOUCH

■  ■

Main effect of VISION

% A

m

Figure 11.1.3. Main effect o f stimulated modality; touch versus vision, and vision versus touch. The PET 
activations are projected on the rendered surface of the MNI standard brain.

In sum, comparing rCBF during the visual versus tactile tasks revealed activations 

that were primarily bilateral, in areas of cortex known to be involved in the processing of 

visual versus somatosensory information, as expected (see Fig. II. 1.3). Note that these 

comparisons cannot distinguish activations produced by increased flow while judging the 

stimulated modality, versus decreased flow in the same areas when performing the task in 

the other modality (Shulman et al. 1997).
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Effects related to the spatial direction of sustained covert selective attention

The bilateral stimulation was identical when attending left versus right, so any 

effect on rCBF must be due to the direction of sustained covert attention. Areas showing 

a multimodal attentional influence were identified by a main effect of attended side, in 

the presence of a simple main effect within both modalities. Areas affected by spatial 

attention only for one modality (i.e. unimodal attentional influences) were identified by 

the simple effect of attended side within one modality, in the presence of an interaction 

between attended direction and stimulated modality. These analyses revealed three 

‘multimodal attention’ clusters, one ‘tactile attention only’ cluster and one ‘visual 

attention only’ cluster (with a sub-threshold multimodal cluster nearby).

Multimodal influences o f selective spatial attention

Three areas showed significant multimodal attentional modulation. All were 

found for the main effect of attending-right minus attending-left: [VR +TR] > [VL+TL], 

subject to the additional criteria described above (i.e. corresponding simple effects within 

each modality as well, i.e. both [TR>TL] and [VR>VL]). One multimodal modulation 

was found at the interception of the left intraparietal sulcus with the left postcentral 

sulcus (see Fig. II.1.4.a, and Table II. 1.2), contralateral to the attended right side. This 

falls in the transition zone between BA 7 (inferior part of superior parietal lobe), BA 40 

(superior part of supramarginal gyrus) and BA 5 (posterior/superior part of postcentral 

gyrus). As shown in the rCBF plot for the maxima (Fig. II.1.4.a), the effect of spatial
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attention (i.e. greater flow when attending right versus left), was present irrespective of 

the stimulated modality, despite higher activation for touch overall. At the maxima for 

the main effect of spatial attention (x,y,z = -42 -34 54), the main effect of modality was 

also significant (Z = 4.4). Thus, while this area was similarly modulated by spatial 

attention during both tactile and visual tasks, it was more active in the former task.

The second activation showing a ‘multimodal’ effect for attending-right minus 

attending-left was also within the left hemisphere (i.e. again contralateral to the attended 

right side), in the anterior part of the middle occipital gyrus (BA 19), at the junction with 

the posterior temporal lobe (BA 37/39); see Fig. II.1.4.b and Table II. 1.2. This area 

additionally showed a main effect of vision over touch (Z = 4.0 at the attentional 

maxima). The differential activation in this area due to attended direction was 

independent of the stimulated modality, yet the same area responded more strongly for 

the visual task overall.
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Effect of attending RIGHT minus LEFT: multimodal responses

a.- Left Intraparietal Sulcus
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b.- Left Occipito-Temporal Junction
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Figure II. 1.4. shows anatomy and rCBF plots at the maxima for the three multimodal attentional 
modulation observed in Experiment 1. PET activations o f the contrasts ‘attention right’ versus ‘attention 
left’ were superimposed on transverse and sagittal sections of the MNI standard brain. The rCBF plots 
shows that the affect o f selective spatial attention was present during both visual and tactile stimulation. 
(L: ‘attend left'; R: 'attend righ t’)
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The third area showing more rCBF when attending right versus left, 

independently of stimulated modality, was ipsilateral to the attended right side, which is 

both unexpected and unlike the two clusters described above. This activation was in the 

right inferior occipital gyrus (see Fig. II.1.4.c), within BA 18 .1 shall not discuss this 

unexpected activation at length, as I had not predicted any ipsilateral activation, and this 

did not replicate in Experiment 2.

Surprisingly, no region showed higher rCBF for attending-left minus attending- 

right, in either modality. This was a consistent finding, which will be addressed in 

Experiment 4.

Effect of attending right minus left: multimodal responses
M ain effect across 

m odalities

Sim ple main effect 

Within  m odality

Anatomical Area Co-ordinates Z-values M odality Co-ordinates Z-values

Left intraparietal sulcus Vision -52 -3 8  54 3.3

-42 -3 4  54 3.9 Touch -40 -3 0  52 4.1

Left occipito temporal Vision -46 -7 4  8 3.8

junction -48 -7 0  6 4.5 Touch -48 -6 4  8 3.0

Right inferior occipital Vision 40  -9 0  0 3.3

gyrus 26 -9 8  -2 4.7 Touch 26 -9 6  - 4 4.7

Table 11.1.2. Regions showing relative rCBF increase in the right versus left comparison, irrespectively 
o f the modality stimulated. Three areas showed significant main effect o f  side. Within these clusters I 
report co-ordinates and Z-values o f the maxima o f  the simple main effect for both modalities.
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Unimodal influences o f selective spatial attention

I tested for areas showing a simple effect of attending right minus left within just 

one modality (i.e. TR > TL for touch, or VR >VL for vision), in the presence of an 

interaction between stimulated modality and attended side (i.e. for areas showing 

attentional modulation only in touch, [TR-TL] > [VR-VL]; and for vision, [VR-VL] > 

[TR-TL]). This revealed two activations (see Table II. 1.3). One showed an effect of 

attended side only for touch, the other only for vision (but with a sub-threshold bimodal 

cluster nearby). All activations were in the left hemisphere, contralateral to the attended 

right side once again.

A cluster in the anterior part of superior postcentral gyrus (BA 1-2-3) showed an 

effect of attending right only for the tactile task (Fig. II. 1.5). As would be expected, this 

area also showed a main effect of stimulated modality, responding more strongly for the 

tactile than the visual task overall (for the attentional maxima the modality effect was 

significant at Z = 5.3).
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Effect of attending RIGHT minus LEFT: unimodal responses
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Figure 11.1.5. Unimodal modulations observed in Experiment 1 when attention to the right or left hemifield 
were compared. Transverse and sagittal sections are taken through the maxima. The rCBF plots show that 
in the postcentral gyrus spatial modulations were observed only during tactile stimulation, while the 
superior occipital gyrus responded only during visual blocks. However, a sub-threshold cluster with 
bimodal responses was also detected in the occipital lobe (see text). Part o f this cluster is shown in green.

A second unimodal cluster was detected in the left superior occipital gyrus (BA 19). Here 

the effect of attending right was seen only during the visual task (Fig. II. 1.5.b). The 

superior occipital gyrus also showed a main effect of stimulated modality, with higher 

blood flow for the visual stimulation than the tactile task (main effect of vision over 

touch at the maxima of the attentional effect in vision: Z = 4.4). However, it must be 

noted that several voxels adjacent to this unimodal cluster showed an appreciable
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attentional modulation during the tactile task. These voxels did not survive the criteria for 

a bimodal activation only because of the modest extent of the cluster (in Fig. II.1.5.b 

some of these voxels are displayed in green). The maxima of the sub-threshold bimodal 

cluster was at x,y,z = -16 -80 28, where the attentional main effect across modalities had 

a Z-value of 4.0.

As with the analysis of multimodal attentional influences, no area showed 

significantly higher rCBF for attending left minus right in the tests for unimodal 

attentional influences.

Effect of attending right minus left: unimodal responses
Sim ple m ain effect 

within  m odality

Interaction between  

side and m odality

M odality Anatomical Area Co-ordinates Z-values Co-ordinates Z-values

Touch Left superior post

central gyrus -56 -2 2  48 4.9 -46 -2 2  36 3.9

Vision Left superior 

occipital gyrus -22 -8 6  34 4.4 -2 0 -8 8  36 3.2

Table II.1.3. Regions showing relative rCBF increase in the right versus left comparison, only when 
one specific modality was stimulated. The post-central gyrus responded only for touch, the superior 
occipital gyrus responded only for vision. Within these clusters I report co-ordinates and Z-values o f  
the maxima o f  the interaction between attended side and stimulated modality.
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Discussion

This experiment makes several new observations. First, it shows that sustained 

selective spatial attention to one side can modulate activation during bilateral tactile 

stimulation (i.e. with concurrent targets and distractors), thus extending previous findings 

on sustained selective attention in vision (e.g. Heinze et al. 1994) and in audition (e.g. 

Tzourio et al. 1997). Second, this study demonstrates that sustained selective attention 

has both modality-specific and multimodal influences on brain activity across vision and 

touch, within distinct brain areas.

Visual unimodal effects were found in two distinct extrastriate areas: a lateral 

occipito-temporal cluster, close to an area activated during similar visuo-spatial selective 

attentional tasks (Hillyard et al. 1997; Mangun et al. 1998), plus a more dorsal area. 

Unlike Heinze et al. (1994) and Vandenberghe et al. (1997) Experiment 1 did not 

activated the fusiform gyrus, but previous studies used shape stimuli which are more 

likely to activate the ventral visual stream. Stimuli of Experiment Iwere small lights 

placed near the hands, as in previous psychophysical studies of tactile-visual links in 

attention (e.g. Driver and Spence 1998b). The fact that dorsal and lateral occipital areas 

showed attentional modulation, rather than ventral areas (or primary visual cortex), may 

be due to the use of such stimuli, which were chosen to emphasise the spatial (peri- 

personal) properties of the visual stimuli placed by the hands, rather than their form.

Unimodal tactile modulation was found in the superior post-central gyrus. This 

result extends previous observations in non-human primates (Burton et al. 1997; Hsiao et
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al. 1993; Hyvaerinen et al. 1980) and humans (Desmedt and Tomberg 1989; Drevets et al. 

1995; Roland 1981) suggesting that the somatosensory system can be endogenously 

modulated at relatively early stages of processing.

Three areas showed higher flow when attending right versus left, irrespective of 

the stimulated modality (i.e. for both the visual arid the tactile tasks). These were the left 

intraparietal sulcus, the left occipito-temporal junction, and the right inferior occipital 

gyrus (though the latter activation was unexpectedly ipsilateral to the attended side). Two 

areas showed higher flow when attending right only for stimuli in one modality: the left 

superior postcentral gyrus for touch and the left superior occipital gyrus for vision 

(although I observed a sub-threshold bimodal cluster near the latter).

The most robust multimodal result was found in the intraparietal sulcus. The 

maximum of the activation was found at the intersection of the intraparietal sulcus with 

the postcentral gyrus. Three distinct anatomical areas converge in this site: BA5 and 

BA7, both superior to the intraparietal sulcus, and BA40 inferiorly. All are good 

candidates for multimodal spatial representations that are affected by attention, given 

previous electrophysiological findings. Single-cell recording in monkeys has 

demonstrated multimodal proprieties of BA7b in the inferior parietal lobe, and also the 

ventral intraparietal area (VIP; Graziano and Gross 1993), plus medial intraparietal area 

(MIP; Colby and Duhamel 1991). Many cells in BA7b and VIP respond to both visual 

and tactile stimuli from similar locations in external space (Graziano and Gross 1993). 

Area BA5 is predominantly somatosensory, but recent recordings during visuomotor
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planning suggest that its activity may also reflect higher-order functions, such as 

transformation of spatial co-ordinates between frames of reference (Kalaska 1997). 

Further studies suggest that, in addition to their role in multimodal spatial interactions, 

the intraparietal sulcus and adjacent areas are also involved in spatial attention. For 

example, Bushnell et al. (1981) showed that neurones in area 7 respond more strongly 

when a given stimulus is response-relevant. In humans, neuroimaging (Corbetta et al. 

1993; Nobre et al. 1997) and neuro-psychology (Posner et al. 1984) suggest the 

involvement of the superior-posterior parietal lobe during covert orienting.

The results of Experiment 1 confirm the multimodal nature of spatial 

representation in the human intraparietal sulcus, and the influence of attention upon it. 

These multimodal influences of selective attention on rCBF provide a possible neural 

substrate for the crossmodal links in spatial attention between vision and touch 

documented psychophysically by Spence et al. (1998). They found that when visual 

attention is directed to one side, tactile attention tends to accompany it, and vice-versa. 

This suggests that some brain regions representing tactile stimuli can be modulated by the 

direction of visual attention, and vice-versa. The multimodal influences of spatial 

attention on neural activation observed here substantiate this suggestion. Although the 

multimodal activations were not found within primary sensory cortices, it is interesting to 

note that they arose in areas that typically responded more strongly to one modality than 

the other overall. The left intraparietal sulcus responded more strongly for touch, while 

the left occipito-temporal junction responded more strongly for vision (see Fig. II. 1.4 and
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IL 1.5). These activations might therefore reflect influences of multimodal attention upon 

primarily unimodal areas. This would fit previous proposals (Spence et a. 1998; Driver 

and Spence 1998b) that the direction of visual attention can influence tactile responses, 

and vice-versa.

It is possible that the multimodal influences of attention found here were due to 

each subject undergoing both visual and tactile tasks. Due to this experience, the tactile 

task might come to activate structures associated with the analogous visual task, and vice- 

versa. Alternatively, it might be argued that even though only one modality was 

experimentally stimulated during each block, some degree of stimulation was in fact 

always present within both modalities. Since subjects had their eyes open throughout, 

their hands were always visible in the dimly lit room, providing continuous visual 

stimulation even during the tactile blocks. Equally, during the visual blocks, some limited 

tactile stimulation would have been continuously available due each hand resting 

passively on its support. It is possible that the multimodal attentional influences upon 

potentially unimodal areas, during experimental stimulation of the other modality, may 

have been due to spatial attention affecting neural responses to continuous background 

stimulation in the environment for the second modality. These possibilities were 

investigated in Experiment 2.
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2 . Role of the visual input during selective attention to 

tactile stimulation

Introduction

In the first experiment I observed not only areas modulated by attention during 

the visual or tactile stimulation, but also areas showing an attentional effect independent 

of the sensory modality stimulated. However, several interpretations could explain these 

multimodal activations.

First, these areas may be purely multimodal. They would represent space in two 

frames of reference, with equal sensitivity to visual and somatosensory input (supra- 

modal representation). This hypothesis would be consistent with electrophysiological 

evidences that have demonstrated that several brain regions contain neurones with 

bimodal receptive fields (Stein and Meredith 1993; Andersen et al. 1997; Graziano and 

Gross 1998). These neurones fire whenever either a visual or a tactile stimulus is 

presented in the receptive field. In the first experiment 1 may have found an attentional 

equivalent of these representation, i.e. areas which are modulated by spatial attention 

independently of the modality stimulated. However it should be noted that all areas 

showing spatial modulation in Experiment 1 also showed a main effect of stimulated
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modality. This would not be expected in an area that represents space in a fully supra- 

modal frame of reference.

A second possibility is that association of the two tasks may have activated 

unimodal attentional areas. In Experiment 1 all subjects experienced both visual and 

tactile task with intermixed presentation. This association may have prompted activation 

of unimodal area when stimuli were presented in a different modality. This seems 

particularly plausible since there was no competition between the two modalities, hence 

no major disadvantage in activating modality specific structures. Previous studies have 

suggested that crossmodal association can produce activation of structures considered 

unimodal (McIntosh et al. 1998).

Finally, the observed bimodal responses may relate to brain activity associated 

with crossmodal computation. Recent studies in both animals and patients have suggested 

that crossmodal effects often arise as an interaction between the two modalities. Example 

of these effects are cases of crossmodal extinction dependent on the sight of the hands 

(Lavadas et al. 1998) or single neurones with tactile receptive fields that are modulated 

by sight of the hands (Graziano 1999).

These possibilities were assessed in a second experiment. This compared 

attending right versus left in touch, when subjects eyes were open (i.e. with hands visible) 

versus closed; and by exposing subjects only to the tactile task, to avoid any associations 

with the analogous visual task. 1 anticipated that bimodal areas of Experiment 1, which 

represent space independently from the stimulation would show a common effect during
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both the eyes open and eyes close condition. Areas activated by the association of the 

tactile task with the visual one, would not be activated in either condition. More 

interestingly, areas involved in crossmodal computations might show an interaction 

between the attended tactile stimulation and presence of any visual input.

In addition, the second experiment tested the replicability of two unexpected 

patterns found in Experiment 1. These were the unpredicted activation in the right 

inferior occipital gyrus, ipsilateral to the attended right side; and the fact that all of the 

attentional activations were produced for attending right minus attending left, with none 

reaching significance for the reverse comparison.

I formulated two hypotheses concerning the lack of right-hemisphere activations 

when attending left versus right. First, the right hemisphere might be active both when 

attention is directed to the left and also when it is directed to the right (as previously 

suggested by Corbetta et al. 1993 for the visual modality, and Kelley et al. 1993 for 

touch). The direct comparison of Experiment 1 would not reveal any areas activated in 

common for attending left and right. Experiment 2 added two low-level baseline 

conditions, with no attentional requirements. Subtraction of these from the attentional 

conditions should reveal any right-hemisphere activation that is common to attending left 

and right.

A second possibility is that left-hemisphere activations may be the sole neural 

correlate of sustaining attention on the left versus right in the present task. Note that past 

associations of spatial attention with right-hemisphere structures (e.g. Weintraub and
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Mesulam 1987; Corbetta et al. 1993; Nobre et al. 1997) have arisen from situations of 

attention shifting, not from sustained selective attention as studied in Experiment 1. The 

left-hemisphere clusters found in Experiment 1 might conceivably show not only 

activation when attending right, but also de-activation when attending left. Baseline 

conditions should reveal this.

Design

Subjects

Six volunteers participated in Experiment 2. All subjects were right-handed 

males. Mean age was 25 years (range 20-29). None of them had a psychiatric or 

neurological history, or was taking any drugs.

Paradigm

The design of Experiment 2 was a 2x2 factorial design, plus two additional low- 

level baselines. One factor in the factorial design was the attended direction (left versus 

right) as before, but now always with bilateral tactile stimulation. The second factor was 

the presence or absence of environmental visual input (eyes open with central fixation 

and hands visible, versus eyes closed). In addition there were two baseline conditions: 

passive bilateral somatosensory stimulation during central fixation, and a rest condition 

(no stimulation, eyes closed). These six conditions will be referred to as follows: eyes
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open while attending left in touch [OTL]; eyes open while attending right in touch 

[OTR]; eyes closed while attending left in touch [CTL]; eyes closed while attending right 

in touch [CTR]; passive tactile stimulation with eyes open [P]; and rest with no 

stimulation and eyes closed [R]. All six conditions were replicated twice, with the order 

counterbalanced within and across subjects. Instructions about the upcoming condition 

were given verbally before each scan.

Stimuli

The position of the subject’s hands was as in the first experiment. The stimuli 

were now only somatosensory (i.e. the flashing visual LEDs were no longer used). The 

stimulus sequences were as for the tactile task in Experiment 1. Indeed, the left-attention 

and right-attention conditions with eyes open (hands visible) were identical in every 

respect to that task. The eyes-closed conditions had the same somatosensory inputs and 

task, but now without any background visual stimulation. In the passive stimulation 

condition, the bilateral tactile input was as for the attention conditions, but the subject had 

only to maintain central fixation, with no requirement to attend covertly towards one side 

or the other. In the rest condition no stimulation was given: the subject simply lay in the 

scanner with eyes closed.
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Tasks

During the attention conditions, subjects again had to detect targets (double pulses 

among non-target single pulses) in the attended hemifield with a verbal response, while 

ignoring distractors (both single and double pulses) in the other hemifield, as in the first 

experiment. When the eyes were open, the subject had to maintain central fixation, 

monitored with the CCD camera as before. The attention conditions were again practised 

for ten minutes before the experiment.

Analysis of the rCBF data

Experiment 2 was analysed using SPM97d. Because of a priori hypothesis 

generated according to Experiment 1, no correction for multiple comparisons was 

applied. Threshold for the spm-maps was set at p-uncorrected = 0.001. The threshold was 

reduced to p = 0.05 when multiple tests for the same voxel were performed (masking). 

Unexpected activations are reported only if they survive corrected threshold p < 0.05 at 

voxel level.

Results

Behavioural performance

Performance was again good, with accuracy close to 98%. RT data were available 

for four subjects. Means (s.e.m.) were 650 (31) ms for OTL, 638 (45) ms for OTR, 639
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(40) ms for CTL and 651 (45) ms for CTR . A two-way ANOVA found no significant 

terms; no difference when attending left versus right (p>0.9), no effect of eyes open 

versus closed (p>0.69) and no interaction (p>0.21). Overall RT were somewhat slower 

than in Experiment 1, perhaps because an analogous task was no longer performed in 

vision.

Effects of spatiallv selective tactile attention on rCBF

Since after Experiment 1 1 had specific hypothesis for the location of any 

activations, I no longer corrected for multiple comparisons, but in all other respects 

criteria for significance were as before. Voxel level threshold was set at p = 0.001 and a 

cluster extent threshold of p-uncorrected = 0.05 was applied. As in Experiment 1, no area 

was activated for attending left minus attending right. Once again, only the reverse 

subtraction revealed attentional activations, and all were in the left hemisphere, 

contralateral to the attended right side.

Spatial attention ejfects applying both with eyes open and eyes closed

As in the first experiment, I identified common activations due to one factor 

(here, attending right versus left) across the levels of the other factor (in this case, eyes 

open versus closed) by testing for a main effect of the former spatial factor (i.e. 

[OTR+CTR] > [OTL+CTL]), in the presence of corresponding simple effects, here for
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attending right with both eyes open and eyes closed (i.e.[OTR > OTL] and [CTR > 

CTL]).

Only one area was activated by attending right minus attending left irrespective of 

whether the eyes were open or closed (Table II.2.1; Fig. II.2.1). As expected after 

Experiment I, which found a purely tactile attentional modulation within the left 

postcentral gyrus, this new activation was also in left postcentral gyrus, in its anterior 

part. The maxima fell more medially than in Experiment I, but still within similar 

anatomical areas (BA 1-2-3). The medial extension of the activation meant that it now 

included the left central sulcus (see Fig. II.2.1; and compare with Fig II.1.5.a from 

Experiment 1).

A tten tional m odu la tion  regard less o f  v isual input

Left Superior Postcentral Gyrus
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Figure II.2.1. illustrates anatomy and activation pattern in the left superior postcentral gyrus. The rCBF 
plot shows that this area was spatially modulated (R > L) independently of the presence o f the visual 
input. The same plot also shows an interesting pattern of contralateral-activation and ipsilateral- 
deactivation in respect o f both baselines.
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Ejfects o f tactile spatial attention only with eyes open

As for the first experiment, effects of one factor (here attending left versus right) 

which applied only for one level of the other factor (here eyes open or eyes closed) were 

determined by testing for a simple effect of attended side with eyes open or eyes closed, 

in the presence of an interaction. No region showed attentional modulation only with eyes 

closed (i.e. none passed both [CTR > CTL] and also [(CTR-CTL) > (OTR-OTL)]). Two 

regions showed increased rCBF for attending right minus attending left onlv in the eyes- 

open condition (i.e. passing both [OTR > OTL] and [(OTR-OTL) > (CTR-CTL)]). These 

areas were the left intraparietal sulcus and the left superior occipital gyrus, both 

contralateral to the attended right side (see Fig. II.2.2, plus Table II.2.1), and both of 

which had also been activated in Experiment 1. The rCBF plots for these two areas 

clearly show that attentional modulation was present with eyes open (bar 1 vs 2 in the 

histograms of Fig. II.2.2.a and b) but not with eyes closed (bar 4 versus 5).

The left intraparietal sulcus activation (BA 40/7) had its maxima somewhat more 

medially than in the first experiment, in the fundus of the sulcus (Fig. II.2.2.a) rather than 

at the surface (see Fig. II.1.4.a). However, there is still good agreement between the two 

experiments for this general region, given that the left intraparietal sulcus passed the 

criteria for showing multimodal attentional modulation in Experiment 1, and showed a 

corresponding effect of the direction of tactile attention in Experiment 2 only when the 

eyes were open, with the hands visible. This region thus appears to show multimodal
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attentional modulation, which depends on information being available to both modalities 

at the same time (i.e. tactile events during sight of the hands).

A tten tional m odu la tion  only  w ith eyes open
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Figure II.2.2. Areas showing an effect o f spatial attention only with eyes open. The rCBF plots show the 
significant difference between bar 1 and 2, but no difference between bar 4 and 5. Also in these areas a 
clear ipsilateral-deactivation effect was detected.

The left superior occipital gyrus (BA19) similarly showed higher rCBF when 

attending right versus left in the present tactile task, only with eyes open (see Fig. 

11.2.2.b). In the first experiment a similar area was reported as unimodal (attentional 

modulation only during the visual task). However, this discrepancy may be more 

apparent than real, due largely to the very conservative criteria used in the first 

experiment. As described earlier, a sub-threshold multimodal cluster was in fact present
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in this region for Experiment 1 (maxima of the main effect of attending right across 

vision and touch found at x,y,z = -16 -80 28 with Z-value = 4.0, see Table U.2.1 to 

compare with the second experiment).

Spatial modulations in Experiment 2

Modulation regardless of the visual input
Main effect Simple main effects

Anatomical Area Co-ordinates Z-scores Eyes Co-ordinates Z-scores

Left superior post

central gyrus -38 -2 6  50 4.2

Open

Closed

-42 -3 0  50  

-38 -2 4  50

3.6

3.7

Modulation only with visual input
Simple main effect for eyes open Interaction

Anatomical Area Co-ordinates Z-scores Co-ordinates Z-scores

Left intraparietal 

sulcus -40 -3 6  36 4.6 -42 - 3 6  38 3.1

Left superior 

occipital gyrus -1 8 -9 0  34 4.2 -1 2 -8 8  36 3.6

Table 11.2.1. reports co-ordinates and statistics for the spatial modulations observed in Experiment 2. 
The superior post-central gyrus was modulated irrespective o f  the presence o f visual input, while 
intraparietal sulcus and superior occipital gyrus responded to tactile attention only when the eyes were 
open.

Experiment 2’s use of the tactile attentional task in the presence or absence of 

visual input from the hands (eyes open versus closed) highlights the critical role that the 

visual modality plays for areas which showed multimodal attentional modulation in 

Experiment 1. The previous multimodal activation in the left intraparietal sulcus was
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replicated for tactile selection, but only when the eyes were open so that the hands could 

be seen. By contrast, the activation which had shown attentional modulation only for 

touch in experiment 1 (i.e. the left postcentral gyrus) was replicated regardless of whether 

visual input was available. Following a pattern of activation similar to the intraparietal 

sulcus (multimodal in Experiment 1), the left superior occipital gyrus (which showed a 

sub-threshold multimodal modulation in Experiment 1) displayed attentional modulation 

with tactile stimuli only when visual input was available (eyes open in Experiment 2).

The two remaining ‘multimodal’ activations from Experiment 1 (in the right inferior 

occipital and left occipito-temporal cortex) were not replicated in Experiment 2 .1 suggest 

that this is because only the tactile task was now used, so there were no associations with 

an analogous visual task.

As in the first experiment, no area showed higher activity for attending left versus 

right. This was true for both the eyes-open and the eyes-closed conditions. This left 

latéralisation seems to be a very general finding, at least for the present task, since it has 

been now observed in four entirely orthogonal sets of comparisons (i.e. for both the 

visual and the tactile tasks in Experiment 1 ; and also for both eyes-open and eyes-closed 

blocks in Experiment 2).

Activations and deactivations in the left hemisphere

As can be seen for all the rCBF plots in figure II.2.1 and II.2.2, every area that 

showed modulation by spatial attention in Experiment 2 also showed the following
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intriguing pattern. During the attend-right condition, activity was higher than both 

baselines; while activity was lower than both baselines when attending left. I tested the 

significance of this pattern by imposing the following multiple constraints: ([OTR]>[P] & 

[P]>[OTL] & [OTR]>[R] & [R]>[OTL]) or ([CTR]>[P] & [P]>[CTL] & [CTR]>[R] & 

[R]>[CL]). The left intraparietal sulcus and the left superior occipital gyrus survived the 

first set of constraints (i.e. with eyes-open) when each contrast contributed to the multiple 

constraints at p = 0.05. Although the left superior postcentral gyrus showed a similar 

pattern with both eyes-open and eyes-closed, this did not pass our test, perhaps due to the 

excessive number of constraints.

Attentional tasks versus baseline controls

As already emphasised, one of the most consistent observations across tasks and 

experiments was that all the attentional modulations were found for the contrast attending 

right minus left, none for the reverse subtraction. With only one exception, all these 

activations were in the left hemisphere, contralateral to the attended right side. It is 

possible that the right hemisphere failed to activate for attending left because it is also 

involved in attending right (Corbetta et al. 1993; Kelley et al. 1993). Comparing the eyes- 

open attentional conditions (OTL, OTR) with the passive stimulation, eyes-open baseline 

(P) in Experiment 2 should reveal any area commonly activated when attending left or 

right (in addition to task-related activities).
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The contrast [OTL+OTR] > 2[P] showed numerous activations (see Fig. II.2.3 

and Table 11.2.2). Some of these may relate to producing and hearing the verbal response 

(which did not arise in the P condition), but most activations were more extensive in the 

right hemisphere. Increased rCBF was found bilaterally in the cerebellum, thalamus, 

superior temporal gyrus, putamen, globus pallidus, inferior precentral sulcus gyrus, and 

also in the right inferior frontal gyrus. Given previous evidence on the role of anterior 

structures in the right hemisphere in controlling spatial attention (Weintraub and 

Mesulam 1987), the latter inferior frontal activation seems likely to reflect the attentional 

demand of the task, rather than merely the verbal response. Note that the contrast did not 

activate any of the superior frontal or parietal areas that have been associated with 

attention shifting (e.g. Corbetta et al. 1993; Nobre et al. 1997), presumably because 

selective attention was sustained rather than shifted in our task.

Active task versus passive stimulation
Figure 11.2.3. Comparison 
between peripheral tactile 
attention and passive 
stimulation (eyes-open in all 
conditions). The activations are 
rendered on the surface o f the 
MNI brain. Notice the bilateral 
activation of the superior 
temporal sulcus and the right 
lateralised activation of the 
inferior frontal gyrus.
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Peripheral tactile attention
Anatomical area Hemisphere Co-ordinates Z-values

Cerebellum L 1 4 - 5 6 - 1 8 4.0

R -20 -6 2  -2 0 5.3

Thalamus L 14 -2 2  6 4.9

R - 1 4 - 1 2 - 2 3.9

Superior temporal gyrus L 5 6 - 1 0  16 4.8

R - 5 8 - 6  8 4.9

Putamen and globus pallidus L 26 0 14 4.1

R -26 6 10 4.1

Precentral sulcus L 5 6 - 1 0  42 3.7

R - 5 2 - 6  44 3.8

Inferior frontal gyrus R 50 12 26 4.3

Table II.2.2. reports co-ordinates and statistics for the comparison between peripheral tactile attention 
and passive stimulation. For this comparison, the conditions o f attention to the left and to the right were 
pooled. In all three conditions (OTL, OTR and P) the eyes were open, and subjects received bilateral 
tactile stimulation. However, no response was made in the control condition (P).

The reverse contrast (2[P] > [OTL+OTR]) showed bilateral deactivation of 

occipito-temporo-parietal junction when attention was focused on the somatosensory 

task. The areas implicated fell between the middle occipital gyrus (BA 19), the inferior 

parietal lobe (BA39) and the posterior middle temporal gyrus (BA 37/39): the left 

hemisphere maximum was at x,y,z = -38 -78 32, with Z = 3.9, and the right hemisphere at 

x,y,z = 50,-82 32, with Z = 5.0. The same areas continued to show deactivation during 

the tactile task even when we compared the eyes-open attentional conditions with eyes- 

closed rest (ie. 2[R] > [OTL+OTR], with x,y,z = -38,-74 36, Z = 4.6 in the left 

hemisphere, and x,y,z = 46 -74 28, Z = 5.6 in the right hemisphere). Hence these regions, 

traditionally considered as visual areas, were in fact more active when subjects rested
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with eyes closed than during the tactile attentional task when subjects had their eyes 

open. Presumably this is due to vision being suppressed when concentrating on the tactile 

task (Kawashima et al. 1995).

Discussion

In summary, the second experiment provides important information about the 

mechanisms underlying visual-tactile links in spatial selective attention. It demonstrated 

the critical importance of visual input for the activation of bimodal areas (see Experiment 

I) during selection for touch. I found an activation-deactivation pattern for these areas in 

the left hemisphere as a function of spatial attention (more active than baseline when 

attending right, less active than baseline when attending right). Additionally, Experiment 

2 showed the involvement of right inferior frontal cortex and possibly bilateral 

posterior/superior temporal areas in the sustained spatial attention task; these areas were 

not sensitive to the spatial direction of attention, and may act as modulatory structures.

Effect of the visual input on tactile attention

The postcentral gyrus showed activation independently of the presence of the 

visual input. This seems to confirm the proposal that this area represents stimuli 

exclusively in one modality, and therefore what is presented in a second modality did not 

influence the attentional modulation. In contrast, the intraparietal sulcus did show strong
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interaction between tactile attention and visual input. The spatial modulation to tactile 

stimuli was observed only when the eyes were open. The experimental manipulation of 

having eyes open/closed is not straight forward to interpret: differences in the fixation 

task, view of the scanning room (in the background) and direct sight of the hands are all 

possible effects of having the eyes open during the tactile task. However the argument 

about the sight of the hand seems the most appealing. Lavadas et al. (1997) showed that 

the distance of the visual stimulus from the touched hand influences crossmodal visuo- 

tactile extinction. Parallel findings come from electrophysiological recording in monkeys, 

where the sight of the hand can modulate tactile response of bimodal neurones in the 

premotor cortex (Graziano 1999).

The finding that areas showing interaction between side of tactile attention and 

presence of visual input overlap (Experiment 2) with the bimodal areas of Experiment 1, 

is of particular interest and suggest that these areas may integrate the sensory input of the 

two modalities. This is in contrast with a simpler situation, in which one area shows 

spatial modulation in two modalities, with the effects in one modality totally independent 

of the sensory input presented in the second modality.

Attentional task versus passive stimulation

The passive stimulation condition was introduced for two reasons. First, I wanted 

to see if areas in the right hemisphere, correspondent to areas showing attentional 

modulation in the left hemisphere, would show activation for both attention to the left
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and to the right. Secondly, comparison with the baseline may show activation of the 

fronto-parietal network often observed in imaging studies of visuo-spatial attention 

(Corbetta et al. 1993; Jonides et al. 1993; Petersen et al. 1994; Nobre et al. 1997).

Neither of these two predictions were confirmed. Right superior postcentral gyrus, 

right intraparietal sulcus, right superior and middle occipital gyii were not activated. On 

the other hand, increased rCBF was in an extensive fronto-temporal network. 

Surprisingly, this did not include the superior frontal sulcus in the proximity of the frontal 

eye field (often activated in studies of visuo-spatial attention, e.g. Nobre et al. 1997). A 

right lateralised activation, in agreement with the suggestion of specific involvement of 

the right hemisphere in spatial attentional behaviour (Mesulam 1990), was found in the 

right inferior frontal gyrus. The localisation of the activation in a relatively inferior area 

of the frontal lobe, may relate to the fact that I was using tactile stimuli rather than visual 

one. However, it has to be noted that studies on neglect patients have shown the 

effectiveness of inferior frontal lesions in causing neglect (Husain and Kennard 1996). 

Moreover, recent imaging studies on visuo-spatial attention have also activated areas in 

the inferior frontal gyrus (Coull and Nobre 1998).

Here, I would also like to point out the activation of the posterior part of the 

superior temporal sulcus (STS). Unfortunately, this structure is very near to the auditory 

areas on the planum temporale. Given that the comparison of attentional conditions 

versus passive stimulation was confounded with the production of a verbal response (and 

hearing one’s own voice) it is difficult to attribute this activation to the spatial
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requirement of the task. However, it will become clear from the results of the following 

experiments, that the STS plays an important role in the control of spatial attention, and 

that it may operate supramodally.

Non-spatial effects of attending to one modality versus another

Although this study was concerned primarily with spatial attention, an intriguing 

pattern was apparent in Experiment 2 when the tactile task was compared with the 

baselines. Visual areas around the occipi to-temporo-pari etal junction showed 

^activation bilaterally when performance of the tactile task was compared with the 

baselines. This accords with several previous reports that when attention is focussed upon 

one sensory modality, brain regions responsible for processing other modalities may be 

deactivated (e.g. Kawashima et al. 1995; O ’Leary et al. 1995; Shulman et al. 1997). 

Experiment 2 extends previous observations in two ways. First, this deactivation pattern 

was found even though no distracting stimuli were explicitly presented in the currently 

irrelevant modality; and second, deactivation of visual areas was found even for 

performance of the tactile task compared to passive rest with eyes closed.

In conclusion. Experiment 2 confirmed the unimodal nature of the modulation of 

the postcentral gyrus and showed that the role of bimodal structures (e.g.: intraparietal 

sulcus) highlighted in Experiment 1 may be more complex than just responding to the 

two modalities. Additionally, it replicated the hemispheric asymmetry observed in
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Experiment 1, and highlighted an interesting pattern of activation and de-activation in the 

left hemisphere. Finally, it showed an involvement of fronto-temporal areas during the 

tactile attention task. These areas activated independently of the attended hemifield.

3. Attention to locations and sensory modalities

Introduction

The first two experiments investigated the effect of selective attention in both 

vision and touch. I identified unimodal areas that showed attentional modulation only 

when stimuli were in a given modality (post-central gyrus for touch and superior/lateral 

occipital gyri for vision) and supramodal areas showing modulation in vision and touch 

(intraparietal sulcus).

However it has to be noted that the previous experiments investigated crossmodal 

attention using unimodal stimulations. In Experiment 3 I used a similar selective attention 

paradigm as in Experiment 1 and 2, but this time the stimulation was bimodal. Subjects 

received bilateral visual and tactile stimulation throughout all experimental blocks. 

During each block, they were asked to attend one of the four streams of stimuli: vision 

left, vision right, touch left or touch right. This design allowed me to study the effect of
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attending to one modality versus another. More interestingly, I was now able to study 

crossmodal spatial effects in a situation of explicit competition between modalities.

Previous studies that have investigated the effect of attending to a given modality 

have suggested that this causes increased rCBF in areas processing stimuli in that 

modality. In an early study, Roland (1982) used trimodal stimulation, where volunteers 

were simultaneously presented with tactile, visual and auditory stimuli. Subjects were 

asked to attend to one modality and perform a discrimination task in that modality. rCBF 

was monitored using ’^^Xe-injection and a low resolution PET camera. The results 

provided the first demonstration that endogenously directed attention may modulate brain 

regions processing stimuli in the attended modality. More recently, the debate about 

crossmodal attentional effects has focussed on the possibility that attending to one 

modality may cause deactivation of the non-attended modality. Kawashima et al. (1995) 

presented two studies during which the volunteers were asked to do somatosensory 

discrimination tasks. They concluded that attending to the somatosensory modality 

caused decreases of blood flow in visual areas. Shulman et al (1997) reviewed nine 

different studies on visual processing. They examined the responses of auditory and 

somatosensory areas during these tasks. The meta-analysis revealed some weak 

deactivation of auditory areas during visual the tasks, while no effect was detected in 

somatosensory cortices. Ghatan et al. (1998) used a factorial design to address directly 

the inhibitory effect of an arithmetical task on the processing of irrelevant auditory 

speech. They scanned four conditions: rest, irrelevant speech, arithmetical task, and
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arithmetical task coupled with irrelevant speech. The results showed that in auditory 

areas (BA22/42) a significant interaction could be detected. The plot of the rCBF was 

very convincing and showed that the effect of the auditory input was suppressed by the 

competing arithmetical task. Less convincing was the claim that activity in the superior 

parietal lobe (an area previously involved in arithmetic calculation) was increasing as a 

result of selective attention to the arithmetic task. In fact, despite the presence of an 

interaction in this area, the rCBF plot suggest that the differential activation was caused 

by a decreased flow during the passive listening rather than an increase in the selective 

attention condition.

The principal difference between these studies and the one presented here is the 

spatial nature of the crossmodal stimulation. With Experiment 3 ,1 wanted to show 

crossmodal effects that specifically affected spatial representation, and could not be 

explained by simple increased arousal caused by bimodal stimulation or general 

suppression of an unattended sensory modality. It is for this reason that I was particularly 

interested in the main effect of attending one side or the other and the interactions 

between attended side and attended modality.

Additionally, two baseline conditions were also scanned. These were central 

detection tasks either with bilateral-bimodal stimulation or without any peripheral 

stimulation. The baselines allowed me to investigate several issues. First, I was hoping to 

reveal structures commonly activated by attention to the left and to the right. In 

Experiment 2 this comparison was confounded with the production of an overt response.
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hence the central detection task in Experiment 3. Secondly, I wanted to confirm the 

observation that attention to one side may cause suppression of activity in the ipsilateral 

hemisphere (see Experiment 2: ipsilateral inhibition). The control conditions may also 

help to address the question of activity suppression in visual areas during somatosensory 

discrimination and viceversa {inter-modal inhibition).

Design

Subjects

Nine volunteers participated in this study. All subjects were right-handed males. 

Mean age was 27 year (range 24-38). None of them had a psychiatric or neurological 

history, or was taking any drugs.

Paradigm

The subjects were tested in a 2x2 factorial design. The stimulation was bilateral 

and bimodal (visuo-tactile). One factor of the design was the attended hemifield: left 

versus right. The second factor was the attended modality: vision or touch. In addition 

there were two baseline conditions. During both baseline conditions, subjects were 

requested to perform a central detection task. In one of these the subject also received the 

bilateral-bimodal stimulation, in the other no peripheral stimulation was delivered. The 

six conditions will be referred to as follows: attend touch-left [aTL], touch-right [aTR],

101



E. Macaluso Cross-modal Spatial Attention

vision-left [aVL], vision-right [aVR], central task with peripheral stimulation [Pass], and 

central task without peripheral stimulation [Cnt]. All six conditions were replicated twice, 

with the order counterbalanced within and across subjects. Instructions about the 

upcoming condition were presented on the computer screen in front of the volunteer.

Stimuli

The position of the subject’s arms differed from the one used for Experiment 1 

and 2. In Experiment 3 the volunteers cling to a support with their hands. The same 

solenoid used in the previous experiment was now placed inside this support. The 

vibration was delivered at one end of the hand-support, where the thumb of the subject 

was restrained with some Velcro. The LEDs were fixed in front of the thumb (see Fig. 

II.3.1). The new setup allowed the subject to rest his arms beside the body between each 

scanning block, making the whole experiment less fatiguing.

In the four experimental conditions and the [Pass] blocks, the stimulation was 

always bimodal and bilateral: flashing red lights on both sides and 30 Hz vibrations on 

both thumbs. Each block of stimulation comprised a 2-minute sequence of events. Single 

(150 ms on) and double (150ms on, 150ms off, 150ms on) pulses were presented in a 1:3 

ratio. There was one event on each side every second. The order of single and double

pulses was random, and independent in the two hemifields and two modalities. The 

timing was different from the previous experiments in order have more stimuli in the
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scanning window. The number of targets (double pulses) was reduced from Vi to Va, to 

allow the subject to respond comfortably.

Hand position in Experiment 3

Solenoid

Figure II.3.1. illustrates the position of subject’s hand in Experiment 3. During the scans subjects hold on 
to a structure that accommodated a solenoid for tactile vibration and an LED for visual stimulation. The 
solenoid was placed inside the plastic structure and was not visible to the subjects.

The fixation point was a grey cross in the centre of the lower part of the computer 

screen. In each of the six conditions, the fixation point became brighter for 50ms. This 

could happen any time during the sequence and was independent of the stimuli delivered 

in the periphery. These brightening constituted the targets for the central detection task 

and therefore occurred with the same frequency as double pulses in each of the peripheral 

streams (30 times during each block).
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Task

During the four experimental conditions the task was the same regardless of 

attended side or modality. As instructed before each scan, subjects sustained attention on 

the stimuli in only one hemifield and one modality and detected double-pulses, while 

ignoring all distractor events (both single- and double-pulses) presented in the other 

hemifield or in the other modality. Single-pulses in the attended hemifield and attended 

modality also did not require any response. When a target double-pulse occurred in the 

attended stream, a verbal response was required (quickly saying ‘bip’). The task was 

essentially identical to Experiment 1 and 2, with the additional requirement of ignoring 

all stimuli in the non attended modality and the flickering of the fixation point.

The baseline task consisted in a central detection task. Subjects were asked to 

concentrate to the fixation point and detect the changes in grey-shade. Again, the 

response was verbal: quickly saying ‘bip’ when the brightening occurred. This control 

task was introduced to eliminate activations that simply reflect the production of overt 

responses.

Analvsis of the rCBF data

Experiment 3 was analysed using SPM99. Because of a priori hypothesis 

generated according to Experiment 1 and 2, no correction for multiple comparisons was 

applied. Threshold for the spm-maps was set at p-uncorrected = 0.001. The threshold was 

reduced to p = 0.05 when multiple tests for the same voxel were performed (masking).
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Unexpected activations are reported only if they survived the threshold p-corrected <

0.05 at voxel level.

Results

Behavioural performance

The faster presentation rate of Experiment 3 caused the performance to decline 

drastically. In the four conditions the percent of correct discrimination were: 87% for 

aVL, 82% for aVR, 74% for aTL, 78% for aTR. Means (s.e.m.) of the reaction times 

were 508 (38) ms for aVL, 509 (36) ms for aVR, 530 (35) ms for aTL and 526 (31) ms 

for aTR. A two-way ANOVA found no significant difference for the effect of attended 

side (p>0.85) and no interaction between side and attended modality (p>0.66). 

Nevertheless a weak effect of attended modality was now present (p>0.03), with vision 

faster that touch. RTs for the central detection task were 525 (33) ms (93% correct 

detection), for the condition with peripheral stimulation (Pass) and 532 (32) ms (91% 

correct detection), for the baseline without peripheral stimulation (Cnt).

Effects of spatial selective attention

As for Experiment 1 and 2, the analysis was organised in order to separate areas 

that showed spatial modulations independently of the attended modality and areas that 

showed spatial modulations only in the context of attending a specific modality. Unlike
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Experiment 1, in the present study the stimulation was identical in the four cells of the 

factorial design. So that all the effects described are entirely caused by endogenous covert 

orienting. One important observation is that, once again, the majority of the spatial 

modulations (direct comparison of attention to the left or right hemifield) were found in 

the left hemisphere, contralateral to the attended hemifield. Nonetheless, in Experiment 3 

two areas in the right occipital lobe showed some contralateral modulation. Apart from 

that, the pattern of activation was similar to Experiment 1.

Spatial effects observed irrespectively o f the attended modality (Table II. 3.1)

As in the other experiments, I identified common spatial modulations between 

attention to vision or touch by testing for a main effect of side (i.e. [aVR+aTR] > 

[aVL+aTL]), in the presence of corresponding simple effect for attention to both 

modalities (i.e. [aVR > aVL] and [aTR > aTL]).

Attention to the right hemifield:

Two areas fulfilled the above criteria. These were the left lateral intraparietal 

sulcus, and the left superior occipital gyrus (Fig. II.3.2). Both activated for the main 

effect of attention to the right versus attention to the left. The maxima of the intraparietal 

sulcus activation was found at the junction with the post-central sulcus, at x,y,z = -38 -38 

52 (Z-value = 4.5). The activation co-localised well with the common effect between 

vision and touch observed in Experiment 1 (x,y,z = -42 -34  54). The occipital peak was
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found at x,y,z = -22 -88  32 (Z-value = 3.9). This activation was in the same anatomical 

area as the activation described as “sub-threshold” bimodal area in Experiment 1 (x,y,z 

-16 -8 0  28) and the area modulated during tactile selection only with eyes open in 

Experiment 2 (x,y,z = -18 -9 0  34). The consistency of the modulation of the superior 

occipital gyrus during tactile attention constitutes a major finding of this series of 

experiments and will be discussed in more detail later.

Bimodal effects fo r a tten tion  to the righ t hem ifie ld  in E x perim en t 3

a.- Left Intraparietal Sulcus
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Figure II.3.2. Common activations for attention to the right versus attention to the left, in Experiment 3. 
The rCBF plots show that attentional modulations were present independently of what modality was 
attended. In the superior occipital gyrus the modulation appears much stronger for attention directed to 
vision, yet no interaction was detected at this voxel. (L: attend left; R: attend right; VIS: attend vision; 
TUG: attend touch; P: central task with passive stimulation (Pass); N: central task without peripheral 
stimulation (Cnt); C: controls). Sections are taken through the maxima.
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Bimodal effects in Experiment 3
Main effect across attended 

modalities

Simple main effect 

within  the attended modality

Anatomical Area Co-ordinates Z-values M odality Co-ordinates Z-values

Attend RIGHT
Left intraparietal sulcus

-38 -3 8  52 4.5

Vision

Touch

-42 -4 0  52  

-36 -3 6  48

3.5

4.1

Left superior occipital 

gyrus -22 -8 8  32 3.9

Vision

Touch

-22 -8 8  32 

-22 -9 0

3.9

2.1

Left occipito-temporal 

junction -50 -8 0  12 2.9

Vision

Touch

-52 -8 0  10 

-50 -8 2  14

2.4

2.4

Attend LEFT
Right superior occipital 

gyrus 26 -8 2  32 3.5

Vision

Touch

24 -8 8  32 

26 -8 0  32

2.6

3.0

Right occipito-temporal 

junction 46 -7 4  2 3.8

Vision

Touch

48 -7 4  2 

42 -7 2  6

3.5

2.4

Table II.3.1. reports co-ordinates and statistics for the bimodal areas observed in Experiment 3. While 
the intraparietal sulcus continued to show contralateral modulation only in the left hemisphere, both 
occipital areas were showing a contralateral effect in both hemispheres. These right hemisphere 
modulations were not observed in Experiment 1 and 2.

A third activation did not survive the criteria imposed here, but was clearly 

predicated by the results of Experiment 1 and 2. This was the occipito temporal junction. 

This area showed a bimodal effect in Experiment 1 but did not activate in Experiment 2. 

My interpretation was that this area did not activated in Experiment 2 because of the lack 

of experience of the visual task. In Experiment 3 subjects experienced again the visual 

task. The association between vision and touch should therefore be reinstated and a 

bimodal modulation was expected. In fact, the left occipito-temporal junction showed a
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below threshold modulation at x,y,z = -50 -8 0  12 (Z-value = 2.9; p = 0.002). Both simple 

main effects were significant at p-uncorrected < 0.05. As expected the two occipital areas 

also showed a main effect of attending vision over touch.

Attention to the left hemifield:

Experiment 3 revealed, for the first time, some contralateral activation in the right 

hemisphere. These were found at the right occipito-temporal junction and right superior 

occipital gyrus. The activations were symmetrical in respect of the two observed in the 

left hemisphere for attention to the left versus attention to the right (see Fig. II.3.3).

Bimodal con tra la tera l effects in the occip ita l lobe

Attend RIGHT 

Attend LEFT

T

E ki ^ 3  „
T t y

L ^  IT R P  N
VIS TUC c

Figure II.3.3. shows the contralateral effects observed in the occipital lobe. The SPM -(Z} threshold is set 
at p-uncorr=0.01, so that the sub-threshold cluster in the left middle occipital gyrus also appears on the 
section (y=-80). The plots show the rCBF for the activations in the right hemisphere, where contralateral 
modulations were observed for the first time in this experiment. In both the left and the right hemispheres, 
modulations were independent o f the attended modality (bimodal effects).
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The right superior occipital maxima was at x,y,z = 26 -84  32 (Z-value = 3.5). The 

occipito-temporal maxima was at x,y,z = 32 -60  2 (Z-value = 4.0), with a second peak 

more lateral and posterior (x,y,z = 46 -74  2; Z-value = 3.8). As for Experiment 1, both 

clusters showed a main effect of vision over touch.

Spatial modulation observed only when attention was directed to one modality

As for the other experiments, the effect of one factor (attending left versus right) 

which applied only for one level of the other factor (attention to vision or touch) was 

determined by testing for a simple effect of attended side (at a threshold of p = 0.001, in 

the presence of an interaction (at p = 0.05). As in experiment 1 and 2, no areas in the right 

hemisphere showed contralateral spatial modulation. In the left hemisphere, I replicated 

the finding of the previous two experiments: The superior occipital gyrus was modulated 

only in the context of attention to vision, while the post-central gyrus was modulated only 

when attention was directed to the tactile stimuli (Table II.3.2).

Vision:

As in Experiment 1 the left superior occipital gyrus (BA 19) showed a strong 

contralateral spatial modulation when subjects attended the visual stimuli (Fig. n.3.4.a). 

The maxima for the simple main effect was found at x,y,z = -24 -86  26 (Z-value = 4.5), 

the maxima of the interaction was at x,y,z = -26 -86  24 (Z-value = 2.7). The activation 

was lateral to the small cluster that showed a common effect for both attention to vision
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and touch, and extended into the sulcus lunatus. The pattern of activation of the left 

superior occipital lobe agreed with what was found in Experiment 1: a strong modulation 

during the visual task, and a weaker, but consistent, modulation during the tactile task. 

The clusters showing unimodal and bimodal effects were, in both experiments, adjacent.

Touch:

The test for unimodal modulation in Experiment 3 revealed a single cluster in the 

left post-central gyrus (Fig. II.3.4.b). The simple main effect of attending right versus 

attending left during the tactile task was found at x,y,z = -36 -34  48 (Z-value = 4.1), the 

maxima of the interaction was at x,y,z = -32 -32  44 (Z-value = 2.9). The rCBF plot 

shows that the spatial effect was much stronger during the tactile task than during the 

visual task. The plot shows also a weak modulation when volunteers attended to the 

visual stimuli, but at the plotted voxel the simple main effect in vision ([aRV]-[aLV]) did 

not reach significance at p-uncorrected = 0.05. However, comparing figures II.3.2.a and 

II.3.4.b it appears clear that the intraparietal (bimodal) and the post-central (only touch) 

were adjacent. Again, this replicated what was observed in Experiment 1 and 2, where 

unimodal and bimodal responses were found in nearby areas of the anterior parietal lobe.
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Unimodal effects of attention to the right hemifield

a.- Left Superior Occipital Gyrus: only Vision

Z-values

b.- Left Post-Central Gyrus: only Touch

Z-values

4.1 A

VIS TUC

F igure II.3.4. Sections and rCBF plots o f the two regions showing modality specific spatial modulations. 
Both areas were in the left hemisphere and showed higher blood flow during attention to the right. As can 
be noted from the rCBF plots, a below threshold (p-uncorr > 0.05) effect was also present in the second 
modality. In fact both unimodal clusters were adjacent to bimodal clusters in the superior occipital gyrus 
and the intraparietal sulcus (see Fig II.3.2).
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Unimodal effect of attention to the right in Experiment 3
Simple main effect within  

m odality

Interaction between side and  

attended m odality

M odality Anatomical Area Co-ordinates Z-values Co-ordinates Z-values

Vision Left superior 

occipital gyrus -24 -8 6  26 4.5 -26 -8 6  24 2.7

Touch Left superior post

central gyrus -36 -3 4  48 4.1 -32 -3 2  44 2.9

Table II.3.2. Unimodal effect in Experiment 3. All unimodal effects were found for the comparison 
attend right versus attend left. The “vision only” cluster was found in the superior occipital gyrus, while 
the unimodal tactile cluster was found in the superior post-central gyrus. Both activations were 
contralateral to the attended side. These findings were in good agreement with the results o f  Experiment 
1 and 2.

In general, Experiment 3 replicated well the findings of Experiments 1 and 2. 

Spatial modulations were found mainly in the left hemisphere, with high rCBF for 

attention directed to the right hemifield. The left post-central gyrus was modulated only 

when attention was directed to the tactile modality. Left intraparietal sulcus and occipito

temporal junction were modulated independently of the attended modality. The left 

superior occipital gyrus was mainly modulated during the visual task, however a smaller 

cluster with bimodal responses was also found in this region. Additionally in the right 

hemisphere both the superior occipital gyrus and the occipito-temporal junction showed 

contralateral, bimodal spatial modulations.
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Main effect of attending to one modality (Fig. II.3.5)

A main difference between Experiment 1 and Experiment 3 is that the “modality 

factor” in the design of Experiment 3 reflected an endogenous experimental variable: 

subjects attended to one modality while receiving a bimodal stimulation. On the other 

hand in Experiment 1, attention to one modality was confounded with the actual 

stimulation of that modality.

Touch versus Vision

The direct comparison of the ‘attend to touch’ versus the ‘attend to vision’ scans 

(i.e. [aTL + aTR] > [aVL + aVR]) showed bilateral activation of four areas: the superior 

postcentral gyri (encompassing BA 1-2-3), parietal operculi (S2), with the activations 

extending into the inferior postcentral gyri, the insulae, and the left and right putamen. 

The left ventro-lateral thalamus and the left pons were also activated.

Vision versus Touch

The reverse comparison (i.e. [aVL 4- aVR] > [aTL 4- aTR]), revealed areas of 

greater regional rCBF bilaterally in the middle occipital gyrus (BA 19), the superior 

occipital gyrus (BA 19) and posterior parietal lobe (BA 7). Additionally, the frontal eye 

field showed a main effect of vision over touch. The FEE activation was more prominent 

in the right hemisphere (see Fig. II.3.6 and Table n.3.3).
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Main effect of attending to one modality

Attend TOUCH

. .  -

Attend VISION

ügs,r-i..fk
ff #L

Figure II.3.5. Main effect o f attending touch versus vision and viceversa. Attending to one modality during 
the bimodal-bilateral stimulation caused bilateral rCBF increase in “modality specific” areas. The effect of 
attending to one modality, showed similar effects to stimulation o f one modality versus the other (see Fig. 
II. 1.3). The main difference was the activation of FEF in the com parison of Experiment 3. The green lines 
mark the position o f the section through the fronto-parietal activations shown in Fig II.3.6.

Fronto-parietal activation for the main effect of vision over touch

Superior parietal gyrus Frontal eye-field

T3

VIS
m

TUC

Figure II.3.6. Main effect o f vision over touch showed activation o f  right fronto-parietal areas often 
activated in studies of visuo-spatial attention shifting (Nobre et al. 1997). These areas show little effect of 
attended side, and may constitute a specific network o f visuo-spatial control structures.
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Main effect of attended modality
Anatomical Area Co-ordinates Z-values

Vision Middle occipital gyrus 44 -7 4  8 5.4

-42 -7 2  6 4.9

Superior occipital gyrus 36 -7 6  30 4.5

-20 -8 2  30 4.3

Superior parietal gyrus / 2 8 - 6 4  52 4.4

intraparietal sulcus -40 -5 2  58 2.9

Middle frontal gyrus 3 0 - 4 5 0 3.8

Touch Inferior post-central gyrus 52 -2 2  22 5.2

-58 - 2 4  22 5.7

Insulae 42 - 8  4 4.3

-50 2 4 4.1

Ventral posterolateral thalamus - 1 8 - 1 8 - 4 4.4

Table 11.3.3. Areas showing a main effect o f attended modality. The areas activated in this comparison 
are similar to the ones activated in Experiment 1, when stimulation o f  the two modalities was compared.

In general, the areas that showed a main effect of attending to one modality were 

very similar to the ones observed in Experiment 1, when I directly compared stimulation 

in one modality versus stimulation in the other modality. This suggests that most of the 

activation in Experiment 1 were due to attending, processing and performing a task in a 

given modality rather that the effect of the stimulation per se.

Three questions were still open after this direct comparison of attending to one modality 

versus attending to another modality:
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1. Given the similarity of the activations observed in Experiment 1 and 3, for the 

main effect of the stimulation and attention to one modality, a question arises about the 

level of activity produced by unattended stimulation.

2. As pointed out in the introduction, increased rCBF in the attended modality 

may be coupled with deactivation of areas responsible for processing stimuli in the non

attended modality (inter-modal inhibition). Is there any evidence of that in Experiment 3?

3. Previous studies have suggested that the right posterior parietal and right 

superior frontal lobes may act as control structures for visuo-spatial attention. Does the 

main effect of vision, observed in this experiment, represent an effect of the selection of 

the visual stimuli or can it be interpreted as evidence for a modalitv specific attentional 

system?

The third point is probably the most interesting but difficult to address. Some 

suggestions will be proposed at the end to this thesis. On the other hand, points 1 and 2 

can be investigated with the design used in Experiment 3. The two baseline conditions 

will help to solve these issues.

Attentional tasks versus controls

The two baseline conditions were used to address several points. First, the direct 

comparison of the two baselines should reveal brain activations associated with non 

attended bimodal-bilateral stimulation. Secondly, they will permit determination of 

activation and deactivation patterns, both in respect of the direction (side) of attention as
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well as attending to one modality versus the other. And finally, they will be used to reveal 

areas commonly activated when attention is directed to the left and right hemifields.

Direct comparison o f the two baselines

Since in both conditions subjects were doing the central detection task, the direct 

comparison between baselines was not confounded with any motor response. The 

subtraction [Pass] -  [Cnt] should reveal areas activated by the non attended bilateral, 

bimodal stimulation. This contrast revealed activation of several areas in the anterior 

parietal lobe. The post-central gyri and the parietal operculi were activated bilaterally 

(Fig. II.3.7). Additionally an activation could be detected in the calcarine fissure. 

Surprisingly no activation was found in the extrastriate cortex, where the attentional 

modulations were found. This seems to suggest that in tactile areas (post-central gyri and

E ffect o f  u na ttended  b im odal b ila tera l s tim ula tion

Left
Hemisphere

Right
Hemisphere

Figure II.3.7. Effect o f bilateral, bimodal unattended stimulation. This contrast compares the central task 
with peripheral stimulation versus the same central task without peripheral stimulation. Interestingly the 
comparisons shows bilateral activation of primary and secondary somatosensory areas, while no activation 
o f the extrastriate areas could be detected. A focus in primary visual cortex, which did not show any 
attentional effect, was also found.
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parietal operculi), the attentional effect represents a modulation of the incoming sensory 

input. On the other hand, the lack of activation of extrastriate areas may relate to the fact 

that the control task (central detection) was actually a visual task. Extrastriate areas may 

have been suppressed during the intra-modal competing central detection task.

Activations and deactivations

The baselines were used to investigate two further possibilities: first, that attention 

to the left hemifield would cause deactivation in the left hemisphere (ipsilateral 

inhibition, as seen in Experiment 2). Secondly that part of the differences observed for 

attention to one modality versus the other, are due to deactivation of areas processing 

stimuli of the unattended modality {inter-modal inhibition)

Ipsilateral inhibition

Ipsilateral inhibitions were investigated by testing for an increased rCBF when the 

passive stimulation baseline was compared with attention to the ipsilateral side (p- 

uncorrected = 0.1) within regions showing spatial attentional modulation (see criteria 

above).

This procedure demonstrated that both the left post-central gyrus and left 

intraparietal sulcus were deactivated when attention was directed to the left hemifield. In 

the intraparietal sulcus, this was true independently of the modality attended. As 

expected, the left post-central gyrus was deactivated only when subject attended to touch.
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These effects can be clearly observed in the rCBF plots of figures II.3.2.a and II.3.4.b. 

The left superior occipital gyrus, that also showed spatial modulation, did not survive the 

test for activation/deactivation pattern. However, the level of activity during ipsilateral 

attention dropped to the same level as in the control condition. None of the activation in 

the right hemisphere survived the test for deactivations. But again, the level of activity 

dropped to baseline.

Inter-modal inhibition

Inter-modal inhibitions were revealed by masking the activation caused by 

attending to one side in one modality, versus baseline, with the contrast comparing the 

baseline versus attending to the same side in the other modality. Both SPM-maps were 

thresholded at p-uncorrected = 0.05. This approach was preferred to the more direct 

comparison, with attention to the left and to the right pooled, because of the ipsilateral 

inhibitions. The spatial inhibitions may in fact cause a main (mean) effect of modality 

versus baseline not to be significant.

This analysis revealed that left and right, superior and lateral occipital gyri were 

deactivated during the tactile task, compared with the baseline with bimodal/bilateral 

stimulation. The left post-central gyrus was deactivated during the visual task, while the 

right postcentral gyrus did not survived this test.
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Experimental conditions versus baselines (Fig. 11.3.8)

In Experiment 2 the comparison between experimental conditions (peripheral 

selective attention) and the baselines revealed activation of several frontal, temporal and 

subcortical areas. However, those comparisons were confounded with the production of 

an overt response and the activations were difficult to interpret. During the baselines of 

Experiment 3, subjects were performing a visual task that required verbal responses. 

Therefore, motor confounds were no longer present. The activations that are reported 

here, were observed when the four experimental conditions were compared with the 

central task with passive peripheral stimulation. This baseline was chosen so that the 

comparison was not confounded with differences in the sensory input. The SPM-map 

threshold was set at p-uncorrected = 0,001. Additionally, the main effect of task was 

masked with the four contrasts comparing each of the peripheral attention conditions 

versus the central task (all four contrasts thresholded at p-uncorrected = 0.05). I report 

activation either in areas previously associated with spatial attention (i.e.: FEF, anterior 

cingulate, posterior parietal cortex) or activated in the baseline comparison of Experiment 

2 .

The main effect of peripheral attentional demonstrated bilateral activation of the 

superior temporal sulcus (x,y,z = -56 -22 12, Z-score = 4.6; x,y,z = 68 -4 0  10, Z-score = 

3.6). The cluster in the left superior temporal sulcus extended posteriorly with a second 

peak at x,y,z = -50 -34  16, Z-score = 4.3). The frontal eye-field also showed bilateral 

activation (x,y,z = -38 0 46, Z-score = 4.3; x,y,z = 54 4 42, Z-score = 4.2). The
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activations were found in the fundus of the precentral sulci, at the intersection with the 

superior frontal sulci. This is in good agreement with previous localisation of the human 

frontal eye-field (Petit et al. 1997). The same contrast also revealed activation of medial 

wall of the superior frontal gyrus (x,y,z = 4 10 46, Z-score = 4.3). This region may 

correspond to the supplementary motor area. As in Experiment 2 the cerebellum was also 

activated (x,y,z = -14 -76  -22, Z-score = 3.9; x,y,z = 18 -44 -44, Z-score = 3.8).

O verall e ffec t o f  p eripheral attention
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Figure II.3.8. The contrast testing for a common effect o f peripheral attention versus central task (with 
peripheral stimulation) showed activation of the FEF and the STS. Activations were bilateral and largely 
unaffected by the direction o f attention. The STS activation nicely replicate the finding of Experiment 2 
(eyes-open condition versus peripheral stimulation). In Experiment 3 the com parison was not confounded 
with the production of an overt response.
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Discussion

Experiment 3 investigated the role of selective spatial attention using a similar 

paradigm to Experiment 1. The main difference was that Experiment 3 introduced an 

explicit competition between visual and tactile modality. During each scan subjects 

received bilateral, bimodal stimulation. Depending on the condition attention was 

directed to one of the four streams of stimuli. As for Experiment 1 ,1 sought to identify 

unimodal and multimodal mechanism of spatial selection. The results replicated the 

findings of Experiment 1. The intraparietal sulcus and the lateral occipital gyrus showed 

an effect of spatial attention independently of the modality attended (bimodal effects), the 

postcentral gyrus showed spatial modulations only when touch was relevant and the 

superior occipital gyrus was modulated mainly when attention was directed to vision. As 

observed in both Experiment 1 and 2, the superior occipital gyrus showed moderate 

spatial modulation also when touch was attended. The left hemispheric latéralisation was 

also replicated, at least for the intraparietal and post-central areas.

Additionally, Experiment 3 allowed investigating the effect of attending to one 

modality, irrespective of the attended hemifield. This showed modulation of postcentral 

and occipital areas, for touch and vision respectively. A third relevant finding of 

Experiment 3 was the activation of the superior temporal sulcus and the frontal eye-field 

when attention was covertly directed toward the periphery. This was found irrespective of 

attended side or attended modality.
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Selective attention to one hemifield

Direct comparison of attending to one side versus attending to the opposite side 

should reveal attentional modulation of areas representing the contralateral hemifield. 

Given the conflict between visual and tactile input at the attended location, it might have 

been expected that the bimodal areas observed Experiment 1 would now be suppressed. 

This did not happened, suggesting that these areas may help to set up a spatial bias in 

favour of the selected side. Consistently with Experiment 1 the intraparietal sulcus 

showed modulation irrespectively of the attended modality, while the post-central gyrus 

showed modulation only when attention was directed to touch. As in Experiment 1 in the 

superior occipital gyrus two separate clusters were detected: a unimodal visual activation 

and a bimodal activation. This confirms the involvement of dorsal occipital areas in 

visuo-spatial selection (Mangun et at 1998) and suggests that these areas can be recruited 

during tactile selection (see Experiment 1 and 2). Again, no activation of ventral areas 

was detected (cf. Heinze et 1995; Vandenberghe et al .1997). The middle occipital gyrus 

that was activated in Experiment 1 but not in Experiment 2 did show bimodal spatial 

modulation in Experiment 3. The lack of activation in Experiment 2 was ascribed to a 

disruption of the association between the visual and the tactile task. The “re-activation” 

of this area in Experiment 3, where the visuo-tactile association was reinstated, seems to 

support this hypothesis.

The surprising asymmetry of the modulatory effects in the left and right 

hemispheres, that was observed in both Experiment 1 and 2 was replicated. Neither the
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right post-central gyrus nor the right intraparietal sulcus showed any contralateral effect 

of selective spatial attention. The unimodal cluster in the left superior occipital gyrus also 

did not have any correspondence in the right hemisphere. Moreover the left post-central 

gyrus and left intraparietal sulcus demonstrated the pattern of activation-deactivation 

observed in Experiment 2. In these two areas brain activity was suppressed when 

attention was directed ipsilaterally. However, for the first time in three experiments, 

contralateral modulation was observed in right hemisphere. Bimodal clusters could be 

found in the right superior occipital gyrus and right middle occipital gyrus. The 

unexpected issue of laterality of the spatial effect will be addressed in detail with 

Experiment 4.

An advantage of the design of Experiment 3 compared with Experiment 1 was 

that it allowed me to investigate the effect of attending to one modality during bimodal 

stimulation. The direct comparison of attending to one modality versus another 

demonstrated the expected modulatory effect of attention on the respective sensory 

cortices. Presumably as an effect of the bilateral stimulation, the modulatory effect of 

attending to one modality versus another was also bilateral. However, the direct 

comparison did not allow me to determine if these differential effects were caused by 

increased activity in brain areas representing the attended modality or decreases in areas 

representing the non-attended modality. Previous studies on visual attention have 

suggested that activity increases in visual areas (Corbetta et al. 1991; Treue and Maunsell 

1996; Buechel et al. 1998) and does not decrease in somatosensory cortex (Shulman et

125



E. M acaluso Cross-modal Spatial Attention

al. 1997). On the other hand tactile stimulation has been shown to induce decreases in 

visual areas (Kawashima et al. 1995).

In Experiment 3, the comparison between attention to one modality and passive 

stimulation allowed me to address this issue directly. Generally, these tests confirmed the 

view that extrastriate occipital areas were inhibited when attention was directed towards 

the tactile input. The reverse effect was weaker, with only the left superior post-central 

gyrus showing deactivation (in respect of passive stimulation) when attention was 

directed to vision. These comparisons, together with the contrast comparing the central 

task with and without peripheral stimulation (i.e. effect of passive stimulation), highlight 

the following scenario (see Fig. II.3.9):

Extrastriate areas -  a) activity is at a minimum when touch is attended (inter-modal 

suppression); b) passive stimulation does not cause increased rCBF compared with no 

stimulation; c) active attention causes increased activity.

Somatosensory areas -  a) passive stimulation is sufficient to activate the areas; b) 

attention to vision causes only weak suppression; c) attention to touch activates the areas 

maximally.
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Schematic overview of the effect of attention to one modality

Attend TOUCH

Attend VISION

Passive stimulation

No peripheral stimulation

Figure II.3.9. shows a schematic representation of the responses in occipital and postcentral areas. The 
reference activity is given by the absence of peripheral stimulation. See text for details.

Several caveats must be applied to this simplified overall view. First of all, the 

major difference in the responses of occipital and post-central areas is to do with the fact 

that, while the “actively suppressed” tactile inputs during the visual blocks still activated 

the postcentral gyrus, the suppressed visual input (during the tactile block) seems to 

suppress activity in visual areas. In figure II.3.9, the red bar in the left graph is below 

reference, while the green bar in right graph is above baseline. This unbalance maybe due 

to the fact that during the control conditions, subjects were engaged in a central visual 

task. This may have resulted in an active suppression of activity related to interfering 

peripheral visual input. A second point to notice is that there was a substantial difference 

in the responses of the superior and inferior post-central gyrus. The superior postcentral
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gyrus showed strong response to the passive stimulation, while the difference between 

attending to the tactile stimuli and either passive stimulation or attending to vision were 

found in the inferior postcentral gyrus. The segregation of responses in the post-central 

gyrus seems consistent with the proposal that attentional modulation is more manifest in 

secondary than primary somatosensory areas (Hsiao et al. 1993; Burton et a. 1997; Mima 

et al. 1998). However, I should point out that effects of selective spatial attention were 

found in the superior post-central gyrus, in all three experiments. This may suggest that 

while spatial selection requires modulation of early stages of the tactile pathway, 

selection of the tactile input in the context of a bimodal stimulation may need structures 

at an higher stage in the somatosensory hierarchy.

Main effect of peripheral attention

Unlike Experiment 2, in Experiment 3 I could test the effect of both tactile and 

visual peripheral attention without any motor confound. Common activation was found in 

the posterior part of the superior temporal sulcus (STS) and at the intersection between 

the superior frontal sulcus with the precentral gyrus. The activation of the superior 

temporal sulcus replicated the activation observed in Experiment 2. This structure seems 

a good candidate to play an important role in cross-modal attention. First, single units 

recording in monkeys have shown that neurones in EST (floor of the posterior STS) have 

visual and tactile receptive field (Bruce et al 1981). Secondly, experimentally induced 

lesion of the monkeys STS causes neglect (Luh et al. 1986) and human neglect is often
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associated with inferior parietal/ superior temporal lesion (Vallar and Perani 1986). The 

role of the STS in covert spatial orienting in vision and touch will be discussed in more 

details in the General Discussion section (Part IV).

The activation of the superior frontal sulcus co-localised well with previous 

studies on visuo-spatial attention (Nobre et al. 1997; Corbetta 1998), and may correspond 

to the human analogue of the frontal eye field (Petit et al. 1997). Pardo et al. (1991) 

suggested that this brain region may also be involved in tactile sustained attention 

(although in their experiment no tactile stimuli were actually presented). The finding of 

Experiment 3 seems to confirm this hypothesis. More curious is the fact that the FEE did 

not activate in Experiment 2. This may be due to the fact that no visual stimuli were 

presented. However, the direct comparison of attention to vision and attention to touch 

(see Fig. II.3.6) also showed activation of the superior frontal-cortex. This suggests that 

the FEF may principally act as a visual attentional structure, which in certain 

circumstances can be activated during tactile attention. This conjecture will be discussed 

in the General Discussion section (Part IV).

In conclusion. Experiment 3 replicated the finding of the first two experiments, 

suggesting that competition between sensory modalities did not affect contralateral 

spatial modulations. I found unimodal spatial modulation in the post-central gyrus for 

touch and in the superior occipital gyrus for vision. The superior occipital gyrus also 

showed bimodal effects, as did the lateral occipital gyrus and intraparietal sulcus.
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Experiment 3 also replicated the laterality of the spatial effect (with stronger modulations 

in the left hemisphere). Additionally, I showed activation of the STS and FEF for 

attention to the periphery, independently of modality or side attended.

4. Hemispheric asymmetries during visuo-spatial attention

Introduction

The three studies presented above have investigated the issue of selective spatial 

attention in vision and touch using a standard approach: subjects were presented with 

competing streams of stimuli in the left and right hemifields. Depending on prior 

instruction, they covertly attended to one side and detected target stimuli, while ignoring 

stimuli on the other side. Attentional modulation were detected by subtracting cerebral 

blood flow during ‘attention to the left’ from ‘attention to the right’ conditions and 

viceversa.

In the visual modality, several previous studies have adopted this design and have 

obtained the expected “contralaterality effect”. When ‘attention to the right’ conditions 

are compared with attention to the left conditions, attentional modulations are found in 

the left extrastriate cortex. Conversely, attention to the left caused increases of activity in 

right extrastriate areas (Heinze et al. 1994, Mangun et al. 1998).
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However, Experiments 1, 2 and 3 have only partially replicated this observation. I 

demonstrated significant modulation of extrastriate areas in the left hemisphere when 

subjects were attending to the right hemifield, but contralateral effects in the right 

hemisphere were observed only in Experiment 3. This asymmetry was observed not only 

in vision but also during tactile stimulation. Both the post-central gyrus and the 

intraparietal sulcus showed contralateral modulation only in the left hemisphere.

On the other hand, Vandenberghe et al. (1997), using bilateral visual stimulation, 

found the expected modulation in the right lingual gyrus when ‘attention to the left’ was 

compared with ‘attention to the right’. However, the reverse comparison (right versus 

left) failed to activate any left extrastriate areas. The lack of activation seems not to be 

due to a lack of sensitivity, since the same asymmetry was replicated in the second 

experiment of the same study.

These various studies on visuo-spatial selective attention differed in many 

aspects: stimuli, interstimulus intervals, modality of the overt response, eccentricity of the 

stimuli, and task performed in the attended hemifield. Nonetheless, Vandenberghe and 

colleagues (1997) and my Experiments 1 and 2 used similar interstimulus intervals 

(between 1500 and 2000 ms) and similar responses (verbal). The major difference seems 

to lie in the type of discrimination applied to the attended stimuli.

In Vandenberghe et al. (1997) the stimuli were circular grating patches, and the 

subjects were required to discriminate between vertical and rotated patches. In my studies 

the stimuli were either single or double flashes of light produced with red LEDs. Spatial
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attention had to be directed to one hemifield, but target (double pulses) detection was 

entirely based on the temporal propriety of the attended stimulus.

Previous work has suggested that spatial and temporal information may be 

processed to a different extent in the two hemispheres. Right bias for spatial tasks has 

been documented both the in neuropsychological literature (Mesulam 1981; Weintraub 

and Mesulam 1987) and in previous imaging studies on spatial orienting (Corbetta et al. 

1993; Nobre et al. 1997). Specialisation of the left hemisphere for the processing of 

temporal information is well characterised in the context of language functions (Price et 

al. 1996). However, recent studies have provided evidences for a more general 

involvement of the left hemisphere in temporal processing (Brown and Nicholls 1997; 

Coull and Nobre 1998).

In Experiment 4 I systematically investigated the effect of the task performed with 

the attended stimuli on brain activity associated with spatial selection. As emphasised in 

the preceding paragraph, experiments that used different tasks found different 

hemispheric latéralisation for attentional modulation (Heinze et al. 1994, Vandenberghe 

et al 1998; Experiments 1,2,3). Given this previous evidence, I designed an fMRI 

experiment to test the hypothesis that the type of discrimination performed with the 

attended stimuli would affect the degree of contralateral modulation of the extrastriate 

cortex. More precisely I predicted that during a spatial discrimination task, contralateral 

modulations would be more pronounced in the right than the left hemisphere. On the
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other hand during a temporal discrimination task, attentional modulation would be 

stronger in the left hemisphere.

Design

Subiects

Nine volunteers participated in this experiment. All subjects were right-handed 

males. Mean age was 29 years (range 26-33). None of them had a psychiatric or 

neurological history, or was taking any drugs.

Paradigm

Functional data were acquired during four experimental conditions and a baseline. 

The four experimental conditions were organised in a 2x2 factorial design. One factor 

was the attended hemifield: left (L) or right (R). The second factor was the type of 

discrimination task that the subjects had to perform with the stimuli in the attended side. 

The discrimination was based either on the spatial (Sp) or temporal (Tm) characteristics 

of the stimuli. I will refer to the four conditions as SpL, SpR, TmL and TmR. Prior to the 

beginning of each block the subjects saw a message on the computer screen that informed 

them about the following condition. For example: “DOUBLES LEFT”, meaning attend 

LEFT and respond to DOUBLE flashes (temporal discrimination). Experimental 

conditions were presented in a in pseudo-random order and between each block there was
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a period of rest (baseline). Each block lasted 32.8 seconds and was repeated six times. 

The inter-block interval was 20.5 seconds long.

Stimuli and task

Stimuli consisted in bilateral visual stimulation. Red circles with a radius of 1 

degree were presented left and right from the midline, at an eccentricity of 12 degrees. 

The background was black with a white central fixation point. The circles were crossed 

by a black diagonal (0.25 degrees of visual field), so that the stimuli appeared as two half 

circles separated by a small gap (see Fig. II.4.1).

During the spatial discrimination task, the two circles were flashed for 200 ms 

simultaneously in the two hemifields. The diagonals were either vertical or tilted 30 

degrees clockwise. Task of the subject was to respond with a keypress (right index 

finger) when the diagonal of the circle in the attended hemifield was tilted. The 

sequences of stimuli (vertical or tilted diagonal) were different in the two hemifields. 

Circles with a vertical or with a tilted diagonal were presented in a 1:1 ratio.

During the temporal discrimination task, the circles were flashed either once 

(singles: 200 ms on) or twice (doubles: 200 ms on; 200 ms off; 200 ms on). Subjects had 

to respond to double flashes in the attended hemifield. As for the spatial discrimination, 

response was made with keypress (right index finger), sequences in the two hemifield 

were different and doubles flashes were presented with 50% probability (in both 

hemifields). During the temporal discrimination task, the beginning of stimulus
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presentation did not occurred simultaneously in the two hemifields. Presentation was 

jittered of 200 ms and therefore circles were never present simultaneously in the two 

hemifields. This procedure reduced the automatic orienting effect produced by the second 

flash in the unattended hemifield when coupled with a single flash in the attended side. 

During the baseline condition, subjects were simply required to maintain fixation.

The tw o d iscrim ina tion  tasks used  in E x p erim en t 4

Spatial Task Temporal Task

Figure II.4.2. Schematic representation o f the two tasks used in Experiment 4. During the Spatial Task, 
single flashes o f stimuli were presented bilaterally, and subjects had to judge the orientation of the bar 
through the circle. In the Temporal task, single and double pulses were presented bilaterally, and subjects 
had to respond to double pulses. During both tasks, attention was directed to only one hemifield, and all 
stimuli in the opposite hemifield were irrelevant. Central fixation was required throughout all blocks.

Functional image acquisition

Functional images were obtained using EPI imaging. The acquisition of 48 

transverse slices, with an effective repetition time of 4.1 sec, gave coverage of the whole 

brain. The voxel size was 3 x 3 x 3  mm.
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Data analysis

Data were analysed using a random effects approach (Holmes and Friston 1998). 

For each subject, after realigning all 316 functional images, one single image for each 

condition was produced. Before averaging, high pass filter with a cut-off of 110 seconds 

was used to remove low frequency drifts in the BOLD signal. To allow inter-subject 

analysis, images were then transformed into the Montreal Neurological Institute (MNI) 

standard space (Collins et al. 1994). The parameters for this normalisation were estimated 

using the structural MRI image of each subject, which was previously coregistered with 

the functional images. Normalisation parameters were then applied to every collapsed 

functional image. As final pre-processing step the images were smoothed using an 

isotropic Gaussian kernel (FWHM of 14 mm).

The data were analysed using SPM97d. At each voxel, the omnibus F-statistic 

compared the residuals of the full model with a null model (all covariate coefficients 

equal to zero). The SPM{F}-map obtained in this way was used to identify brain areas 

that responded to the experimental manipulations. It is important to note that the F- 

statistic is not biased towards any specific activation pattern.

To test hypotheses about regionally specific condition effects, the adjusted data 

were compared using linear compounds (contrasts). The significance threshold was set at 

p = 0.001 for the contrast that compared the four attentional conditions versus baseline, 

and the two contrasts that tested for the main effect of type of discrimination.
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The effect of the type of discrimination and the differential involvement of left 

and right hemispheres during visuo-spatial selection, were investigated using a region of 

interest (ROI) approach. I choose this approach, rather than a voxel based one, because of 

the structural and functional asymmetries between the hemispheres. Given previous 

finding, I restricted the analysis to the occipital lobe. I considered three a priori defined 

regions: the superior occipital gyrus and the occipito-temporal junction (activated in 

Experiment 1,2,3) and the posterior lingual gyrus (activated in Vandenberghe et al.

1997). The SPM{F}-map was used to establish which of these anatomical areas 

responded to the experimental manipulation of the present experiment. The superior 

occipital gyrus and the lingual gyrus did not show any significant fit of the model, and 

were therefore discarded from any further analysis. The occipito-temporal junction 

showed significant fit in both hemispheres.

For each hemisphere, the adjusted BOLD signal of the voxels within a cubic ROI 

was averaged. The centre of the ROI was placed at the maxima in the SPM{F}-map. This 

took into account possible differences with the previous experiments (imaging modality 

and characteristics of the visual stimulation). The side length of the ROI was 14 mm and 

was chosen to match the FWHM of the smoothing filter. The adjusted BOLD signal in 

the two ROI (left and right hemisphere) was compared using the general linear model 

approach, with each hemisphere modelled as a separate study. For each hemisphere, I 

report p-values for the contrasts that test for the main effect of attended side and for the 

interaction between type of discrimination and attended side. I then report the critical
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comparison between hemispheres, where I demonstrate that the effect of spatial attention 

is expressed to a different extent in the two hemispheres, depending on the type of 

discrimination task performed.

Results

Behavioural performance

A two way ANOVA was used to compare reaction times (RTs) during the four 

experimental conditions. RTs (s.e.m.) for the four conditions were: SpL 642(45), SpR 

629(45), TmL 1062(16), TmR 1041(26), with accuracy of 94%, 95%, 95%, 96% 

respectively. RTs were calculated from the beginning of each trial. For the spatial 

discrimination task this corresponded to the simultaneous onset of the two stimuli in the 

left and right visual fields. Because of the jittering of the presentation introduced during 

the temporal discrimination task, the RTs in these conditions were not locked to the 

stimulus presentation in the attended hemifields. More importantly, the temporal 

discrimination required the subjects to wait at least 400 ms after the beginning of the trial 

to be able to decide if a target had been presented (double pulse). This made it impossible 

to directly compare RTs between the two tasks. More informative are the effect of side 

(attend left and attend right), and the interaction between task and side, which is the 

effect of interest in the imaging data. The ANOVA did not detect anv significant
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interaction (p = 0.982), while a trend in the effect of side (p = 0.063) was present. 

Subjects were faster to respond to targets presented in the right hemifield.

The lack of interaction between attended side and task is important because it rules out 

the possibility that any of the reported activations could be due to poor control of the 

experimental setup. Hence, they have to represent some underlying physiological 

mechanism.

Task bv hemisphere interactions (Table II.4.1 & Fig. II.4.2)

The aim of the present experiment was to study the effect of the type of task 

(spatial versus temporal discrimination) on the pattern of brain activity observed during 

visuo-spatial selective attention. I anticipated that an interaction between attended side 

and hemisphere should arise because of the contralateral projections from the retina to the 

visual cortex. More importantly, I hypothesised that the spatial task may prompt 

modulation in the right hemisphere (Vandenberghe et al. 1997) while the temporal task 

may trigger attentional modulation mainly in the left hemisphere (Experiment 1,2,3). 

Because of the anatomical asymmetries between the two hemispheres I choose to 

compare the activity between hemispheres using a region of interest (see methods 

section).
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The occipito-temporal junction

The two maxima of the F-statistics were found at x,y,z = -50 -72 4 (F-value = 

18.4) in the left hemisphere and x,y,z = 54 -68 2 (F-value = 20.1) in the right 

hemisphere. The maxima were symmetric in the two hemispheres and the maxima in the 

left hemisphere was found at only few millimetres from the PET activation previously 

reported (x,y,z = -48 -70 6 in Experiment 1).

Within each hemisphere a significant main effect of the attended side was 

detected. In the left hemisphere the BOLD signal was higher for attention to the right 

than attention to the left ([SpR+TmR] > [SpL+TmL]; p < 0.000) and in the right 

hemisphere BOLD signal was high when attention was directed to the left hemifield 

([SpL-kTmL] > [SpR+TmR]; p < 0.000). More interestingly, in both hemispheres I was 

able to detect the expected interaction between attended side and task.

In the left hemisphere, the attentional modulation due to spatial selection was 

significantly stronger during the temporal task than during the spatial task (interaction: 

[TmR-TmL] > [SpR-SpL]; p < 0.026). This can be easily observed in the plot of the 

adjusted BOLD signal in figure II.4.2. The difference between bar 1 (SpL) and bar 2 

(SpR) is small compared to the difference between bar 3 (TmL) and bar 4 (TmR). In the 

left occipito-temporal junction, the contralateral attentional modulation occurred almost 

only in the context of the temporal discrimination task.
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Responses in the occipito-temporal junction

F -m ap (with ROIs)

O 0.02

U 0.00

3  - 0.02 <

A ttended Hemifield: [% ] | L | | R | | L | | R | | L |

Type o f  D iscrimination: | Spatial ]| Tem porai~|| Spatial || Temporal

F igure II.4.2. Section through the two ROIs, in the occipito-temporal junctions. The transverse section is 
taken at z=4. The signal plot shows the mean adjusted responses in the two ROIs. In the left hemisphere 
the contralateral effect o f spatial attention was stronger during the temporal task than during the spatial 
task. On the other hand, in the right hemisphere spatial modulations were stronger during the spatial task.

The ROI in the right hemisphere also demonstrated an interaction between 

attended side and type of discrimination ([SpL-SpR] > [TmL-TmR]; p < 0.016). In this 

case the interaction arose because of a stronger attentional modulation during the spatial 

discrimination than during the temporal discrimination. In the adjusted BOLD signal plot, 

the contralateral attentional effect during the spatial task (bar 5 versus bar 6) is visibly 

bigger than during the temporal task (bar 7 versus bar 8).

The comparison of the BOLD signal between the two regions revealed the 

expected effect of contralaterality (attended side by hemisphere interaction). This means
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that, overall, the BOLD signal was high in the left hemisphere during attention to the 

right and high in the right hemisphere when attention was directed to the left.

However, the critical test for the purpose of the present experiment was the 3-way 

interaction between attended side, task and hemisphere. This was significant at a p <

0.002 and demonstrated the differential involvement of the two hemispheres in the visuo- 

spatial selection, depending on the type of discrimination task that was performed.

Comparisons between hemispheres
Left Hemisphere Right Hemisphere

F-values 18.4 20.1

P - values

Main Effect o f  attended side <0.(XX) < 0 .0 0 0

Effect o f task on spatial selection 

(Task X  Side Interaction)

< 0.026 < 0.016

Contralateral Effect 

(Hemisphere x  Side Interaction)

< 0 .0 0 0

3-way Interaction

(Hemisphere x  Task x  Side Interaction)

< 0 .0 0 2

Table 11.4.1. Statistical comparisons between attentional effects, task and hemispheres. The F-values 
refer to the centre o f the ROIs. The p-values refer to one tail t-tests comparing the mean adjusted BOLD  
signal in the two hemispheres, during different conditions. The main result is the 3-way interaction 
between hemisphere, task and attended side. The other comparisons demonstrate that this complex 
interaction arises because the contralateral attentional effect is strong for the temporal task in the left 
hemisphere and for the spatial task in the right hemisphere (see also signal plot in Fig. II.4.2)
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Attentional conditions versus baseline (Table II.4.2 & Fig. II.4.3)

The presence of a low level baseline (rest) allowed me to undercover the sparse 

network of brain areas engaged during the four experimental conditions. For this test I 

used the standard voxel based SPM approach. It has to be noted that the comparison with 

rest was not matched for visual input, motor response or for task requirement. As 

expected activations were found in visual, motor, premotor and prefrontal areas, as well 

as in several parietal regions.

Visual activations were found bilaterally at the occipito-temporal junction. The 

strong bilateral activation confirmed that, overall, the bilateral visual stimulation was 

processed in both hemispheres. This suggests that the attentional modulations observed in 

the occipito-temporal junction may be considered as a gain control of the incoming visual 

input. Primary visual cortex did not reached significance in this contrast, presumably 

because subjects had their eyes open and fixated also during the rest condition.

Several activations should be related to the production of an overt response. 

Subjects responded to targets with a keypress with the index finger of the right hand. 

Thus, activations were found in the contralateral primary motor region (left precentral 

gyrus), primary somatosensory area (left postcentral gyrus) and ipsilateral cerebellum. 

The supplementary motor area (SMA) on the medial wall of the medial frontal gyrus was 

activated bilaterally and so were the inferior precentral sulci, which comprise premotor 

areas. The intraparietal sulcus, an important centre of the visuo-motor transformation 

pathway, was also activated bilaterally.

143



E. Macaluso Cross-modal Spatial Attention

M ain effect o f  task

Left
Hemisphere

w
Right
Hemisphere

S i-

Figure 11.4.3. Main effect of task 
over passive fixation. An 
extensive network was activated 
in this com parison. However, it 
has to be noted that both sensory 
input (bilateral visual stimulation) 
and motor requirement 
(keypresses with the right hand) 
were present in the attentional 
conditions but not in the control. 
Nevertheless, activation of 
fronto-parietal and posterior 
temporal areas, ipsilateral to the 
responding hand, may related to 
the visuo-spatial attentional 
requirement o f the task.

On the other hand, the superior temporal sulcus and the superior frontal gyrus, 

presumably corresponding to the human frontal eye field (FEF), were activated only in 

the right hemisphere. Given previous evidence (Corbetta et al. 1993; Nobre et al. 1997), 

these two foci of activation may relate to the visuo-spatial attentional requirement of the 

task rather than to the visual stimulation or to the motor response per se.
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Main effect of the task
Anatomical Area Hemisphere Co-ordinates Z-values

Occipito-temporal junction L -50 -7 2  4 5.9

R 54 -6 8  2 4.8

Intraparietal sulcus L -28 - 6 0  58 4.4

R 34 -5 4  52 3.6

Inferior frontal gyrus L -42 2 30 4.3

R 46 6 28 4.0

Medial frontal gyrus — 2 10 54 4.7

Pre-central gyrus L - 3 4 -1 2  58 5.3

Post-central L -40 -3 6  54 4.4

Cerebellum R 24 -4 6  -30 4.3

Superior temporal sulcus (STS) R 40 - 2  56 3.5

Superior frontal gyrus (FEF) R 54 —46 6 4.1

Table II.4.2. Overall effect o f the four attentional conditions versus passive fixation. Most o f the 
activations reported here are probably associated with the bilateral visual stimulation and the right- 
handed responses. However activation o f the STS and FEF in the right hemisphere (ipsilateral to the 
responding hand) may relate to the attentional demand o f the task.

Main effect of the type of discrimination task

Although the stimuli used during the two types of discrimination were not 

identical (single flashes for the spatial task versus mixed single and double flashes for the 

temporal task) I also compared scans acquired during the spatial discrimination task with 

scans acquired during the temporal task and viceversa. These comparisons are of some 

interest because they are matched for motor response, arousal, any common cognitive 

aspect of the two types of discrimination (such as target detection) and attention to 

peripheral spatial locations.
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Temporal versus spatial discrimination

Comparison of the temporal conditions versus the spatial conditions 

([TmL+TmR] > [SpL+SpR]) revealed bilateral activation of the superior temporal sulcus. 

The activation was stronger in the right hemisphere (x,y,z = 56 -42 8; Z-value = 4.7), but 

present also in the left hemisphere (x,y,z = -50 -38 8; Z-value = 3.8). In the left 

hemisphere the activation extended posteriorly with a second peak at x,y,z = -56 -54 12; 

Z-value = 3.5. The activation lay anteriorly to the occipito-temporal region that showed 

the bilateral main effect of stimulation (active conditions versus rest) and attentional 

modulation (ROI analysis). Because of its anatomical location, it seems unlikely that this 

activation simply represents the higher number of stimuli that occurred during the 

temporal discrimination task.

Spatial versus temporal discrimination

The contrast that tested for higher BOLD response during the spatial condition 

than during the temporal condition ([SpL+SpR] > [TmL+TmR]) showed an activation of 

the right fusiform gyrus that extended medially to the anterior lingual gyrus. The maxima 

was at x,y,z = 32 -52 -10 and was highly significant (Z-score = 4.7). At a lower level of 

significance a second cluster was detected. This was located in the calcarine fissure, in 

the primary visual cortex. The maxima was at x,y,z = 0 -88 -10 with a Z-score = 3.6. The 

latter activation is particularly puzzling since, as already emphasised, the number of
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visual stimuli presented in each hemifield was higher in the temporal blocks than in the 

spatial blocks.

Discussion

Previous studies have demonstrated that, during bilateral visual presentations, 

directing attention to one hemifield results in increased activity in contralateral 

extrastriate areas (Heinze et al. 1994; Mangun et al. 1998). However, this general concept 

was not fully reproduced in Experiments 1,2,3. Additionally Vandenberghe et al. (1997) 

also who found contralateral attentional modulation in one hemisphere but not in the 

other. The present study tested the hypothesis that differences in the experimental context 

(the task performed at the attended location) may account for these differences. Hence, I 

investigated the interaction between spatial attentional modulations, tasks and 

hemispheres.

Activity in the two hemispheres, effect of attended side and task was investigated 

using a region of interest centred in the occipito-temporal junction. This area was lateral 

to the activations reported in Heinze’s and Vandenberghe’s studies. Nevertheless, the 

centre of the ROI was only a few millimeters distant from the activation I found in 

Experiment 1. Moreover, all six subjects studied by Mangun et al. (1998) showed 

significant activation of the lateral occipital lobe (middle occipital gyrus), supporting the 

suggestion that this lateral extrastriate region is also sensitive to the direction of spatial
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attention. Overall the present study produced the expected contralateral effect. Attention 

to the left hemifield resulted in increased activity in the right hemisphere and viceversa. 

The contralateral effects were demonstrated using the attended side x hemisphere 

interaction and, within each hemisphere, by the main effect of attended side. All these 

comparisons were highly significant and replicated previous findings (Heinze et al.

1994).

The aim of Experiment 4 was to compare the effect of selective attention to one 

side in the two hemispheres during two different tasks: spatial or temporal discrimination 

task. Previous imaging studies have shown that interaction between task and stimuli may 

produce activation of different brain structures. For example Vandenberghe et al. (1996) 

highlighted interactions between task complexity and stimulus position. They found that 

the difference between stimulus detection and discrimination was affected by stimulus 

position. Namely the superior parietal lobe was activated most when discrimination was 

performed in the periphery, while central discrimination activated preferentially inferior 

occipital areas. Interactions between stimulus attributes and the effects of selective 

attention have been observed in imaging experiments on global/local processing. In one 

study, Fink et al. (1996) reported that attention to global versus local features of a visual 

display activated right medial occipital structures. The reverse comparison (local versus 

global) activated left lateral occipital areas. In this study, the display consisted of small 

letter forming a big letter ( ‘hierarchical organisation’), and subjects attended either the 

small or the big letter. However, in a second study (Fink et al. 1997), when the display
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consisted of a big object created using many small identical objects the latéralisation of 

the global/local asymmetry reversed. Now selective attention to the small objects 

activated the right hemisphere, while global attention modulated the left hemisphere. A 

third experiment by the same group showed that differences in spatial frequencies of the 

stimuli interact with the level of processing (global vs local) leading to different 

hemispheric latéralisation (Fink et al. 1999). They suggested that difference in spatial 

frequencies cause local or global features to become more or less salient. They then 

conjectured that the dichotomy local/left hemisphere versus global/right hemisphere 

specialisation is valid only when the attended level is perceptually salient. Altogether, 

these studies showed how stimuli and task characteristics might produce different 

hemispheric asymmetry during selective visual attention.

The present study investigated the effect of the type of discrimination task on 

attentional modulation that occurs in the hemisphere contralateral to the attended side. 

The hypothesis was that, in the right hemisphere, the contralateral effects would be 

stronger during the spatial task than during the temporal task (e.g. Vandenberghe et al.

1997). Indeed, an interaction (task x attended side) was found in the right ROI, with 

stronger contralateral attentional modulation during the spatial discrimination task. On 

the other hand. Experiment I predicted that in the left hemisphere the attentional 

modulation would be more pronounced during the temporal task. In fact, I found that in 

the left hemisphere the effect of contralateral selective attention was stronger during the
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temporal task that during the spatial task. The overall pattern of activity lead to the 

critical 3-way interaction between the factors: task, attended side and hemisphere.

These finding might be interpreted as an effect of functional asymmetries down

stream in the stimulus processing pathway. Attentional modulations in extrastriate areas 

are supposed to reflect a sensory gain mechanism that allows relevant information to be 

further processed (Desimone and Duncan 1995; Hillyard et al. 1998; Hopfinger et al. 

2000) and ultimately to determine overt behaviour (responses). In this view, asymmetries 

observed at the stage of selection may indicate that top-down influences are unequal in 

the two hemispheres. This may occur when one hemisphere plays a dominant role for a 

particular task. If this was the case, one should predict that the main effect of task would 

lead to corresponding asymmetries.

Main effect of task

In this experiment, the main effect of task was confounded with stimulus 

characteristic (single flashes only in the spatial task; mixed single and double flashes in 

the temporal task). Nevertheless, these comparisons provided several observations worth 

discussing. The comparison testing for higher activity during the temporal versus spatial 

task showed a bilateral activation of the superior temporal sulcus. The interpretation of 

these activations is difficult, but it is interesting to note that in the left hemisphere the 

activation extended posteriorly. A peak of activation was found just anteriorly to the area 

used for the interhemispheric comparison. On the other hand, the main effect of spatial
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versus temporal task showed an activation of the anterior fusiform gyrus. This activation 

was found only in the right hemisphere. Previous imaging studies that have investigated 

the neural substrate of time perception have reached different conclusions. Maquet et al 

(1996) compared attention to either the intensity or the duration of the illumination of an 

LED (light emitting diode). They did not find any significant activation when the two 

tasks were compared directly. Comparison with a baseline (no judgement of intensity or 

duration) showed that both tasks activated a network of fronto parietal areas often 

associated with attention (Corbetta et al. 1998) and working memory (Jonides et al.

1993). Harrington et al. (1998) tested two groups of patients with either left or right 

hemispheric lesions for deficits in time perception during an auditory task. They found 

that impaired time perception was associated with right hemisphere lesion. However, this 

was in contrast with previous reports of left hemisphere dominance for temporal 

discrimination in the auditory modality (Brown and Nicholls 1997). Recently, Coull and 

Nobre (1998) highlighted the brain structures involved in temporal versus spatial 

attention in the visual modality. They found that attention to temporal intervals resulted 

in preferential activation of the left hemisphere while the spatial task activated the right 

hemisphere. Our results were in agreement with the laterality found in Coull and Nobre 

(1998). Importantly, in the present study the main effects of task were found more 

anteriorly than the contralateral attentional modulations (also more anterior to the cluster 

showing an effect of attended side in Vandenberghe et al (1997)). This was true in both 

hemispheres, suggesting that the dominance of one hemisphere for a given discrimination
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task may lead to a corresponding latéralisation at the level of stimulus selection, earlier 

(up-stream) in the stimulus-processing pathway.

Overall main effect

The test for a main effect of the attentional task versus the passive fixation 

activated a extensive network. The lateral occipital lobe activated bilaterally. This 

activation was consistent with Experiment 1 and 3, when visual and tactile stimulation 

was compared. Unlike the two PET experiments the superior occipital gyri did not 

activate. The mayor difference between the present experiment and the two PET studies 

was that in the PET experiments the stimuli were presented in the peri personal space 

(rather than being projected on a screen) and at larger eccentricity. The lack of dorsal 

activation in the fMRI study may relate to this difference. As expected sensory-motor 

areas activated in the left hemisphere, contralateral to the responding hand. More 

interesting was the bilateral activation of the superior temporal and intraparietal sulci and 

the activation of the right frontal eye field. The STS activated in Experiment 2 for tactile 

attention (plus overt response) and Experiment 3 for both tactile and visual peripheral 

attention. The activation in this purely visual experiment supports the idea that this 

structure may operate as a control structure in both tactile and visual spatial attention.

The activation of the superior fronto-parietal areas was expected from previous studies on 

visuo-spatial attention (Corbetta et al. 1993; Nobre et al. 1997). The fact that these 

structures did not activate in Experiment 2 (tactile attention) suggests that they may
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involved specifically in visuo-spatial attention. The activation of these areas in the 

comparison between visual and tactile attention in Experiment 3 (see Fig. II.3.6) seems to 

support this hypothesis.

In conclusion. Experiment 4 showed that the latéralisation of the attentional 

modulations observed in Experiment 1, 2 and 3 is probably due to the type of 

discrimination task used in the three PET studies. Experiment 4 showed that contralateral 

attentional modulations are more pronounced in the left hemisphere when a temporal task 

is used, while the modulations are stronger in the right hemisphere when a spatial task is 

employed. A possible explanation of this effect is that the two tasks differentially engage 

the two hemispheres in the first place, and that this affects the selection process in 

contralateral extrastriate areas.

Conclusions of Part II

In Part II of the thesis, I presented four experiments on spatial selective attention. 

In all experiments subjects were presented with bilateral stimulation and were requested 

to attend one side and respond to targets, while ignoring stimuli on the opposite side. 

Subjects were required to maintain central fixation, so that any differential brain 

activation could be ascribed to the effect of covert spatial attention. The main purpose of
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this experimental approach was to compare directly attention to one hemifield versus 

attention to the other hemifield. The advantage of this comparison is that unspecific 

components of the task, such as production of overt response, general difficulty, attention 

to the periphery and stimulus selection were matched across conditions.

Within this general design I investigated several crossmodal issues with three 

PET experiments. Experiment 1 sought to segregate modality specific and bimodal 

effects of spatial attentional during visual or tactile stimulation. Experiment 2 

investigated the effect of the presence of visual input on tactile attentional modulation. 

Experiment 3 again investigated unimodal and bimodal mechanisms of selective spatial 

attention. However, this time the critical cross-modal manipulation was not the modality 

of the stimulation, but the modality that was attended to during bimodal stimulation.

Bimodal responses were found in the intraparietal sulcus and in both the middle 

and the superior occipital gyri. The most consistent cross-modal effects were found in the 

intraparietal sulcus. This region was modulated independently of modality stimulated or 

attended to and, interestingly, the tactile modulations were suppressed when no visual 

input was available. These observations highlight several characteristics of the 

intraparietal sulcus:

1. Representation of space across modalities (see Andersen et al. 1997);

2. Involvement in spatial attention (see Wojciulik and Kanwisher 1999);

3. Integration of visuo-tactile representation (see Graziano and Gross 1993).
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The other two areas showing bimodal responses were in the occipital lobe. The 

middle occipital gynis/occipito-temporal junction was activated bimodally in Experiment 

1 and 3, it was modulated in Experiment 4 (vision only), but did not activate in 

Experiment 2 (touch only). This suggests that this structure is mainly visual, but can 

activate cross-modally when there is a strong association between the visual and the 

tactile task. The second occipital activation was found in the superior occipital gyrus. 

Again, it seems that the responses here were mainly visual. In both Experiment 1 and 3 

(when bimodal activation were observed) unimodal clusters were also found adjacent to 

the bimodal activations. However, unlike the middle occipital gyrus, the superior 

occipital lobe did not necessitate association of visual and tactile tasks to be activate. In 

Experiment 2 this area showed an activation pattern similar to the intraparietal sulcus: 

contralateral modulation by attention to tactile stimuli, but only in presence of visual 

input (with no visual task ever performed).

In contrast, the post-central gyrus showed a purely unimodal pattern of activity. 

Contralateral modulation was observed only when touch was stimulated (Experiment I) 

or attended to (Experiment 3) and independent of the presence of visual input 

(Experiment 2). The attentional modulation of this area may therefore reflect 

enhancement of specific representation of the tactile stimulation, rather than any spatial 

coding.
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A surprising finding of Experiment 1, 2 and 3 was that the majority of the 

contralateral attentional effects were found in the left hemisphere, for the comparisons 

attend right versus attend left. This was unexpected given that previous studies on visuo- 

spatial selection have generally showed contralateral effects in both hemispheres (e.g. 

Heinze et al. 1994). The hypothesis that some task component could interact with the 

spatial attentional effects was investigated in Experiment 4. This fMRI experiment 

demonstrated that different discrimination tasks (temporal versus spatial) may cause the 

spatial effect to be more or less pronounced in one hemisphere. During the temporal task 

contralateral modulations were observed mainly in the left hemisphere (as in the PET 

studies), while during the spatial task, the modulation were found predominantly in the 

right hemisphere. I speculated that these effects might relate to hemispheric differences 

down-stream in the stimulus-processing pathway.

Finally, in Experiment 2, 3, and 4 baseline conditions highlighted brain areas 

activated independently of the attended side. While sensory-motor confounds 

contaminated the interpretation of these comparisons in Experiment 2 and 4, Experiment 

3 suggested that the superior temporal sulcus plays an important role in spatial covert 

orienting. The STS was activated when attention was directed to the periphery, 

independently of the attended modality or attended side. In Experiment 3, the frontal eye 

field also showed activation independent of the attended side or modality. Experiment 4 

confirmed the role of this structure in visual covert orienting. However, in Experiment 2 

(touch only) the FEE was not activated. One possible explanation for this discrepancy is
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that the FEE is primarily a visual structure, but that it can be activated during tactile 

peripheral attention when peripheral visual stimulation is also present (as in Experiment 

3, but not Experiment 2). The issue of brain regions involved in spatial covert orienting, 

irrespectively of the selective requirement of the attentional task, will be the focus of Part 

III of this thesis.

157



E. M acaluso Cross-modal Spatial Attention

PART III; Redirecting Covert Spatial Attention

Introduction

The second experimental part of this thesis sought to highlight brain areas 

involved in orienting spatial attention. Unlike Part II, which investigated the modulatory 

effect of spatial attention upon stimulus selection, the processes considered here relate to 

the control of spatial attention. The general definition of “control processes” as a 

particular category of cognitive functions is a debate in itself and will not be addressed 

here. In work presented in Part III, the term “control” refers to situations in which 

successive targets are presented in different spatial locations, so that spatial attention has 

to be reallocated on a trial by trial basis. This may correspond to the processes of 

disengaging, moving and re-engaging the focus of attention, as described by Posner 

(1980). Brain regions responsible for these functions have been postulated on the basis of 

studies of neurological patients. Generally, impaired spatial abilities have been associated 

with fronto-parietal areas (Posner et al. 1984) and subcortical structures (Rafal and 

Posner 1987). More recently brain imaging studies on visuo-spatial attention have 

supported the notion that posterior parietal and superior frontal regions may play a 

critical role in covert spatial orienting (Corbetta et al. 1993; Nobre et al. 1997).
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The studies presented here focussed on the possibility that brain regions involved 

in these control processes may operate supramodally. Behaviourally, cross-modal 

adaptations of the classical Posner paradigm have shown that cueing tactile attention to 

one side results in better performance on visual target on the same side (Spence et al.

1998). Similarly, visual cues can affect tactile performance (Spence et al. 1998). These 

observations suggest that a common neural substrate may exist for orienting attention in 

vision and touch.

Three primary experiments are presented in Part IE, all of them involving visual 

and tactile stimulation. Experiment 5 was a PET study that manipulated the rate of 

attention shifting. Unlike most of the previous PET experiments on attention shifting, the 

design employed here permitted comparison of conditions in which subjects were 

actively shifting attention and were performing a peripheral discrimination task. 

Experiment 8 used event-related fMRI to highlight the brain activity associated with 

attention shifting, in a cueing task similar to the original Posner paradigm. Here again, I 

used both visual and tactile targets to investigate cross-modal links in spatial attention. 

Experiment 9 was the only experiment that used simultaneous visuo-tactile stimulation. 

The aim of the experiment was to study the effect of spatial coherence of visuo-tactile 

stimulation on the processing of visual input.

Additionally, I also present two studies (Experiments 6 and 7) aimed at mapping 

the effect of visual and tactile stimulation using fMRI. Experiment 6 used a blocked 

protocol (the same stimulus is presented many times consecutively), while Experiment 7
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used an event-related design (subsequent stimuli can be different). These two mapping 

studies were included in the thesis because they provided important hints about the 

possible organisation of neural maps encoding visual and tactile information.

5. Brain activity correlated with the rate of spatial 

attentional shifts to visual or tactile stimuli

Introduction

Control processes in spatial attention have been extensively studied using the 

classical paradigm involving shifts of visuo-spatial attention as originally proposed by 

Posner et al. (1984). The principle is that attention is cued to a given position and after a 

variable time interval a target probe is presented either in the same or in another position. 

As soon as participants see the target, they respond with a keypress. The difference in 

reaction times to correctly and incorrectly cued targets is known as the validity effect and 

is thought to represent the cost of shifting attention from the incorrectly cued position to 

the target location. On direct comparison of valid and invalid trials, the same effect can 

be referred as invalidity effect, emphasising the cost of the attentional shift. These 

procedures have been used to test patients with neglect syndrome. Experiments involving 

shifts of visuo-spatial attention have suggested that these patients are impaired in
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performing shifts to the contralesional hemifield. Brain lesions associated with the 

neglect syndrome typically involve fronto-parietal regions (Posner et al. 1984; Friedrich 

et al. 1998). Deficits are more severe when the lesion affects the right hemisphere, 

supporting the idea that the right hemisphere is dominant for spatial attentional functions 

(Weintraub and Mesulam 1987). Imaging experiment in human volunteers have also 

addressed the issue of visuo-spatial covert orienting. Corbetta et al. (1993) measured 

blood flow in normal subjects while they were performing a variety of spatial attentional 

tasks. The critical comparison was between a condition when subjects were asked to shift 

attention through five predicable positions in one hemifield (pressing a button when the 

stimuli appeared) and a central detection condition (with irrelevant stimuli randomly 

flashed in the periphery). The results suggested that superior parietal and superior frontal 

regions were playing a central role in the shifting task. The same experiment highlighted 

the dominant role of the right hemisphere and also suggested that frontal activations were 

related to the production of an overt response (the keypress). Using PET, Nobre et al.

1997 employed a task similar to the one originally proposed by Posner. The experiment 

did not show any specific activity due to the attentional shift, but highlighted an extensive 

neural network involved in the task. The regions that showed consistent activation were 

the intraparietal sulcus, anterior cingulate gyrus and premotor areas. At a lower statistical 

threshold, the superior temporal sulcus and the pulvinar nucleus of the thalamus also 

showed increased blood flow. Generally the activations were lateralised to the right 

hemisphere.
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Although the majority of studies on spatial attention concern the visual modality, 

neurophysiological (Mattingley et al. 1997; Lavadas et al. 1998) and imaging studies 

have suggested that the same brain structures may control both visual and tactile 

attention. Using PET, Pardo et al. (1991) compared sustained attention either to 

somatosensory or to visual stimulation with passive fixation or rest (an eyes closed 

condition). Both comparisons revealed activation of the right superior parietal and the 

right frontal cortices. During the tactile task, the right temporal cortex also showed 

increased blood flow. More recently, Burton et al (1999) showed that tactile attention 

involves a set of fronto-parietal areas, which partially overlaps with the one often 

described in studies of visuo-spatial attention. However, it has to be noted that the 

parietal foci were situated anteriorly to the regions activated in visual studies, and more 

importantly, that the attentional processes under scrutiny where not directly related to 

covert spatial orienting.

Experiment 5 aimed to isolate the areas involved in attention shifting, 

independently of the modality used to induce the spatial covert orienting. Special regard 

was given to the possibility that irrelevant task components, such as overt response or 

attention to the periphery, could cause spurious supramodal brain activations and 

interfere with the interpretation of the results. Hence, the present experiment manipulated 

the rate of the attentional shifts. Additionally, the use of visual and tactile stimulation 

within the same experiment allowed me to identify commonly activated structures using

162



E. M acaluso Cross-modal Spatial Attention

appropriate statistical tests, rather than simply relating the position of clusters in different 

experiments.

Design

Subjects

Eight volunteers participated in this study (mean age 26 yr, range 21-34). All 

subjects were right-handed males. None of them had psychiatric or neurological history, 

or was under medication.

Paradigm

Subjects were tested in a 2x2 factorial design. One factor was the modality of the 

stimulation: vision or touch. The second factor was the rate of attentional shift between 

the two hemifields: high rate or low rate. Changes in the position of the stimuli 

determined the rate of attentional shifts (Fig. III.5.1). In the high rate condition stimuli 

changed side every trial (every 1.5 sec); during the low rate, shifts occurred every five 

stimuli (7.5 sec). Each condition was replicated three times in each subject with the 

exception of one subject, who was unable to do the tactile task and performed only the 

visual conditions (four times each), and one subject who was scanned four times in the 

touch-high shift rate condition. I will refer to the four conditions as: [Hvis], [Lvis], [Htuc] 

and [Ltuc]. The order of the conditions was counterbalanced within and across subjects.
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Prior to the beginning of the experiment subjects were familiarised with the task for ten 

minutes.

Stim uli and  task

HIGH Shift Rate

Time

LOW Shift Rate
•  Single pulses 

e#  Double pulses

Figure III.5.1. shows a schematic representation of stimuli and tasks used in Experiment 5. Contrary to the
experiments presented in Part II, in this PET experiment the stimulation was always unilateral. While 
maintaining central fixation, subjects were asked to discriminate single and double pulses. The main 
experimental manipulation was the rate at which stimuli switched from one hemifield to the other. The 
change of stimulus position was supposed to cause concomitant shifts o f spatial attention. In different 
blocks, stimulation was either visual or tactile.

Stimuli

The position of the subject’s hands was as in Experiment 1 and 2. While in the 

experiments presented in Part II the stimulation was always bilateral, in this experiment 

the stimuli consisted of unilateral stimulation: either red flashing lights or 30 Hz 

vibrations on the index finger. Only one modality was involved in each condition. Stimuli 

were 2 minute sequences of 50% single pulses (200 ms) and 50% double pulses (vision: 

130 ms on, 40 ms off, 130 ms on; touch: 135 ms on, 30 ms off, 135 ms on) randomly
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ordered. The inter-trial interval was 1500 ms. Hence faster than Experiment 1 and 2, but 

slower than Experiment 3.

Task

During the scans a small white cross was displayed on the computer screen and 

the subject had to maintain central fixation. The task was to attend to the stimulation and 

discriminate single versus double pulses. Subjects had to give a verbal response after 

each stimulus: either "one" or "two".

Analvsis of the rCBF data

Experiment 5 was analysed using SPM97d. Condition, subject, reaction time, 

repetition and global flow effects were estimated according to the general linear model at 

each and every voxel. A blocked one-way ANCOVA with global activity, effect of 

repetition and reaction times as covariate of no interest was used. Reaction times and 

repetition effect were included in the analysis to allow for the performance difference 

observed between conditions. I report supramodal rate effects when, at a given voxel, I 

could demonstrate a main effect of rate at a p-uncorrected < 0.001 and simple main effect 

in both modalities at a low threshold of p-uncorrected < 0 .05 .1 also report unexpected 

responses (e.g. cross-over interactions) when they survived correction for multiple 

comparisons (p-corrected < 0.05).
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Results

Behavioural performance (Table IIL5.1)

The simplicity of the task led to good performance in all subjects (accuracy 

greater than 95% in all conditions). A two way ANOVA compared reaction times in the 

four conditions (the subject who performed only the visual task was excluded from this 

test). The analysis did not reveal any effect of rate of attentional shift (p > 0.59), but an 

effect of the stimulated modality was present (p < 0.01), with vision faster than touch. No 

interaction between rate and modality was detected (p > 0.66). The lack of behavioural 

effect of shifting rate suggests that the full predictability of the shifting sequence (a shift 

after each trial) allowed subjects to shift their attention endogenously, before the next 

stimulus occurred. However, the cost of attention shifting could be highlighted in the low 

rate conditions. Within these conditions, I compared reaction times to the first stimulus 

after the shift with reaction times to the four subsequent stimuli (all in the same 

hemifield). This analysis showed again an effect of modality (p < 0.02) but also 

demonstrated an effect of attention shifting (p < 0.01). In general subjects responded 

rapidly to easily predictable stimuli (high rate conditions and consecutive stimuli in the 

low rate conditions), while the rarer shifts in the low rate condition (even though fully 

predicable) caused slower responses.
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Reaction times in Experiment 5
Vision Touch

High Rate 885 (39) 942 (28)

Low Rate | Mean 885 (36) 954 (23)

I Sustained 878(36 ) 945 (22)

I First stimulus 900 (39) 990 (27)

Table 111.5.1. Reaction times for 
the four experimental conditions. 
Additionally, the RTs for the low  
rate conditions are divided into 
responses to the first stimulus after 
the shift and the subsequent four. 
This allowed me to demonstrate an 
effect o f covert spatial orienting (see 
text for details).

Effect of performing the task in the two sensory modalities (Fig. IIL5.2 and Table UI.5.2) 

Visual task

Comparing scans acquired while subjects were performing the task with visual 

stimuli with all the somatosensory scans ([Hvis+Lvis] > [Htuc+Ltuc]) I identified areas 

characteristic for the visual task. Since the PET signal was integrated over 90 seconds, 

the unilateral stimulation that changed hemifield either every 1.5 sec or every 7.5 sec 

caused bilateral stimulation of the visual cortex. Two foci were found in the inferior and 

superior part of the middle occipital gyrus. The activation in the right hemisphere 

extended into the superior occipital gyrus. The cuneus also showed significant activation. 

The maximum was in the left hemisphere but the activation clearly involved both 

hemispheres.
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Main effect of the sensory stimulation

VISION

TOUCH

F igu re  III.5 .2 . Main effect of 
perform ing the shifting task, either 
with visual or with tactile stimuli. 
The majority o f the activations 
were found in respective sensory 
specific areas. However, the 
contrast com paring the tactile 
versus the visual task showed also 
activation o f several areas in the 
right inferior frontal cortex. These 
activations were not observed in 
Experiment 1 and 3 and probably 
reflect a difference between 
perform ing the task in the two 
different modalities, rather than 
simply a difference in the sensory 
stimulation.

Somatosensory task

Comparison between the two somatosensory conditions (Htuc and Ltuc) and the 

visual conditions (Hvis and Lvis) highlighted areas more active during the tactile task 

than during the visual task. I found bilateral activation of the inferior post-central gyrus 

(BA 1-2-3) and inferior frontal gyrus (BA 44-45). In the right hemisphere, a strong 

activation of the insula was found between these two activations. Furthermore the right 

fronto-orbital cortex showed two activation clusters: one in the lateral orbital gyrus 

(BA 10) and the second, more ventral, in the medial orbital gyrus (BA 11). The left pons 

and the right cerebellum were also activated.
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Main effect of modality
Anatomic Area Co-ordinates Z-values

Vision Middle occipital gyrus 46 - 6 0  10 6.9

- 4 0 -6 2  10 6.0

Cuneus 14 -7 6  32 4.7

-4 78 28 6.0

Left hippocampus -2 4 -1 6 - 1 4 3.9

Touch Inferior post-central gyrus 60 -2 2  26 5.3

-54 -2 6  26 6.4

Inferior frontal gyrus 56 18 12 4.1

-56 16 20 4.4

Insula 4 6 - ^ - 2 5.7

Lateral orbital gyrus 42 46 4 4.7

Cerebellum -40 -7 8  -2 8 4.4

Medial orbital gyrus 18 4 4 - 2 4 4.3

Pons 6 - 2 2  -32 4.0

Table III.5.2. Anatomic areas, co-ordinates and Z-values 
during the visual task versus the tactile task and viceversa.

o f  voxels showing maximal activation

Effects of shifting rate independent of the stimulated modality (Table III.5.3)

The bimodal effect of shifting rate was determined by testing for a main effect of 

rate across modality in the presence of simple main effects within each modality. This 

analysis revealed one area that showed higher rCBF for the high shift conditions than for 

the low shift conditions and one area that showed the reverse pattern of activity.
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High Rate versus Low Rate (Fig. III. 5.3. a)

The contrast testing for areas with high activity during the high shift conditions 

(irrespective of the modality used to induce the attentional shifts) highlighted one single 

cluster in the right fronto-polar gyrus. The main effect had co-ordinates x,y,z = 28 64 -6 

(Z = 3.8). The effect was more significant for the tactile modality (Z = 3.3), but was 

present also for the visual modality (Z = 2.4). Within the cluster, each voxel survived the 

test for main effect of rate ([Hvis+Htuc] > [Lvis+Ltuc]) at a threshold of p-uncorrected = 

0.001 and the two independent tests for each modality ([Hvis] > [Lvis] and [Htuc] > 

[Ltuc]) were significant at a lower threshold of p-uncorrected = 0.05. The rCBF plot of 

figure III.5.3.a shows that the shifting rate effect was present in both modalities.

At a lower level of significance, I found rCBF increases in more posterior part of 

the right frontal lobe for vision (simple main effect for vision x,y,z = 40 34 -16; Z = 3.2) 

and in the left prefrontal cortex for touch (simple main effect for touch x,y,z = -38 48 8; Z 

= 3.5).
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Effect of attention shifting: commonalities between vision and touch

a.- HIGH rate versus low rate: Right Fronto-polar Gyrus

Z-values
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b.- LOW rate versus high rate: Right Superior Temporal Sulcus
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F igure III.5.3. Anatomy and rCBF plots o f the two areas showing an effect o f rate, independently of the 
modality o f the stimulation. PET activations of the contrast (a) high rate versus low rate and (b) low rate 
versus high rate are superimposed on the structural MRI of the MNI brain. ( ‘H ’: High rate condition; ‘L ’: 
low rate condition)

Low Rate versus High Rate (Fig. III. 5.3.b)

The reverse contrast, testing for high rCBF in the low shift condition, revealed a 

single area in the posterior part of the right superior temporal sulcus. As for the right 

frontal activation I tested for a main effect of low shift rate in presence of simple main 

effects in both modalities. Figure III.5.3.b shows the anatomical localisation and the 

rCBF plot of the maximum (x,y,z = 54 -40 2; Z = 4.0). It might appear that the effect in 

vision was smaller than in touch but this is simply due to the fact that the maximum of
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the main effect (plotted voxel) was nearer to the maximum of the tactile simple main 

effect than to the visual maximum (see co-ordinates in Table IIL5.3)

Effect of attention shifting: commonalities between vision and touch
Main effect across 

modalities

Simple main effect within each 

modality

Rate Anatomic Area Co-ordinates Z-values M odality Co-ordinates Z-values

High Right fronto-polar Vision 30 6 4 - 6 2.4

gyrus 28 6 4 -6 3.8 Touch 24 64 -6 3.3

Low Right superior Vision 60 -3 8  6 3.1

temporal sulcus 5 4 ^ 0  2 4.0 Touch 5 2 - 4 2  2 3.6

Table I1I.5.3. Regions showing modality independent rCBF changes according to the rate o f  attentional 
shifts. The right fronto-polar gyrus showed high rCBF in the high rate conditions, while the STS 
showed high signal during the low shift rate conditions. Both activations were lateralised to the right 
hemisphere.

Shift rate responses dependent on the stimulated modalitv (Fig. III.5.4)

The test for interaction between modality and rate of attentional shifts revealed an 

activation of the left hippocampus (x,y,z = -24 -10  -14; Z-score = 4.5). This was 

unexpected but survived the correction for multiple comparison. The blood flow was high 

for low shift rate in vision and low for the low rate in touch ([Lvis+Htuc] > [Hvis+Ltuc]). 

Interestingly, the interaction was not due to the contribution of only one modality. As can 

be observed in the rCBF plot of figure III.5.4, the effect of shift rate was inverted 

depending on the modality of the stimulation. The maximum for the simple main effect 

for vision ([Lvis] > [Hvis]) was located at x,y,z = -18 -12  -12  (Z-score = 4.3). The tactile
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simple main effect ([Htuc] > [Ltuc]) was found at x,y,z = -26 -1 0  -1 4  (Z-score = 2.7). 

The reverse interaction ([Hvis+Ltuc] > [Lvis+Htuc]) did not revealed any significant

activation.

In teraction  betw een  sh ift rate  and m odality : The le ft h ipp o ca m p u s  

High rCBF during low shift rate in vision and high shift rate in touch

Z-values

nHrnnHirn
I  Vision 1 1  Touch I

Figure 111.5.4. The left hippocampus showed a modality specific response to changes in rate o f attentional 
shift. This effect was captured by the interaction between rate and modality. Activity in this area increased 
with increasing shifting rate during the tactile task, but decreased during the visual task.

Discussion

Experiment 5 investigated the role of sensory modality on the activity of the 

neural substrate involved in shifts of spatial attention. The aim of the experiment was to 

test the hypothesis that right lateralised anterior and posterior brain regions could be 

engaged during spatial reorienting, independently of the modality of stimulation used to 

redirect attention.
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Performance

Two characteristics emerged from the analysis of the behavioural data: subjects 

were slower during the tactile conditions than during the visual conditions and 

endogenous factors played a major role in determining the speed of the response. Due to 

the predictability of the stimuli sequence (alternating left and right stimuli), in the high 

rate condition shifts occurred endogenously. Attention was shifted before stimulus onset. 

This situation was similar to what happened during the four consecutive (in the same 

hemifield) stimuli in the low rate condition: attention was already focused in the correct 

location when the stimuli were presented. Within each modality, reaction times to these 

two types of stimuli were similar. However, within the low rate conditions, comparing 

the responses to consecutive stimuli with the responses to the first stimulus after the shift, 

demonstrated that subjects were slowed by the shift. I suggest that this effect was caused 

by the fact that subjects did not shift attention endogenously after the five stimuli. Hence, 

the shifts at the low rate were mainly stimulus driven (exogenous shifts). The strong 

effect of modality, with touch slower than vision, was probably due to the difference in 

stimuli characteristics and to the unusual type of tactile stimulation. For this reason in the 

rCBF data analysis I modelled both repetition and reaction times as confound effects.
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Main effect of stimulation 

Modality specific areas

As expected the direct comparisons of vision versus touch and touch versus vision 

activated the respective modality specific sensory areas. The activations were bilateral, 

which demonstrated that manipulating the rate of shift allowed me to stimulate both 

hemifields in a comparable way. The effect is due to the fact that the PET signal is 

integrated over 90 seconds. In the visual cortex the activations were confined to 

extrastriate areas, this may be because subjects had their eyes open and fixated during the 

tactile task. Primary visual areas might have been active in all conditions and therefore 

did not appear in any contrast. Tactile stimulation produced bilateral activation of the 

post-central gyri. The location of the cluster appeared to be similar to the activation 

observed in Experiment 1, when visual and tactile stimulations were compared.

Other areas showing modality specific rCBF changes

In addition to the expected sensory specific area. Experiment 5 revealed activation 

of other higher order areas. In the tactile conditions activations were found bilaterally in 

the inferior frontal cortex, while the insula and two regions of the orbito-frontal cortex 

activated only in the right hemisphere. The visual condition showed increased activity in 

the left hippocampus. I propose that the reason for these activations may lie in the 

relation between task and modality, rather than in the modality of the sensory stimulation 

per se. Experiment 1 used exactly the same stimulation apparatus and comparison

175



E. M acaluso Cross-modal Spatial Attention

between visual and tactile stimulations produced very similar foci of activation of 

modality specific areas (occipital lobe for vision and post-central gyrus for touch). The 

activation of higher order areas was not observed. Since in the present experiment the 

analysis of the behavioural data revealed that during the tactile conditions subjects were 

slower to respond, this suggests that the frontal activations may relate to the difficulty of 

the tactile task. Previous studies that have specifically manipulated task difficulty have 

highlighted the role of the anterior cingulate (Pardo et al. 1990; Bench et al. 1993; 

Vandenberghe et al 1997; Barch et al. 1997). However, some of these studies also 

reported activations of the inferior frontal cortex and orbito-frontal areas (Bench et al. 

1993; Barch et al. 1997). Activation of the insulae has been previously reported in 

relation to somatosensory stimulation (Burton et al. 1993). Additionally, insula and 

orbito-frontal cortex are reciprocally connected and it has been proposed that they are 

part of a paralimbic complex (Mesulam and Mufson 1982). The pattern of activation of 

the left hippocampus, with higher flow for vision than touch, will be discussed in relation 

to changes of shift rate.

Effects of the shifting rate

Neuroimaging research has used several paradigms to investigate the mechanism 

of visuo-spatial attentional shifts (Corbetta et al.1993; Nobre et al.1997; Gitelman et al. 

1999). The paradigm presented here involved the manipulation of the rate of attentional 

shifts. This allowed matching of visual input, arousal, motor response and attention to the
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periphery of the hemifields. However, it has to be noted that with this approach I was 

unable to activate the whole attentional network and only rate sensitive regions could be 

studied. It is possible that other areas involved in shifts of spatial attention, but not 

sensitive to the rate of shifting, could have displayed some degree of multimodal activity. 

Additionally, it must be stressed that regions that showed higher rCBF in the low rate 

conditions could be involved the process of shifting attention. For example, a comparison 

with even lower rates could highlight the low rate regions as ’shifting regions’. The 

relevance of the reported activations has to be considered in relation to their cross-modal 

nature and the specificity to the attentional task.

Rate effect independent o f the modality stimulated

Two regions showed an effect of rate that was independent of the modality used 

to induce the attentional shifts. These were the right fronto-polar gyrus, which is part of 

the inferior frontal cortex and the posterior part of the right superior temporal gyrus, at 

the occipito-temporal junction. The latéralisation in the right hemisphere was in 

agreement with previous studies (Pardo et al. 1991; Corbetta et al. 1993; Nobre et al. 

1997). Nevertheless, the exact location of the clusters needs additional considerations. 

Traditionally imaging experiments have pointed to the superior parietal and superior 

frontal cortices as possible candidates for supporting spatial attentional functions. 

Previous imaging experiments (Corbetta et al. 1993; Nobre et al. 1997) have activated 

superior fronto-parietal regions. Nevertheless it must be noted that the Nobre experiment
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failed to activate these regions when the two experimental conditions ("opposite-side" 

versus "same-side") were compared directly. Only comparison with a baseline (passive 

fixation) showed activation of these areas. Some concern is also caused by the activations 

reported in Corbetta et al. (1993). The comparison of shift versus central detection 

matched for arousal and motor response, but in the case of the central detection task 

attention was never directed to the periphery. Vandenberghe et al. (1996) investigated the 

role of task and stimulus location during a visuo-spatial attentional task. They concluded 

that the superior parietal lobe is preferentially activated when attention is directed to the 

periphery and a difficult discrimination task has to be done. In their experiment no 

attentional shift had to take place. The strict association between superior fronto-parietal 

regions and spatial attention has also been challenged by clinical studies. Vallar and 

Perani (1986) examined 110 patients with lesions of the right hemisphere and they 

concluded that the inferior parietal patients were the more frequently affected by the 

neglect syndrome. The same study found little evidence of neglect in patients with frontal 

lesions. On the other hand, Husain and Kennard (1996) reported five patients with 

impairment in spatial orienting, whose lesions were restricted to anterior areas and 

overlapped in the right inferior frontal gyrus.

The low rate conditions preferentially activated the right superior temporal sulcus. 

Corbetta et al. (1993) reported activation of the superior temporal cortex, but the 

activation was not significant for all the comparisons of interest. As in the present study 

the activation was confined to the right hemisphere. Nobre et al. (1997) also observed
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increased rCBF in the right superior temporal sulcus when comparing shift conditions 

with passive fixation. In the present experiment the posterior activation was associated 

with the low shift rate. During the low shift rate condition, attention was maintained to 

one hemifield for longer periods (about seven seconds) than in the high rate condition 

(approximately 1 second). Brain regions concerned with sustained spatial attention may 

therefore show higher flow in the low rate condition. It is interesting to note that 

Experiment 2 activated the STS for sustained peripheral attention to tactile stimulation, 

and Experiment 4 showed a similar activation for sustained attention in vision. Together 

these data suggest that STS may operate as a control structure during sustained attention 

to the periphery, regardless of the modality attended.

The high rate condition activated a frontal region that differed from activations in 

previous imaging studies on spatial attentional shifts. First, no activation of the superior 

frontal cortex was demonstrated. This may relate to the lack of activation of the superior 

parietal lobe. Activations of superior frontal areas are frequently reported together with 

superior parietal activity (Corbetta et al. 1993; Nobre et al. 1997). This probably reflects 

the high connectivity between these two brain regions (Goldman-Rakic 1988; Morecraft 

et al. 1993). The lack of superior frontal activation may relate to the type of movement 

involved in the overt response. Corbetta et al. (1993) showed that frontal activity was 

related to the production of an overt response. However, the use of verbal response in 

Experiment 5 may have required different movement programs and sensory-motor 

transformation. The activation observed in the present experiment was found in the
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inferior part of the right frontal lobe. The overlap between vision and touch occurred in 

the fronto-polar region. Below threshold SPM-maps indicate that the visual activation 

extended posteriorly to the right inferior frontal gyrus, while the tactile contrast showed a 

second cluster in the left prefrontal cortex. Activations of these regions have been 

previously associated with visuo-spatial working memory (Jonides et al. 1993; Owen et 

al. 1996). The present experiment did not address spatial memory issues directly. 

Nevertheless, it is possible that, in the high rate condition, the endogenous nature of the 

attentional shifts prompted subjects to use spatial memory resources to voluntary direct 

attention to the expected target location.

Importantly, degenerative studies (Jones and Powell 1970) as well as anterograde 

and retrograde labelling experiments (Selzer and Pandya 1989) in monkeys have 

demonstrated direct and reciprocal connections between multimodal areas in the superior 

temporal sulcus and the anterior part of the inferior frontal lobe. This speaks in favour of 

the hypothesis that the two areas activated in Experiment 5 play a different but 

complementary role in covert orienting to stimuli in several sensory modalities.

Differential responses to shifting rate depending on the modality stimulated

The left hippocampus was the only region that showed a differential response to 

shift rate depending on the modality stimulated. This activation was highlighted by the 

interaction term of the factorial design. An interaction could have resulted if an area was 

sensitive to shift rate when stimuli were in one modality, but insensitive when the sensory
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stimulation was in another modality. This type of interaction would have been easily 

interpreted, but was not the type we observed. The interactions observed in Experiment 5 

suggests that the effect of one factor (shift rate), reversed depending under which level of 

the second factor (modality of stimulation). In the left hippocampus, rCBF increased with 

increased shift rate in touch, but decreased with rate increase in vision. This pattern of 

activity was unexpected and I will not speculate on it. I will only point out that although 

the left hippocampus is not traditionally considered part of the attentional network, 

Corbetta et al. (1993) observed strong activation of the left hippocampus when they 

compared either passive peripheral stimulation or central detection with central fixation 

(no peripheral stimulation). This finding is also difficult to interpret and the authors did 

not speculate about its possible significance.

In conclusion. Experiment 5 demonstrated that posterior and anterior associative 

areas play different roles in spatial covert orienting. The superior temporal sulcus was 

preferentially activated during the low rate conditions. This suggests an involvement of 

this region in sustaining attention to the periphery. In the frontal lobe, the blood flow 

increased with increased shifting rate. The activation probably reflects the executive 

functions associated with the voluntary control of the shifts during the high rate 

conditions. Importantly, both areas were activated independently of the stimulated 

modality, suggesting that these brain regions operate supramodally.
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6. Mapping visual and tactile stimuli with fMRI

Introduction

In this brief chapter I will describe the results of an experiment that used fMRI to 

map visual and tactile peripheral stimuli. Many imaging studies have been performed to 

study retinotopic maps in the occipital lobe (DeYoe et al. 1996; Tootell et al. 1997), and 

functional imaging has also been used to map the somatosensory representation of 

different body parts (Servos et al. 1998; Maldjian et al. 1999). However, to my 

knowledge nobody has identified modality specific and supramodal spatial maps 

concerning vision and touch.

Experiment 6 aimed at distinguishing areas that showed differential responses to 

left and right stimulation, and areas that responded to stimuli delivered to only one 

sensory modality versus areas that respond independently of the modality stimulated. The 

design was equivalent to the one used in Experiment 3, but here instead of having a 

bimodal-bilateral stimulation, with subjects attending to one of the four streams, 1 simply 

delivered stimuli in one hemifield and one modalitv at a time. As in Experiment 3, a 

baseline condition highlighted areas that responded to both left and right stimulation 

(bilateral representations) and areas that responded to both visual and tactile stimulation 

(bimodal representations).
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A second aim of this study was to pilot the feasibility of studying cross-modal 

spatial representation in a MR environment. In a PET scanner, the subject can directly see 

his own hands (see Fig. n.1.1). Hence, visual and tactile stimulations can be placed in the 

same spatial position, irrespectively of the frame of reference one wants to consider. On 

the other hand, in a MR scanner the subject is totally enclosed in a tight tube. Space is 

very restricted, and a direct view of the hands is impossible. To allow bimodal 

stimulation with visual stimuli delivered near to the hands, I used a system of mirrors. 

However, because of the reflection, visual input (LED + hands + fixation point) appeared 

to be rotated 90 degree in respect of the real position. Subjects had their arms lying along 

the body, but viewed them as stretching in front of their eyes (see Fig. 111.(5.1). In this 

situation, visual and tactile input were in the same spatial position relatively to the world, 

but visual and proprieceptual sensory input did not agree, so that in a ‘receptor centred’ 

co-ordinate system the stimuli were actually in different positions.
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MRI setup
M irror box

RF-coil

Figure III.6.1. This figure shows a 
schematic representation of the 
subject set up in the MRI scanner. 
The subject’s arms lie along the 
body. A box with two mirrors sits 
on top o f the RF-coil. Through the 
mirror system the subject can see 
his own hands, the LED and the 
fixation point. However because of 
the reflection, the visual scene 
appears rotated 90 degrees, 
appearing in front of the subject 
looking upwards (in red).

Design

Subjects

Eight volunteers participated in this study. All were right-handed men. Mean age 

was 28 years old (range 21-33). None of them had psychiatric or neurological history, or 

was taking any drugs.

Paradigm

Functional data were acquired using a blocked fMRI protocol. Four conditions 

were organised in a 2x2 factorial design. One factor was the side of the stimulation (left 

or right). The second factor was the modality of the stimulation (visual or tactile). I will 

refer to the four conditions as: sLV (left-visual stimulation), sRV (right-visual 

stimulation), sLT (left-tactile stimulation), sRT (right-tactile stimulation). Additionally,
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between each block there was a period without any stimulation. This served as a baseline 

condition.

Stimuli and task

The data of Experiment 6 were acquired with the same experimental setup (and 

same subjects) as Experiment 8. The following description of the apparatus used for the 

stimulation will seem unnecessarily complicated for the present experiment. This is 

because the apparatus was designed for the complex task used in Experiment 8.

Subjects lay in the scanner with both hands resting on two separate plastic 

supports. Two LEDs were placed over each thumb: high and low position. The distance 

between the high and the low LED was 3 cm. The two LEDs were not exactly one above 

the other, so that the high LED was at 9 cm from the central fixation point, while the low 

LED was at 11 cm from the fixation point (see Fig. III.8.1). Under each thumb, in 

correspondence to the LED, small tubes were connected to the plastic supports. These 

tubes were used to deliver the tactile stimulation, which consisted of air-puffs. Subjects 

viewed the LEDs, both hands and the central fixation point through a mirror system. The 

system consisted of two mirrors placed on top of the whole-head RE coil. The double 

reflection ensured that the volunteers saw their hands in the correct orientation, and not 

upside down. During the scanning period, subjects were asked to maintain central 

fixation. No task was performed with the stimuli. Stimulus presentation consisted of 

passive stimulation of the left or right hemifield, in either vision or touch. Each of the
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four conditions was repeated twice, with the order of the blocks counterbalanced within 

and between subjects.

Image acquisition

Functional images were acquired using EPI imaging. For each subject I acquired 

80 volumes. Each stimulation block consisted of 5 volumes (14.5 seconds). Baseline data 

were acquired between each stimulation block, also in blocks of 14.5 sec. The acquisition 

was in a transverse orientation with 32 slices and an effective repetition time (TR) of 2.89 

sec. The voxel size was 3 x 3 x 3  mm.

Data Analvsis

Data were analysed with SPM99b. For each subject, the 80 volumes were 

realigned using the first volume as reference. Images were normalised to the Montreal 

Neurological Institute (MNl) standard space, with the normalisation parameters estimated 

using the mean of the 80 functional images. Finally, all images were smoothed using an 

isotropic Gaussian kernel (FHWM of 10 mm).

Experiment 6 was analysed using a fix effect model. The analysis was set up in 

order to separate effects of side that were specific to one modality from the ones common 

to both modalities. Additionally, 1 wanted to test for areas, showing bimodal-bilateral 

responses. In order to do that, the 8 baseline blocks were modelled as 4 separate 

conditions. This produced independent baselines for each of the four stimulation
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conditions. The advantage of having independent baselines is that it allowed me to test 

for main effect of stimulation above baseline, with the additional orthogonal constraint 

(masking) that each stimulation condition had to activate above baseline. Because of the 

complexity of the pattern of activation I wanted to isolate, I used exclusive masking. This 

approach consists in creating SPM maps that are defined by a given effect being present 

and other effects being absent. Table III.6.1 illustrates the criteria that I used to isolate the 

expected pattern of activation. Generally the exclusion criteria were set so that in 

unimodal-contralateral areas no effect of side was to be observed in the second modality, 

and that in bimodal-contralateral areas no effect of modality was to be found. In 

uni modal-bilateral areas, the effect of side within the modality had to be excluded, and in 

the bimodal-bilateral areas, all effects of side and modality were excluded. Additional 

criteria were also used to ensure that only the relevant conditions activated above 

baseline.
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Criteria used to isolate different sensory responses

Unimodal (ex.: V) Bimodal

Contralateral (ex.: R) sME of side (R) in V

b s l - V R  & T L - b s l  

& T R - b s l  & V L - b s l  

& sM E o f  side (L) in T  

<& sM E o f  side (R) in T

ME of side (R) in V and T

bsl - V R  & bsl -  TR 

& V L -  bs l  & T L -  bsl  

& sM E  o f  m odality  (V ) f o r  R  

& sM E  o f  modality  (T) f o r  R

Bilateral ME of modality (V) for L and R

b s l - V L  & b s l - V R  

& T L -  bsl & T R -  bsl  

& sM E o f  side (L) in V  

& sM E o f  side (R) in V

All conditions versus bsl

sM E  o f  s ide  (L) in V  & T  

& sM E  o f  s ide  (R) in V & T  

& sM E  o f  m odality  (V) f o r  L & R  

& sM E  o f  m odality  (T) f o r  L & R

Table 1II.6.1. C riteria used in Experim ent 6 to isolate expected patterns o f  activation. U nlike the other 
experim ents, here I used exclusive masking. For each effect the principal contrast is in bold, while all the 
effects that were rem oved using exclusive masking are in italics.  For illustrative purpose unimodal effects 
are described for vision (V), and unilateral effects are considered for right stim ulation (R). See text for a 
general view o f the exclusion criteria (sME: simple main effect; M E: m ain effect; R/L: left and right; V/T; 
vision and touch; bsl: baseline)

Results

Unimodal visual representations (Fig. III.6.2 and Tab. III.6.2)

Contralateral responses

Contralateral visual effects were identified by testing for a simple main effect of 

side within vision ([sVL -  sVR] or [sVR -  sVL]). Additionally, exclusive masking was 

used to ensure that there was no effect of side for touch and that ipsilateral visual 

stimulation and ipsi- or contralateral tactile stimulation did not activate above baseline. 

The test for right visual stimulation activated the left lingual gyrus, contralateral to the
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stimulated side. The cluster extended laterally to the middle occipital gyrus. The 

maximum for the reverse comparison, left versus right, was found in the right middle 

occipital gyrus, with a second maximum in the right lingual gyrus. These activations are 

shown in figure III.6.2.a.

Bilateral responses

Bilateral responses were identified testing for a main effect of modality ([sVL + 

sVR] - [sTR + sTL]) in absence of an effect of side. This analysis revealed extensive 

activation of the occipital lobe and superior parietal gyri (see Figure III.6.2.b). All 

activations were bilateral. Portions of the middle occipital gyrus, adjacent to regions 

showing contralateral effects, were now activated for both left and right visual 

stimulation. On the ventral surface of the occipital lobe, activations were found anteriorly 

to the areas showing contralateral activity. The clusters extended between the anterior 

part of the lingual gyrus and the fusiform gyrus. No activation of the primary visual 

cortex was observed.
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Visual representations 
a.- Contralateral responses

Right visual stimulation Left visual stimulation

b.- Bilateral responses

Figure 111.6.2. Unimodal responses for 
visual stimulation. Two types o f responses 
were identified in the occipital cortex: 
contralateral, and bilateral, a. Unilateral 
responses were found in the ventral and 
lateral occipital lobe, contralateral to the 
stimulated side. b. Bilateral responses 
were found bilaterally in the superior 
occipital gyrus and part o f the middle 
occipital gyrus. Interestingly, the bilateral 
activation also extended into the parietal 
lobe. The superior parietal gyri were 
activated bilaterally (see blue arrows). On 
the same figure the areas that showed 
contralateral effects are highlighted in 
green (the contralateral activation in the 
left middle occipital gyrus is not visible in 
the left section o f panel a).

Visual responses LEFT Hemisphere RIGHT Hemisphere

Co-ordinates (Z-score) Co-ordinates (Z-score)

Contralateral representations *

Lingual gyrus -26 -7 0  -8  (4.2) 24 - 7 4 -1 2 ( 3 .7 )

Middle occipital gyrus -4 6 -8 2  16(3.6) 54 - 7 0 - 6 ( 6 .1 )

Bilateral representations

Superior parietal gyrus -28 -6 0  58 (5.2) 1 6 -7 2  56 (5.4)

Superior occipital gyrus -1 8 -8 2  42 (6.9) 24 -8 6  38 (7.1)

M iddle occipital gyrus -40 -7 6  4 (5 .3 ) 42 -8 2  10 (5.8)

Lingual/fusiform gyrus - 4 2 -6 8 -1 0 (5 .7 ) 46 -6 4  - 6  (6.1)

Table I1I.6.2. Contralateral and bilateral visual responses. Contralateral responses were identified by 
testing for an effect o f side within vision, with no effect within touch. Bilateral responses were 
characterised using the main effect of vision over touch in absence of any effect o f  side within vision.
(* for the contralateral responses, the activations in the left hemisphere were observed for the contrast 
right versus left, while activations in the right hemisphere correspond to the contrast left versus right)
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Unimodal tactile representations (Fig. IIL6.3 and Tab. III.6.3)

Contralateral responses

As for the visual modality, contralateral tactile representations were identified by 

testing for an effect of side within touch, in absence of any effect within vision. This 

analysis revealed that the right tactile stimulation caused contralateral increased BOLD 

signal in the left post-central gyrus. Two peaks were found: one in the superior post

central gyrus and one in the inferior post-central gyrus (see Table III.6.3). A third 

activation was observed in the left precentral gyrus, anteriorly to the somatosensory 

cortex. The reverse comparison, right versus left, did not activate any portion of the right 

post-central gyrus.

T actile  rep resen ta tions

' ' . I f "

Contralateral responses

Bilateral responses

Figure III.6.3. Responses to the unilateral tactile stimulation. Independently o f the side of the stimulation, 
increased brain activity was found in the parietal operculum, insulae, inferior post-central gyrus and post- 
central sulcus (in red). Additionally, the left superior post-central gyrus responded only to the right tactile 
stimulation (in green), while the right superior post-central gyrus responded to both left and right tactile 
stimulation.
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Bilateral responses

Bilateral tactile responses were found principally in the parietal operculum, the 

secondary somatosensory area. The clusters extended medially and dorsally, occupying 

the lower part of the post-central gyrus. The same clusters also extended anteriorly in the 

insulae. Bilateral activation was found also in the post-central sulci, and the anterior part 

of the intraparietal sulci. Interestingly, the right superior post-central gyrus also displayed 

bilateral proprieties. In the left hemisphere, this region showed contralateral responses. 

This asymmetry in the response of the post-central gyrus has been previously 

documented (Kelley et al. 1993), and may have played some role in the lateralised 

attentional effects observed in Experiment 1 2 and 3.

Tactile responses LEFT Hemisphere RIGHT Hemisphere

Co-ordinates (Z-score) Co-ordinates (Z-score)

Contralateral representations*

Superior post-central gyrus -48 -2 6  56 (4.6) —

Inferior post-central gyrus -46 -2 6  38 (4.5) —

Superior pre-central gyrus -1 6 -1 4  76 (5.6) —

Bilateral representations
Parietal operculum -52 -1 2  14 (7.2) 40 -2 0  14 (4.3)

Inferior post-central gyrus -6 2 -1 8  20(10 .8 ) 6 0 - 1 2  14(10.8)

Insulae - 5 4 - 4  2 (7 .6 ) 48 0 - 2 ( 6 .6 )

Post-central sulcus -52 -34 52 (6.1) 3 0 ^ 2  66 (5.4)

Superior post-central gyrus — 46 -2 6  50 (6.7)

Table II1.6.3. Contralateral and bilateral tactile responses. Secondary somatosensory regions (i.e.: 
parietal operculi, inferior part o f the post-central gyri and insulae) responded to both left and right tactile 
stimulation. On the other hand, the superior post-central gyrus responded contralaterally in the left 
hemisphere and bilaterally in the right hemisphere. (* see note in the legend o f Table III.6.2)
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Bimodal representations 

Contralateral responses

Bimodal contralateral responses were highlighted by testing for a main effect of 

side irrespectively of the modality stimulated. Contralateral effects were found in the 

anterior part of the intraparietal sulcus and in the superior pre-central gyrus (see Table 

III.6.4). The maximum for the intraparietal activation in the right hemisphere was found 

in the very posterior part of the cluster (y = -52), hence appearing to be posterior to the 

bilateral cluster (y = -36) reported in the same table. However, inspection of the two 

clusters superimposed on the canonical brain, revealed that the contralateral cluster was 

found mainly anterior to the bilateral activation.

Bimodal responses LEFT Hemisphere RIGHT Hemisphere

Co-ordinates (Z-score) Co-ordinates (Z-score)

Contralateral representations *

Intraparietal sulcus (anterior) -24 -3 4  62 (3.9) 30 -5 2  64 (3.8)

Superior pre-central gyrus -28 - 8  48 (3.6) 2 6 - 2  66 (4.6)

Bilateral representations
Superior temporal sulcus -4 8 -2 8  4 (1 0 .5 ) 6 0 - 2 2  2 (9 .7 )

Intraparietal sulcus (posterior) -34 -4 8  60 (5.9) 36 -3 6  46 (6.3)

Pre-central sulcus -32 - 2  58 (7.3) 56 8 38 (7.5)

Table III.6.4. Contralateral and bilateral bimodal responses. Weak effects o f  side were detected in the 
intraparietal region and in the superior pre-central gyrus. Bimodal-bilateral responses were found in 
several association areas. These included the posterior part o f the superior parietal lobule, the frontal eye 
field and the superior temporal sulcus. All these activations were bilateral. (* see note in the legend of 
Table III.6.2)
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Bilatéral responses

The test for bimodal bilateral responses (all four conditions versus rest) revealed 

extensive activation of fronto, parietal and temporal association areas. In each of these 

high order areas the activations were restricted to specific regions. In the temporal lobe 

increased signal was found bilaterally, in the posterior part of the superior temporal 

sulcus. The activation extended to the inferior part of the parietal lobe, in the 

supramarginal gyrus. The frontal activation was found at the interception of the superior 

frontal sulcus with the pre-central sulcus: an area that may correspond to the frontal eye 

field. The parietal activation was located in the intraparietal sulcus, the maximum 

reported for the right hemisphere appears to be very anterior, but other peaks were found 

more posteriorly (for example: x,y,z = 42 -48  64; Z = 5.1). All bimodal bilateral 

activations were found in both hemispheres (see Fig III.6.5).

B im odal b ila teral rep resen ta tions

• V

Figure III.6 .5 . Network o f areas 
responding to both left and right 
stimulation, independently o f  the 
sensory modality stimulated. 
These areas might provide the 
type of bimodal-bilateral 
representation expected in areas 
serving control functions. Note 
the strong overlap between areas 
generally associated with 
attention shifting tasks and the 
areas activated here, when a 
passive stimulation protocol was 
used.
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Discussion

Visual representations

As expected visual representations were found principally in the occipital lobe. 

Within the occipital lobe different areas displayed different proprieties in respect of the 

side of the stimulation. The lateral part of the middle occipital gyrus showed a pattern of 

activation that was dependent on the hemifield stimulated. This was in agreement with 

the results of Experiment 1, 3 and 4 where the same region showed attentional 

modulation depending on the side attended. This suggests that the modulation observed 

in the experiments presented in Part II, might reflect an influence of endogenously 

directed attention on modality specific spatial representations. Experiment 1 and 3 also 

revealed modulation of the superior occipital gyri, hence the expectation that in 

Experiment 6 also this area would show some specificity in regard of the side stimulated. 

This was not observed. Unlike the middle occipital gyrus, the superior occipital gyrus 

activated independently of the side stimulated. This discrepancy might be due to the 

different sensory stimulation used, for example the smaller eccentricity of the stimuli 

used in Experiment 6. Alternatively, the particular experimental set up required in the 

MR environment, might have played a role. In Experiment 4, when the hands were not 

visible at all, and the visual stimulation was presented via a computer screen, the superior 

occipital gyrus totally failed to activate. This suggests that the visual representations in 

this dorsal visual area might be influenced by spatial factors such as the direct sight of the 

stimuli. However, this hypothesis should be tested by specific experiments manipulating
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the sight of the hand and the presence of visual stimuli nearby (in a analogous way to the 

procedures used in Experiment 2).

Experiment 6 also showed activation of the ventral surface of the occipital lobe. 

Activation of these regions was not observed in any of the PET experiments presented in 

this thesis. As pointed out in the discussion of the experiments in Part U, previous studies 

on visuo-spatial attention have frequently activated ventral, rather than dorsal areas 

(Heinze et al. 1994, Mangun et al. 1998). Again the reason for this may lie in the type of 

visual presentation used or the eccentricity of the stimuli. Here, I observed that the 

posterior part of the occipital lobe, probably the lingual gyrus in correspondence of areas 

VP and/or V4v, responded to contralateral stimulation. This was in agreement with 

previous studies that used finer retinotopic mapping (Tootell et al. 1997). More 

anteriorly, at the boundary between the lingual and the fusiform gyrus this spatial 

specificity disappeared, and the responses became bilateral. This suggests a degradation 

of the retinotopic organisation in higher visual areas.

In the parietal lobe, I found visual responses in the posterior intraparietal sulcus, 

and superior parietal gyrus. The responses were bilateral, in agreement with the results of 

Experiment 1 when direct comparison of visual and tactile stimulation revealed activation 

of superior/posterior parietal lobe, but no effect of directed attention.
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Tactile representations

As expected, tactile responses were found in post-central areas. However, a 

striking asymmetry between the responses in the two hemispheres was also observed. In 

the superior part of the post-central gyrus responses were contralateral in the left 

hemisphere, but bilateral in the right hemisphere. These effects, together with the effect 

of the task investigated in Experiment 4, might have played a role in the asymmetry of 

the attentional modulation observed in Experiment 1, 2 and 3. In fact the modest 

contralateral representations in the right post-central gyrus would have influenced all 

experiments that directly compared attention to one hand versus the other.

The reason for such an asymmetry in the cortical representation is unclear. One 

hypothesis is that these effects are due to the fact that all subjects were right-handed. 

However, previous studies on functional asymmetries of the post-central gyrus have 

suggested that right-handed subjects shows more ipsilateral activation during left hand 

task, suggesting bilateral representation in the left hemisphere (Singh et al. 1998). 

Opposite conclusions were reached in a study by Kelley et al. (1993), when brain activity 

measured using transcranial doppler velocity showed bilateral responses for right hand 

task, and contralateral responses for left hand task (all right-handed subjects). However, it 

has to be noted that both Kelley and Singh used tasks involving motor rather that 

somatosensory systems.

Bilateral tactile responses were found also in the lower part of the post-central 

gyrus and parietal operculum. In this case the activations were symmetrical in the left and
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right hemisphere. The finding of these bilateral effects replicated previous studies 

(Burton et al. 1993) and was consistent with the absence of contralateral spatial 

attentional modulation in Experiment 1, 2 and 3.

Bimodal responses

The anterior part of the intraparietal sulcus showed contralateral responses. In 

accord with this observation, Experiment 1 and 3 showed bimodal attentional 

modulations depending on the attended side in similar regions. Bimodal neurones have 

been reported in several areas in and around the anterior part of the intraparietal sulcus 

(Colby and Duhamel 1991; Graziano and Gross 1993), suggesting a supramodal role for 

this structure in the coding of space.

Bilateral bimodal responses were found in a more posterior area of the 

intraparietal sulcus, in the superior frontal cortex and in posterior part of the superior 

temporal sulcus. All these areas comprise regions with bimodal neurones, as revealed by 

electro-physiology (Bruce et al. 1981; Graziano and Gross 1993). Additionally, activation 

of the temporal and frontal regions was in agreement with the common activation 

between vision and touch, independent of the attended side, reported in Experiment 3.

The finding that these region receive both visual and tactile input from both the left and 

right hemifields, supports the hypothesis that these regions may act as supramodal centres 

for covert spatial orienting (control structures).
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Generally, the finding of Experiment 6 seem to support the idea that the 

modulatory effects observed in the experiments presented in Part II reflect the modulation 

of contralateral representations. Occipital areas showed contralateral responses during 

visual stimulation, the left post-central gyrus (but not the right, in an analogous way to 

the attentional effects reported in Part II) showed contralateral tactile responses, while the 

anterior part of the intraparietal sulcus showed bimodal effects of side. All these areas 

where modulated by spatial attention in Part II.

The posterior parietal lobe showed bilateral visual responses, while the inferior 

post-central gyrus and parietal operculi showed bilateral tactile effects. The same areas 

were modulated by attention to one modality versus the other, without any effect of 

attended side (see Experiment 3).

Finally, Experiment 6 showed that both the superior temporal sulcus and the 

superior frontal cortex responded to visual and tactile stimuli irrespectively of side. This 

was analogous to the bimodal, bilateral attentional modulations observed in Experiment 

3.
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7. Preliminary study using event-related fMRI

Introduction

In experiments on selective spatial attention, the activity of brain areas involved 

in the selection of spatial representations is likely to be sustained. While attention is 

maintained to a given location, it is expected that the mean activity of areas representing 

that portion of the space, or stimuli presented there, should stay high throughout the 

attended period. On the other hand, the activity expected during covert spatial orienting is 

transient in nature. A burst of neuronal activity is expected in the moment at which 

attention is shifted from a current location and engaged at a new location. This substantial 

difference in the type of activity expected during selective attention and spatial covert 

orienting has a strong implication for the methodology that best suits the study of these 

processes. Experiments dealing with spatial selection, which I presented in Part II, are 

mainly PET experiments. This was motivated by the fact that the PET environment 

permitted delivery of tactile stimulation at locations directly visible to the subjects. Since 

the expected activity was sustained, the fact that the PET signal had to be integrated for 

90 seconds was not problematic.

Because of the transient nature of the activity associated with attention shifting, I 

decided to use event-related fMRI. This technique allows localisation of bursts of activity 

time-locked to a specific event type. The principal aim of the pilot study presented here
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was to assess the possibility of detecting event-related responses in the somatosensory 

system. Additionally, I wanted to verify that I could detect event-related responses to 

weak visual stimuli presented in a strongly illuminated environment (MR tube).

Detection of brain responses to the stimuli was considered necessary to be able to 

investigate crossmodal attentional effects. Finally, common responses for both visual and 

tactile events were expected in areas showing bimodal responses in Experiment 6.

Design

Subjects

Three volunteers (aged 25, 27 and 32) participated in this pilot experiment. All 

were right-handed. None of them had psychiatric or neurological history, or was taking 

any drugs.

Stimuli and Task

Two event-types were presented: one event was visual, the other was tactile. The 

visual stimulation consisted of a cluster of three LEDs flickering for 300 ms. The LEDs 

were placed 10 cm on the right of the central fixation point. They were attached to the 

right index finger, where the tactile stimulation was delivered. The tactile stimulation was 

a gentle vibration lasting 300 ms. The vibration was generated by a pulsed current passed 

through a coil placed in the MR scanner magnetic field. The participants viewed the 

LEDs and the fixation point reflected on a mirror placed on top of the whole-head RE
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coil. The inside of the magnet was illuminated, so that the volunteers could also see their 

right hand placed vertically on a plastic support, with the right LEDs placed on the index 

finger. Because of the mirror reflection, the scene appeared upside down and slightly 

further away. Taking into account the reflection, the distance between the eyes and the 

fixation point was approximately 1 m. The only task for the volunteers was to maintain 

central fixation throughout. No overt response to the stimuli was required.

Image Acquisition

For each subject, the data were acquired in a single session lasting 28 min. Each 

event type was repeated 100 times. The interstimulus interval was 16.44 sec (min = 4.11 

sec, max = 24.66 sec). The order of the events was unpredictable. Functional images were 

acquired using EPl imaging. For each subject 1 acquired 400 volumes. Volumes were 

acquired in a transverse orientation with 48 slices and an effective repetition time (TR) of 

4.11 sec. The voxel size was 3 x 3 x 3  mm.

Data Analvsis

Data were analysed with SPM99. Images were smoothed using an isotropic 

Gaussian kernel (FHWM of 10 mm). SPM thresholds were set at p-uncorrected = 0.001 

for the differential effect between the two event types, and p-corrected = 0.05 for the 

common effects against baseline.
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Results

Vision versus touch

The direct comparison of visual and tactile events activated the left fusiform 

gyrus, contralateral to the stimulated hand. The maximum was found at x,y,z = -36 -60  - 

18 (Z-value = 3.4, Figure III.T.i.a). The middle occipital gyrus did not activate in this 

experiment but a second contralateral cluster was found at the occipital pole (maximum 

at x,y,z = -14 -92  -22; Z-value = 4.5). As in Experiment 6, posterior parietal lobe showed 

a main effect of vision over touch. The activation was medial and included the occipito

parietal junction. The maximum was found in the right hemisphere (x,y,z = 10 -62  60; Z- 

value = 4.3), but the cluster extended also in the left hemisphere. The cluster included 

area PO (parieto-occipital area) and area BA 7a. In general there was good agreement 

with Experiment 6, apart from the left middle occipital gyrus that did not activate in this 

study.

Touch versus vision

The reverse comparison, testing for higher event-related response during the 

tactile stimulation compared with the visual one, revealed contralateral activation of the 

superior post-central gyrus (x,y,z = -58 -22  46; Z-value = 5.0 and x,y,z = -42  -3 4  60 ; Z- 

value = 3.8). The more dorsal peak was presumably in SI (see Fig III.T.l.b). The parietal 

operculum (SII) activated only in the left hemisphere (x,y,z = -50 -36  18; Z-value = 3.8), 

while in the right hemisphere one cluster was located in the inferior part of the post-
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central gyrus (x,y,z =52 -18  34; Z-value = 3.8). Promisingly, in this pilot study 

contralateral somatosensory areas activated effectively.

E ven t-re la ted  responses to v isual or tactile  s tim ula tion

a. Vision versus touch:

Left fusiform gyrus

b. Touch versus vision:

Left post-central gyrus

Figure III.7.1. shows some 
of the areas that responded 
differentially to the visual 
and to the tactile responses. 
In the left hemisphere, the 
fusiform gyrus (a) showed 
event-related increased 
BOLD signal to the visual 
stimulation of the 
contralateral visual field. As 
expected, the post-central 
gyrus (b) showed increased 
response to the tactile 
stimulation.

Common activations for vision and touch

The main effect between modalities was masked with the simple effect within 

each modality. This ensured that event-related signal change was present in both 

modalities. This analysis confirmed the activation of inferior parietal and posterior 

temporal areas. The parietal activations were bilateral and extended inferiorly to the 

posterior part of the superior temporal gyrus and superior temporal sulcus (STS). In the 

right hemisphere two separate peaks were present: inferior parietal x,y,z = 68 -42 24 (Z- 

value = 6.0) and STS x,y,z = 68 -40 4; Z-value = 5.4). In the left hemisphere a maximum 

was found at x,y,z = -62 -46 14 (Z-value = 5.5), in the STS. The same cluster extended 

superiorly, into inferior parietal lobe. In both hemispheres, the clusters were found more
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anteriorly in respect of Experiment 7, and maxima were located in the inferior part of the 

post-central gyrus (see Table III.7.1).

In the frontal lobe two distinct regions activated. One area extended along the 

right middle frontal gyrus (from probably BA9) to fronto-polar areas (BA 10) similar to 

the one activated in Experiment 5 (for high shift rate), but more anterior to the area 

activated in Experiment 6 (common bilateral responses to left and right, visual and tactile 

stimulation). A second area of activation extended from inferior frontal gyrus (pars 

opercularis) to the insula. The frontal activation were symmetrical in the two 

hemispheres.

C om m on activa tions fo r v ision  and touch

—

Figure III.7 .2 . Areas showing 
common event-related activations 
for vision and touch. As in 
Experiment 6, the inferior parietal 
lobe and the superior temporal 
sulcus showed bimodal 
responses. On the other hand, the 
frontal activations were found in 
different regions in respect o f the 
one observed during blocked 
stimulation. Now the majority of 
the clusters were in the inferior 
and anterior frontal cortex.
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Event-related responses observed in Experiment 7
Hemisphere Co-ordinates Z-score

Modality specific responses

VISION Fusiform gyrus L - 3 6 - 6 0 - 1 8 3.4

Occipital pole L - 1 4 - 9 2 - 2 2 4.5

Occipito parietal junction R
L

10 -SO 42 
- 1 0 -6 2  60

3.4
4.3

TOUCH Superior post-central gyrus L -58 -2 2  46 5.0

Parietal operculum L - 5 0 -3 6  18 3.8

Inferior post-central gyrus R 5 2 - 1 8  34 4.3

Bimodal responses

Superior temporal sulcus R
L

6 8 - 4 0  4 
-62 -4 6  14

5.4
5.5

Inferior parietal lobe R 68 -4 2  24 6.0

Frontal operculum L
R

56 10 8 
-50 10 -6

4.8
4.9

Middle frontal gyrus R
L

40 40  8 
-44 54 12

4.6
4.2

Pre-central gyrus L -66 -2 2  20 5.3

Table III.7.1. Event-related increases in BOLD signal associated with visual and tactile stimulation. 
Modality specific areas contralateral to the stimulated side showed differential effect depending on the 
modality stimulated. Association areas in the parietal, temporal and frontal cortices responded to both 
visual and tactile stimulation.

Discussion

Experiment 7 was a pilot study that used fMRI to measure event-related brain 

responses to visual and tactile stimulation. The results showed the expected activation of 

contralateral modality specific areas (occipital for vision and post-central for touch, when
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the two event types were directly compared. Additionally several areas showed increased 

activity to both events. These activations were located in areas previously associated with 

spatial attention (Coull and Nobre 1998; Gitelman et al. 1999), suggesting that the 

unpredictability of the stimulus onset might have induced reflexive shifts of attention.

Event-related activitv to visual and tactile stimuli

The direct comparison of the two event types revealed the expected contralateral 

activation of modality specific areas. Generally, the results were in good agreement with 

the blocked stimulation used in Experiment 6. The principal difference was that the visual 

events in Experiment 6 also activated the middle occipital gyrus, which was not 

replicated in Experiment 7.

In addition to the contralateral activation of the left lingual gyrus, the visual 

stimulation activated the posterior part of the superior parietal lobe. This was in 

agreement with Experiment 6, which also showed bilateral activation of the posterior 

parietal cortex, independently of the side of the visual stimulation. Coull and Frith (1998) 

reviewed two experiments on visual attention and they concluded that the posterior 

parietal cortex seems be specifically involved in visuo-spatial processing. This suggests 

that the bilateral activation found in Experiment 7 may relate to an automatic capture of 

visual attention, rather than mere stimulus related activity.
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Common responses to both visual and tactile events

The initial aim of this pilot study was to demonstrate event-related brain 

activation for visual and tactile stimuli. To do that, the two event-types were compared 

directly. However, the scanning procedure I used also allowed me to test for common 

BOLD increase during both event types. This analysis showed activation of a set of 

inferior parietal/superior temporal and inferior frontal areas.

Temporo-parietal junction

Distinct areas in the inferior parietal lobe (BA40) and posterior/superior temporal 

lobe (BA 22) showed signal increase to both visual and tactile events. These areas are of 

major interest in the study of cross-modal spatial attention both for the supra-modal 

proprieties of their neurones (Bruce et al. 1981) as well as their involvement is spatial 

behaviour (Luh et al. 1986; Vallar and Perani 1986). Similar regions were activated in 

the majority of the experiments presented in this thesis and their possible role in cross- 

modal spatial attention will be discussed extensively in the General Discussion (Part IV). 

Here, I will only emphasise the statistical robustness of the activations, and the fact that 

the bimodal responses of these areas cannot be accounted for by a common motor 

requirement.

208



E. Macaluso Cross-modal Spatial Attention

Inferior frontal areas

A second set of areas showing a common response to visual and tactile events was 

found in the inferior frontal lobe. One cluster extended along the anterior part of middle 

frontal gyrus ending in the fronto-polar cortex. A second cluster was found in the inferior 

frontal gyrus (pars opercularis). As already mentioned in the discussion of Experiment 5, 

spatial attentional functions have been generally associated with activation of superior 

frontal areas (Nobre et al. 1997; Corbetta et al. 1998). Here, I report activation of inferior 

frontal, opercular and insular areas. As in Experiment 5, the activation of inferior frontal 

areas was coupled with activation of inferior parietal/superior temporal areas. This seems 

to be a general finding, previously reported by Nobre et al. (1999) and Kim et al. (1999). 

Both these studies investigated the neural basis of covert orienting to visual stimuli and 

found activation of inferior frontal and inferior parietal areas. The reason why earlier 

studies (Nobre et al. 1997; Corbetta et al. 1998) found mainly dorsal activations, while 

more recent experiments activated more inferior regions is still unclear and will be 

addressed in the General Discussion section (Part IV).

In conclusion. Experiment 7 confirmed the feasibility of visual and tactile 

stimulation in the MR environment and demonstrated that event-related responses to 

weak visual stimulation and tactile stimulation can be detected in contralateral sensory 

specific areas. Additionally, Experiment 7 showed time-locked BOLD signal increase in 

temporo-parietal and frontal association areas to both visual and tactile stimuli. Although
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the significance of these bimodal activations in relation to the control of spatial attention 

could not be established in this experiment, their anatomical localisation suggests a 

possible involvement. With the next two experiments I will provide substantial evidence 

for the participation of these structures in the control of covert orienting to both visual 

and tactile stimuli.

8. "''Validity Effect” in vision and touch

Introduction

The aim of Experiment 7 was to measure event-related BOLD responses 

associated with the presentation of visual or tactile stimulation. Differential responses to 

visual and tactile stimulation were found in modality specific areas. On the other hand, 

several inferior fronto-parietal areas showed common activations for both modalities. 

Given the location of the common clusters and previous finding on spatial attention, I 

suggested that the fronto-parietal areas may act as supra-modal centres for covert 

orienting.

Psychologically, visual covert orienting has been studied using several 

paradigms. The classical approach (Posner 1980) consists in cueing one location and 

presenting a target probe either at the cued location or at another position. Subjects are
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slower to respond when the target is presented at an uncued location. The difference in 

reaction time is called the “invalidity effect”. Posner proposed that this difference 

represents the time that is needed to disengage attention from the cued location, shift and 

re-engage at the new location.

Several imaging studies have used various version of this paradigm to investigate 

the neural substrate of attention shifting (Gitelman et al. 1999; Rosen et al. 1999). 

However, none of these studies was able to compare brain activity for incorrectly versus 

correctly cued stimuli. In a PET study, Nobre et al. (1999) compared scans with high 

proportion of incorrectly versus high proportion of correctly cued targets, but conditions 

of spatial and non-spatial attention were pooled. The results showed that inferior parietal 

and orbito-frontal cortex were more active during the invalid trials.

In Experiment 8 ,1 employed a cross-modal version of the Posner paradigm. As in 

Nobre et al. (1999) the design was chosen to allow comparison between invalid and valid 

trials. However, rather than comparing blocks with different proportions of valid and 

invalid cues, I used event-related fMRI to compare the two event types. Additionally, the 

target could occur, not only in vision, but also in the tactile modality.
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Design

Subjects

Eight volunteers participated in this study. All were right-handed male. Mean age 

was 28 year old (range 21-33). None of them had psychiatric or neurological history, or 

was taking any drugs.

Paradigm

Functional data were acquired using an event-related protocol. Eight event types 

were organised in a 2x2x2 factorial design. One factor was the validity of the cue (valid 

or invalid). The second factor was the side of the target (left or right). The third factor 

was the modality of the target (visual or tactile). I will refer to the events as vLtuc (for 

valid left touch), iRvis (for invalid right vision) and so on.

The cue was auditory: a male voice saying “left” or “right”. The cue predicted the 

side of the target with 80% correctness. The modality of the target was not cued. Half of 

the targets were visual the other half were tactile. Visual and tactile targets were 

presented in a random order. Subjects responded to every target (see stimuli and task). 

Each subject underwent four separate scanning sessions. In two sessions, responses were 

made with the right hand, in the other two the left hand was used. This expanded the 

factorial design to a 2x2x2x2, where the “responding-hand” factor was a between 

sessions effect.
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Stimuli and Task

The general set up of Experiment 8 was the same as in Experiment 6. In both 

experiments the hands rested on two separate plastic supports. Two LEDs were placed 

over each thumb: high and low position. The distance between the high and the low LED 

was 3 cm. The two LEDs were not exactly one above the other, so that the high LED was 

9 cm from the central fixation point, while the low LED was at 11 cm from the fixation 

point (see Fig 111.8.1). Under each thumb, in correspondence with each LED, small tubes 

were connected to the plastic supports. These tubes were used to deliver the tactile 

stimulation, which consisted of air-puffs.

1700 ms after the cue onset, one of the four LEDs or one of the four air-puffs was 

turned on for 100 ms. The task of the subject was to judge if the target was high or low. 

Responses were made during both valid and invalid trials. Independently of the modality 

and side of the target, subjects responded by pressing a button with the index finger to 

indicate high-target and with the middle finger to indicate a low-target. The hand used for 

the response was changed between sessions. Within session, only one hand was used for 

both left and right targets.
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Apparatus used in Experiment 8 (and 6)

0

LEDs Air puffs Keypress I I Fixation point

F igure III.8 .1 . Setup of the stimuli used in Experiment 8 and Experiment 6. Subject’s hands were placed in 
two plastic supports. Each support accommodated two LEDs (above the thumb) and two holes to deliver 
the air puffs (below the thumb). Additionally, in correspondence with index and middle fingers there were 
two buttons, which were used for the overt responses. Between the two supports a white dot served as 
fixation point.

Subjects viewed the LEDs, both hands and the central fixation point through a 

mirror system. The system consisted of two mirrors placed on top of the whole-head RE 

coil. The double reflection ensured that the volunteers saw their hands in the correct 

orientation, and not upside down. A third mirror was also placed on top of the RF coil. 

This was used to monitor fixation throughout the experiment.

For each subject, the functional data were acquired in four separate sessions. The 

only difference between the session was the hand with which the responses were made. 

Each session lasted 6 min. During each session I presented 64 valid events (16 in each 

modality, for each side) and 16 invalid events (4 in each modality, for each side). The 

inter-trial interval was fixed at 4.2 sec. The order of the events was randomised.
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Image Acquisition

Functional images were acquired using EPI imaging. For each subject I acquired 

123 volumes. Volumes were acquired in a transverse orientation with 32 slices and an 

effective repetition time (TR) of 2.89 sec. The voxel size was 3 x 3 x 3  mm.

Data Analvsis

Data were analysed with SPM99b. For each subject, acquisition timing was 

corrected and the 123 volumes were realigned using the first volume as reference. 

Normalisation parameters were estimated using the mean of the 123 functional images.

As final pre-processing all images were smoothed using an isotropic Gaussian kernel 

(FHWM of 10 mm).

Experiment 8 was analysed using a random effects approach. Because of the 

small number of subjects, few residual degrees of freedom would have been available for 

statistical inference. For this reason I will present a random effects analysis in which the 

effect of each session was entered in the second level analysis (see Methods, in Part I). 

This does not allow me to extend the inference to the all population. However, it still 

allows inferences about the brain activity of the participants independently from when 

they were scanned. The analysis consisted of two steps. In a first place, the data of each 

subject were analysed with a fixed effects model. Data were fitted (least square) at every 

voxel using a linear combination of the sixteen effects of interest. These were the timing 

of each event type convolved with the SPM99 standard haemodynamic response function
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(HRF), and the first derivative of the convolved response. The derivative allowed for a 

temporal displacement of the fitted response in respect of the onset of the event. The 

effect of the displacement was considered an effect of no interest. Contrasts were used to 

compare the estimated effects of interest. For each contrast, an image representing the 

size of the difference was produced. The contrasts were specific to each session. In this 

way for each effect of interest, I produced four images for each subject. These images 

were entered in the second level (simple t-test). This tested if the mean effect size across 

subjects and sessions was different from zero. The resulting set of voxel values 

constituted a new SPM{t}-map with 31 residual degrees of freedom. SPM {t }-thresholds 

for the main effect of validity and modality of the stimulation were set at p-uncorrected = 

0.001 and a correction for multiple comparisons was applied on the base of peak height 

and cluster size. Given the expected interaction between modality and side of the 

stimulation, and more interesting interactions between validity, modality and side, further 

statistical tests were carried out. These consisted in defining a region of interest around 

the main effect maximum and testing for the expected simple main effects and 

interactions. The region of interest was a 1 0 x 1 0 x 1 0  mm cube. This size was chosen to 

match the spatial filter applied to the data. If sphericity (equal variance was across 

conditions) is assumed, the statistical significance of the simple main effects can be used 

to interpret the various interactions. For example, if an area that shows an interaction 

between modality and side, and the simple main effect of side in vision is more 

significant than in touch, it can be suggested that this area responds to side predominantly
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during visual trials. This procedure is equivalent to the masking approach that was used 

in all the experiments presented in this thesis. However, this approach could not be used 

in Experiment 8 because of the random effects analysis (where masking is not 

implemented).

Results

Behavioural performance

Table III.8.1 shows mean reaction times and standard deviation for the all levels 

of the factorial design (included the responding hand). A two-way ANOVA found the 

expected validity effect (p = 0.010), with faster responses to valid cues. Nevertheless, 

there was a strong interaction between validity of the cue and modality of the target (p < 

0.000), with the invalidity effect being more pronounced for tactile targets. Within vision, 

the invalidity effect only approached significance (p = 0.074). The ANOVA also found a 

significant main effect of the modality of the target (p = 0.001), with vision faster than 

touch. An effect of stimulus-response compatibility was detected (p = 0.023), with faster 

responses to stimuli presented on the side of the responding hand. None of the other 

effects and interactions reached significance. Figure III.8.2 shows the mean for all 

conditions. Inspection of the accuracy data revealed that, although accuracy was very 

high in all conditions, subjects were generally less accurate during valid trials (see bottom
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row of table III.8.1). Nevertheless, a two-way ANOVA on the percents of error-rate did 

not find any significant effect.

Reaction times in Experiment 8
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Figure HI.8.2. M ean reaction times and standard errors for the sixteen event types o f  Experiment 8. The 
ANOVA found a main effect o f validity (with valid faster than invalid), main effect o f modality (with 
vision faster than touch), and interaction between validity and modality (stronger validity effect for touch). 
Finally, this analysis revealed the expected stimulus-response com patibility effect (with faster RT for 
stimuli presented near to the responding hand).
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Reaction times in Experiment 8
Right Hand Left Hand

Touch Vision Touch Vision

Left Right Left Right Left Right Left Right

Val Inv Val Inv Val Inv Val Inv Val Inv Val Inv Val Inv Val Inv

553 645 517 588 517 546 497 532 524 643 556 657 498 557 527 581

6 7 101 64 81 76 8 7 74 82 93 113 85 77 81 79 74 77

92.6 95.3 96.1 98.4 91.4 90.6 93.4 95.3 92.6 93.6 92.6 93.6 87.1 95.3 91.4 95.3

Table III.8.1. Mean reaction times (first row) and standard deviations (second row) to the sixteen event 

types presented in Experiment 8. The third raw reports the percent o f  correct responses, (Left/Right: side 

o f the stimulation; Val/Inv: validity o f the cue)

Effect of the stimulated modality (Table 111,8,2)

In experiment 8 the targets were either visual or tactile. Direct comparison of the 

modality of the target lead to the expected activation of visual and somatosensory 

cortices.

Main effect o f vision

The contrast testing for a main effect of vision over touch showed bilateral 

activation of the occipital lobe and posterior parietal cortex and a single cluster in the 

right premotor cortex. In the occipital lobe three clusters were detected. These were in the 

lingual gyrus, the lateral occipital lobe and the superior occipital gyrus (BA19). The 

activation of the superior occipital gyrus extended dorsally into the superior parietal 

gyrus (BA7). Figure III.8.3.a illustrates the symmetry of the activation in the occipital
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lobe. Additionally, this analysis revealed a cluster in the fundus of the right precentral 

sulcus, at the intersection with the inferior frontal sulcus (BA6/8/44). The activation is 

also visible in figure III.8.3.a.

M ain effect o f  m odality  o f  the target

a. VISION

b. TOUCH 'S im

‘• V

m mm
Figure H I.8.2. Main effect o f the modality o f the targets. Valid/invalid and left/right target were modelled 
separately in the first step of the analysis, but here (random effect) the four events types are 
indistinguishable. As expected activations were found in the occipital and posterior parietal lobes for vision 
and in post-central and opercular areas for touch. Additionally, two clusters were detected in the frontal 
lobe: in the right hemisphere for vision and in the left hemisphere for touch.

Main effect o f  touch

The reverse contrast tested for higher BOLD signal during the tactile trials, 

compared with the visual trials. This revealed bilateral activation of the post-central gyri. 

The activations extended from the superior (SI) to the inferior part of the post-central 

gyrus, parietal operculi (SII) and insulae. As for the main effect of vision, a frontal cluster
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was found in the inferior frontal gyrus. The tactile activation was in the left hemisphere. 

Unlike the visual activation, the tactile cluster did not reached significance after 

correction for multiple comparison (x,y,z = -60 8 24; Z-score = 4 .1 ).

Interaction between modality and side o f the stimulation

The main effect of one modality versus the other, revealed bilateral activation of 

the respective modality specific areas. However, for each trial the stimulation was 

unilateral. Areas that represent contralateral stimuli should show an interaction between 

modality and side of the stimulation. Additional tests in the regions activated by the main 

effect of modality revealed the expected contralateral effects. All three occipital areas 

showed significant interaction between side and modality. The significant simple main 

effect of side during the visual events confirmed that the interaction arose because the 

effect of side was present in vision more than in touch. In tactile areas, interaction 

between modality and side was found in the right superior post-central gyrus, right 

inferior post-central gyrus and right parietal operculum. Both insulae showed significant 

interaction. In the left post-central gyrus the interaction was below threshold (p = 0.069), 

but a significant simple main effect of side (right versus left) during tactile stimulation 

could be demonstrated (p = 0.016).
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Effect of the sensory stimulation

Main Effect Contralaterality

C o-ordinates Z -score Interaction  

(m oda lity  x  side)

S im ple main  

effect o f  side

Vision

Lingual Gyrus - 4 2 - 7 2 - 1 6 6.4 0.010 0.000

40 -7 2  -1 2 5.9 0.015 0.000

Middle Occipital Gyrus -40 -8 4  8 6.3 0.004 0.000

48 -6 8  10 6.9 0.005 0.000

Superior Occipital Gyrus -28 -9 0  30 5.1 0.030 0.012

36 -8 0  22 6.5 0.002 0.000

Superior Parietal Gyrus -1 0 -8 0  52 4.2 0 .1 2 1 0 .0 6 9

26 -7 4  50 5.3 0.020 0.000

Precentral Sulcus 46 6 24 4.4 0.061 0.007

Touch

Superior Post-central sulcus -54 -2 8  52 5.1 0 .0 6 9 0.016

(SI) 5 8 - 1 6  52 4.6 0.006 0.000

Inferior Post-central Sulcus -5 4 -1 8  28 5.8 0 .4 2 5 0 .2 6 5

64 -1 2  34 4.9 0.011 0.001

Parietal Operculum (SII) -5 2 -1 4  10 6.4 0 .2 9 5 0 .123

58 -2 2  12 6.1 0.004 0.000

Insulae -38 - 2  -4 4.2 0.034 0.034

4 6 - 4 6 5.8 0.005 0.000

Table III.8.2. This table reports the effect o f the modality o f the target. The main effect was assessed  
with the appropriate random effect analysis. In a region o f interest centred at the maximum o f the 
each activated cluster, a second analysis was performed to detect contralateral effects o f  the 
stimulation (i.e.: interaction between modality and side o f the stimulation). Additionally, simple main 
effects o f  side within one modality were used to confirm the expected pattern o f  activation.
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Validity effect

Aim of Experiment 8 was to identify brain areas involved in attention shifting, to 

both visual and tactile targets. These were identified by comparing invalid versus valid 

trials (invalidity effect). During invalid trial the subjects directed attention to one 

hemifield, but the target appeared in the opposite hemifield. This caused an exogenous 

attentional shift. The reverse comparison, valid versus invalid may show the effect of 

stimulating an attended location. This may cause an increase of activity in brain areas 

processing the presented stimulus (stimulus presentation at attended versus unattended 

location).

Effect o f  Invalid trials

The comparison of invalid versus valid trial showed activation of a distributed 

network. This consisted of the inferior parietal lobe, the superior temporal sulcus, the 

inferior frontal gyrus, FEE, fronto-polar gyrus and cerebellum. The inferior parietal 

activation extended from the anterior part of the supramarginal gyrus posteriorly and 

inferiorly to the superior temporal sulcus. In the right hemisphere the activation was more 

pronounced in parietal lobule, while in the left hemisphere the most significant activation 

was found in the superior temporal sulcus. The activation of the inferior frontal gyrus was 

also bilateral, although stronger in the right hemisphere. The activation extended from the 

lateral part of the inferior frontal gyrus to the frontal operculum and anterior insulae. In 

contrast, the fronto-polar activation was found only in the right hemisphere. The cluster

223



E. Macaluso Cross-modal Spatial Attention

found at the intersection of the middle frontal sulcus with the precentral gyrus was also 

confined to the right hemisphere. Functionally this may coincide with the frontal eye field 

(Petit et al. 1997; Paus 1996). As can be noted in table III.8.3 all areas showed a simple 

main effect of invalid cueing within both modalities. This result was critical to confirm 

the supramodal role that these areas may play in covert spatial orienting.

Invalid  trials
Figure III.8 .3 . Brain activations 
associated with the invalid trials. 
Several areas activated in previous 
experiments o f this thesis showed a 
main effect o f cue invalidity. A 
network consisting of temporo
parietal junction, inferior frontal 
cortex and right superior frontal 
cortex was more active during 
invalid than valid trials. The 
contrast was matched for sensory 
stimulation and motor output, so 
that the activations should reflect 
the process o f covert spatial re
orienting (attention shifting).

Effect o f Valid trials

Compaiing valid versus invalid trials I expected to demonstrate modulation of 

sensory specific areas. This prediction revealed to be correct. Valid trials activated the 

calcarine sulci and the superior post-central gyri. Both activations were found bilaterally. 

Additionally, the precentral gyrus activated bilaterally while the insula and the parietal 

operculum were activated only in the right hemisphere. The activation of primary visual 

cortex was somewhat surprising since I did not observe any main effect of vision over 

touch in the calcarine fissure.
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V alid  trials

a. Calcarine fissure b. Post-central gyrus

Figure 111.8.4. Valid versus 
invalid trials. Activation was 
found bilaterally in both visual 
(a) and somatosensory areas (b). 
Unexpectedly, the validity effect 
was independent o f the modality 
o f the target, suggesting that the 
activations relate to preparatory 
activity, rather than modulation 
o f incoming sensory input. In 
figure III.8.4.b the post-central 
activation is highlighted in green.

Interaction between Validity and Modality

Within the areas that showed a main effect of invalidity, I performed additional 

tests to establish if the invalidity effect was modality specific or supramodal. The results 

of these additional tests are reported on the right-hand side of table IIL8.3.

Areas activated during invalid trials showed simple main effect of invalidity in 

both vision and touch. This confirmed the supramodal role that these areas play during 

covert orienting. However, it has to be noted that, except for superior temporal sulci and 

the frontal eye field, all other areas showed some interaction between validity and 

modality of the stimulation. Interactions were not particularly pronounced. In areas 

showing interactions, the effect of invalid cueing was stronger during the tactile trials 

than during the visual trials. This is evident if one considers the simple main effect of 

invalidity (invalid versus valid) within one modality. These show that generally the effect 

in touch was more significant. This seems to mirror the effect observed behaviourally.

225



E. M acaluso Cross-modal Spatial Attention

where the invalidity effect was present in both modalities but was significantly stronger 

during tactile trials.

The reverse comparison, valid versus invalid, activated early areas within both 

visual and tactile regions. Consequently interaction between validity and modality was 

expected. However, the evidence for such an interaction were statistically weak. In the 

calcarine sulcus, an interaction was detected only in the right hemisphere (p = 0.058, only 

approaching significance). In the superior post-central gyrus a significant interaction was 

found in the left hemisphere (p = 0.003), while in the right hemisphere the statistic was 

weaker (p = 0.065). The simple main effect suggested that the pattern of activation was as 

expected. In visual areas the effect of a valid cue was stronger during visual trials, while 

in the post-central gyrus the validity effect was stronger during tactile trials. However, it 

has to be noted that significant effects were present also during trials in the other 

modality.

Interaction between Validity and Side

A second type of interaction that might occur concerns the effect of side during 

valid trials. If the effect of a valid cue was to modulate the brain response to an incoming 

stimulus, it should be possible to demonstrate an interaction between validity and side. It 

was expected that in the right hemisphere the effect of valid cues would be stronger for 

left stimuli, while in the left hemisphere stronger effects would be expected for valid 

trials in the right hemifield. This prediction was not satisfied. Neither the calcarine fissure
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nor the post-central gyrus showed significant interactions between validity and side of the 

stimulation. In general, the simple main effects of validity were more significant 

contralateral to the stimulated side, but none of the statistical tests reached significance.

Validity effect

Main Effect Additional tests

C o-ord inate Z -score Interactions Simple Main Effects

Invalid Val X M od Touch Vision

Inferior parietal 
lobe

-56 -5 0  44  
62 -4 0  34

4.4
5.5

0.015
0 .083

0.000
0.000

0.006
0.000

STS -58 -5 0  10 
58 -4 2  16

4.9
4.3

0 .175
0 .248

0.000
0.000

0.000
0.000

Inferior frontal 
gyrus

-48 16 0 
50 20 -6

4.0
5.4

0.013
0.022

0.000
0.000

0.005
0.001

Fronto-polar
gyrus

36 56 2 4.2 0.031 0.000 0.018

Cerebellum -1 0 -8 8  -32 5.0 0.091 0.000 0.000

FFF 44 10 44 3.9 0.111 0.000 0.001

Valid V x M V x S TL TR VL VR

Calcarine
sulcus

-1 8 -5 8  10 
1 8 -5 2  22 
1 0 -8 8  16

5.6 
4.9
4.6

0.141
0 .058
0.091

0 .2 1 5
0 .1 7 5
0 .1 2 0

002
013
001

O il
039
O il

O il
051
008

000
000
005

Superior post
central gyrus

-34 -3 0  70 
-48 -1 4  52 
52 -2 0  52

5.0
3.8
4.3

0.047
0.003
0 .065

0.001
0 .2 0 9
0.121

013
002
001

000
001
005

191
0 6 8
118

000
012
003

Precentral
gyrus

-40 -1 6  64 
4 4 - 8  54

4.7
4.4

0.008
0.002

0.036
0 .112

014
000

000
001

018
025

020
010

Right insula 4 4 - 2  0 4.5 0 .195 0 .053 001 006 020 008
Table III.8.3. Validity effect in Experiment 8. Invalid: invalid versus valid trials. Valid: valid versus 
invalid trials. Within regions showing an effect o f  invalid trials (attention shifting) I tested for interaction 
between validity and modality, and for the simple main effects in the two modalities. Despite several 
regions showed an interaction between validity and modality, all areas showed significant simple effect 
within modality, suggesting that all these areas operate supramodallv. For the valid trials I tested for 
interaction between validity and modality (modality specific modulations) and validity and side (spatial 
modulations). Generally, areas responding to valid trials activated independently o f  modality or side o f  
the target. (Val or V: validity; Mod or M: modality; S: side; TL: touch left; VR: vision right; . ..)
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Discussion

Experiment 8 addressed the issue of attention shifting using both visual and tactile 

targets. The paradigm used was adapted from the classical shifting paradigm of Posner et 

al. (1980). Subjects were given an auditory cue indicating the most probable location of 

the target. In 80% of the trials the target was presented at the cue location. In 20% of the 

trial the target appeared in the opposite hemifield. During these invalid trial an attentional 

shift from the cued location to the target location is postulated to occur. The main 

difference between previous imaging studies on shifts of spatial attention and the one 

presented here was the uncertainty of the modality of the target. The auditory cue 

indicated the likely side of the target, but not the modality (either vision or touch). The 

aim of the experiment was to assess if any brain area would activate during the invalid 

trial, independently of the modality of the target. Such areas would be candidates for 

playing a role in the control of spatial covert orienting for both vision and touch.

Behavioural data

The 2-way ANOVA on reaction times showed that subjects were faster to respond 

when the cue predicted the side of the target correctly, indicating that the subjects used 

the auditory cue. Faster responses also resulted in more incorrect discriminations (i.e. 

potential speed/accuracy trade-off). However, the changes in accuracy were not 

significant, suggesting that subjects were indeed shifting attention to the cued side. The 

costs for the incorrect cues were significantly larger in touch than in vision. This might be
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due to the unusual experimental setup, with the subjects not directly viewing the LED. 

The mismatch between seen position and actual position in space might have caused the 

reduction of the cueing effect for the visual modality. Similarly, the imaging results were 

more robust for touch than vision.

Main effect of the sensorv stimulation

In Experiment 8 visual and tactile trials were intermixed, but because of the 

event-related nature of the analysis it was possible to highlight stimulus related 

responses. As expected, visual trials activated the occipital lobe and the posterior parietal 

cortex, while tactile trials activated the post-central gyri, parietal operculi and insulae. 

This was in agreement with the results of all experiments presented in this dissertation. In 

the occipital lobe superior, lateral and inferior regions were activated bilaterally. The 

superior occipital activations also extended into the posterior part of the parietal lobe. The 

tactile stimulation activated post-central areas, with the clusters extending from the dorsal 

surface, presumably primary somatosensory areas, to the inferior post-central gyrus, 

parietal operculum (SII) and insulae.

Within areas showing a main effect of modality, a second set of tests was 

performed in order to demonstrate the contralateral effect of the stimulation. These tests 

were spatially constrained to a cubic region of 1 cm^ centred at the maximum of the main 

effects. All occipital areas showed significant interactions between side and modality of 

stimulation. Additionally, these areas showed significant simple main effect of
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contralateral stimulation during visual trials. These additional tests confirmed that 

representations in these areas are primarily contralateral. In the posterior parietal lobe, 

which was also activated for vision over touch, the contralateral effects were weaker with 

only the right superior parietal gyrus showing significant interaction. This may be due to 

the presence of bilateral representations, as suggested in Experiment 6.

In somatosensory areas contralateral effects were expected mainly in the superior 

post-central gyrus. In fact, it was the case that the simple main effect of side during tactile 

trials activated the contralateral post-central gyrus. However, interactions between side 

and modality could be demonstrated only in the right hemisphere. This asymmetry was 

present also in the parietal operculum (SII). The reason for this asymmetry remained 

unclear, and the reversal of the activation pattern in respect of the observations of 

Experiment 6 (contralateral activations only in the left hemisphere) suggests high 

variability in the amount of ipsilateral activation in post-central regions.

Effect of invalid cueing

The principal aim of Experiment 8 was to identify brain areas involved in the 

shifting of spatial attention. Previous studies on spatial attention have concentrated on the 

visual modality, while here I attempted to identify areas involved in attention shifting 

independently of the modality of the stimulation. Early studies on visuo-spatial attention 

have compared conditions in which attention was shifted towards the periphery with 

baselines in which attention was not engaged (e.g. rest). These experiments have

230



E. M acaluso Cross-modal Spatial Attention

highlighted the role of superior parietal and frontal cortices (Nobre et al. 1997). More 

recently, similar results have been obtained in experiments that used more stringent 

controls during the baseline (Gitelman et al. 1999). Nevertheless, comparison of a 

peripheral task with a central task still does not solve the problem that activations may 

relate to the peripheral detection/discrimination. Experiment 3, which did not involve any 

attentional shift, also showed activation of fronto-parietal areas for visual attention. In 

Experiment 8 ,1 used event-related fMRI to address this issue. Using an adaptation of the 

classical Posner paradigm (Posner 1980), I was able to always compare conditions in 

which subjects had to perform peripheral discriminations. The only difference was the 

instruction that preceded the target (cue). Moreover the use of different modalities for 

cues (auditory) and targets (visual or tactile) reduced the possibility of contamination 

between cue and target related responses.

The experimental paradigm used here activated of large a network of inferior 

frontal and parietal regions. This replicated the finding of Experiment 5, which also 

investigated the neural substrate of attention shifting. However, Experiment 8 also 

activated the superior frontal sulcus, probably in proximity of the frontal eye field.

Temporo-parietal junction

Invalid trial versus valid trials activated the temporo-parietal junction. In the right 

hemisphere the activation was predominantly in the inferior parietal lobe (supramarginal 

gyrus), while in the left hemisphere the activation encompassed the superior temporal
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sulcus. The activation of these areas was independent of the modality of the target 

suggesting that they may act as a supramodal centre for control of spatial covert 

orienting. Experiment 6 and 7 also showed activation of these areas providing evidence 

that both visual and tactile input may affect neural activity in these regions. Although the 

early studies on visuo-spatial attention have not activated these areas consistently, more 

recent imaging studies that investigated the neural substrate of attention shifting have 

activated similar regions. Coull and Nobre (1998) demonstrated the specificity of the 

right inferior parietal lobe for shifting visual spatial attention, when spatial and temporal 

attention was compared. Recently, Rosen et al (1999) found that these regions are 

involved in visuo-spatial covert orienting, for both exogenous and endogenous cueing. 

Activation of these areas was also predicted from neuropsychological studies, which 

often have associated spatial attentional deficits with inferior parietal / superior temporal 

lesions (Vallar and Perani 1986, Friedrich et al. 1998).

Inferior frontal cortex

Experiment 8 found activation of several inferior frontal areas. The most robust 

activation was found in the inferior frontal gyrus. This activation extended to the frontal 

operculum and anterior insulae. The activation overlapped with the cluster found in 

Experiment 7, suggesting that that activation was not simply related to the presentation of 

the stimuli. Recently, several imaging studies found activation of similar inferior frontal 

cortex. Coull and Nobre (1998) reported activation of several ventro-lateral frontal
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regions. These areas activated commonly for spatial and temporal attention, and although 

found more anteriorly to the activation found here, showed that the classical view that 

only the superior frontal cortex (Morecraft et al. 1993; Nobre et al. 1997; Corbetta 1998) 

is involved in spatial processing might be incomplete.

Experiment 8 also activated the anterior part of the middle frontal gyrus and the 

fronto-polar gyrus. The anterior peak was found in the vicinity of the region activated in 

Experiment 5, confirming a possible role of this area in cross-modal spatial orienting. It 

has to be noted that similar orbito-frontal areas have been activated in the context of 

invalid non-spatial cueing experiments (Nobre et al. 1999). The authors suggested that 

the activation related to the breach of expectation that occurred during invalid trials. It is 

in fact true that in cueing experiments that use voluntary (endogenous) covert orienting it 

is impossible to dissociate attentional shifts from breaches of expectation during invalid 

trials. This is because endogenous cues are by definition informative signals to induce 

specific expectations. However, in Experiment 5 the activation could not be associated 

with any breach of expectation (fully predictable shifts of attention), suggesting that this 

area may indeed play a role in covert spatial orienting. Importantly, also in Experiment 8 

the activation was independent of the modality of the stimulation.

Superior frontal sulcus

Finally, activation was detected at the intersection of the superior frontal sulcus 

with the pre-central sulcus. The activation extended into both BA6 and BA8 and may
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correspond to the human homologue of the frontal eye field (Paus 1996; Petit et al, 1997), 

and has been extensively associated with visuo-spatial attention (Morecraft et al. 1993; 

Nobre et al. 1997; Corbetta 1998). Here, I show a possible involvement of the FEE in 

attention shifting to tactile stimuli, suggesting a modality independent role for this 

structure. The FEE was not activated in Experiment 5, possibly because activity in this 

region does not directly correlate with the rate of attention shifting. This is supported by 

the fact that the FEE activated in Experiment 3, when no attentional shift took place.

More surprising is that these regions showed strong activation in Experiment 6 (blocked 

passive stimulation) but not in Experiment 7 (event-related passive stimulation). These 

discrepancies in the activation of the frontal eye field will be addressed in the final part of 

this thesis (General Discussion).

Valid trial

Experiment 8 also allowed me to compare brain activity for stimuli delivered at 

attended locations versus unattended locations (valid versus invalid trials). On the basis 

of the experiments presented in Part II, I expected contralateral modulation, in modality 

specific and/or supramodal areas. Surprisingly, this was not observed. Instead I detected 

activation in primary visual and somatosensory areas, independently of modality or side 

of the targets. The lack of specificity for the modality of the target was not unexpected. 

Subjects were cued to one side but did not have any information about the modality of the 

target, hence these responses should be associated to processing of the cue, which might
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affect both visual and somatosensory areas. More puzzling was the fact that I did not find 

any contralateral effect. However, a point to note is that the modulations were not found 

in the same areas that showed a contralateral effect of stimulation (Experiment 6 and 7) 

or attended side (Part II). Moreover, the spatial modulations that I reported in Part II were 

observed in conditions of competition between stimuli that were presented 

simultaneously in the two hemifields. This requirement for spatial selection might have 

caused stronger modulations.

For the visual modality, all experiments showed contralateral effects in 

extrastriate regions, while here the attentional modulations were in primary visual cortex. 

The significance of attentional modulation of primary visual cortex has been debated for 

several years (Posner and Gilbert 1999). Here I showed bilateral activation for a task that 

required spatial judgement (high versus low) of stimuli placed in the periphery, at the 

small distance of 1-degree of visual angle. The visual conditions of this task resembled 

the spatial discrimination task used in Experiment 4, when striate areas were also 

activated. It is possible that spatial judgement in the high spatial frequency domain 

facilitates attentional modulation of VI. However, this does not resolve the issue of the 

lack of contralateral effects. Recently, several studies (Brefczynski and DeYoe 1999; 

Gandhi et al. 1999; Somers et al. 1999) have demonstrated retinotopic modulation of V I, 

which I could not show here.
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In conclusion, Experiment 8 investigated the neural substrate of attention shifting 

in vision and touch. Brain activity was measured with event-related fMRI, while subjects 

performed a modified version of the Posner paradigm (1980). The comparison of invalid 

versus valid trial activated a network of temporo-parietal and frontal areas. These areas 

were also activated in Experiment 6 and 7 demonstrating their bimodal proprieties. Here,

I showed that these bimodal activations are specifically related to attention shifting, 

promoting the hypothesis that these areas play a substantial role in the control of spatial 

covert orienting, for both vision and touch.

9. Effect of spatial coherence during bimodal stimulation

Introduction

With this last experiment I attempted to combine the results obtained in the Part II 

of this thesis with the findings presented in Part III. Experiments in Part II showed that 

spatial attention directed to one modality can influence brain activity in areas principally 

dedicated to the processing of stimuli in a different modality. In particular. Experiment I, 

2 and 3 have demonstrated that visual areas can be modulated by tactile attention. 

Experiment 8 showed common activation of temporo-parietal structures for both vision 

and touch during an attention shifting task. This observation prompted the hypothesis that
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the cross-modal modulatory effect observed in visual areas may be mediated by these 

supramodal structures. With Experiment 9 I directly addressed this hypothesis.

It is important to note that the cross-modal modulations I observed in Part U were 

spatially specific (contralateral to the attended side). This suggests that any modulatory 

effect of supramodal structures on modality specific areas may depend on the spatial 

relation of two stimuli. More intuitively, if a supramodal control system is directing 

attention to both visual and tactile stimuli, amplification of activity in visual areas by 

tactile stimulation should be dependent on the tactile stimuli causing an attentional shift 

to the appropriate location. This predicts that bimodal stimulation would enhance 

contralateral activity only when both stimuli are presented on the same side.

This was tested in Experiment 9 by presenting subjects with left or right visual stimuli, 

which were either coupled or not with a right tactile stimulation. Contralateral responses 

to left or right visual stimuli were expected in the visual cortex, with an amplification in 

the left visual cortex, when the right visual stimulation was coupled with the right tactile 

stimulation. Additionally, I used a particular analytical approach (psycho-physiological 

interaction) to localise the sources of any cross-modal modulation.
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Design

Subjects

Six volunteers participated in this study. All were right-handed males. Mean age 

was 27 years old (range 21-34). None of them had psychiatric or neurological histories, 

or was taking any drugs.

Paradigm

Functional data were acquired using an event-related protocol. Four event types 

were organised in a 2x2 factorial design. One factor was the side of the visual stimulation 

(right or left). The second factor was the presence of a tactile stimulation (present or 

absent). The four events were Vision Right with Touch (VRT), Vision Right only (VRo), 

Vision Left with Touch (VLT), Vision Left only (VLo).

The tactile stimulation was delivered on the right side, close to the right LEDs. 

Hence the VRT-events constituted the condition of interest, since the bimodal stimulation 

was spatially coherent. It has to be noted that this event type could not be directly 

compared with any of the other events. Comparison with VRo was not possible because 

of the confounds caused by the presence of the tactile stimulation. On the other hand, 

comparison with VLT was confounded with the side of the visual stimulation. However, 

the factorial nature of the design permitted testing for interactions between side of the 

visual stimulation and presence of the tactile input. The interaction was not confounded 

with any of the elements mentioned above.
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By testing for interactions, I should be able to assess if the presence of spatially 

coherent tactile stimulation modulates the differential responses expected when left and 

right visual stimulation are compared. More specifically, I expected that in the left 

occipital lobe the event-related BOLD signal should be higher during right visual 

stimulation compared with left visual stimulation. This was determined by testing for the 

main effect of side of the visual stimulation ([VRT + VRo] > [VLT + VLo]). Within 

these areas I then expected the critical interaction, with an increased effect of side during 

the spatially coherent tactile stimulation ([VRT - VLT] > [VRo - VLo]).

Stimuli and Task

The general set up of Experiment 9 was similar to the one piloted in Experiment 

7. The visual stimulation consisted of a cluster of three LEDs flickering (10 Hz) for 300 

ms. The LEDs were placed 10 cm left and right of the central fixation point. The right 

LEDs were attached to the right index finger, where the tactile stimulation was delivered. 

The tactile stimulation was of a gentle vibration (60 Hz) lasting 300 ms. Participants 

viewed the LEDs, their right hand and the fixation point reflected in a mirror placed on 

top of the whole-head RF coil.

During the scanning, the subjects were asked to respond every time they saw the 

LEDs flickering. The response was a button press with the left index finger. The tactile 

stimulations were irrelevant to the task and subjects were told to ignore them. The only 

other task requirement was to maintain central fixation throughout the experiment. For
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each subject, the functional data were acquired in a single session lasting 28 min. Each 

event type was repeated 50 times. The interstimulus interval was 8.22 ± 4.11 sec 

(uniform distribution sampled at 85 ms intervals). The order of the events was 

unpredictable.

Image Acquisition

Functional images were acquired using EPI imaging. For each subject I acquired 

400 volumes. Volumes were acquired in a transverse orientation with 48 slices and an 

effective repetition time (TR) of 4.11 sec. The voxel size was 3 x 3 x 3  mm.

Data Analvsis

Data were analysed with SPM99b. For each subject, acquisition timing was 

corrected and the 400 volumes were realigned using the first volume as reference. 

Normalisation parameters were estimated using the mean of the 400 functional images. In 

the final pre-processing stage all images were smoothed using an isotropic Gaussian 

kernel (FHWM of 10 mm).

The aim of the experiment was to test if the coherent bimodal stimulation 

modulated the differential effect of left versus right visual stimulation. The main effect of 

side highlighted areas showing a differential BOLD signal depending on side of the 

visual stimulation. For this contrast a cluster threshold of corrected p-values = 0.05 was 

applied. The spatial extent of the activations for this calculation was first determined by
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thresholding the SPM{t}-map at p-uncorrected = 0.001. Within the activated clusters I 

tested for the critical interaction ([VRT - VLT] > [VRo - VLo]) at a low threshold of p- 

uncorrected = 0.05. Because of the reduced volumes of search, corrected p-values were 

assigned using a correction for small volume (Worsley et al. 1996).

Having identified areas modulated by the spatial congruence of the visuo-tactile 

stimulation, I interrogated the same data to establish possible sources of the cross-modal 

interaction. This was done using psycho-physiological interaction (Friston et al. 1997). In 

this analysis the complete model was refitted with the addition of one regressor. This 

regressor was created by multiplying the activity of the voxel showing the maximal 

interaction effect in the standard analysis with the covariate reflecting the difference 

between left and right visual targets, during bimodal stimulation ([VRT] - [VLT]). A 

significant fit for this new covariate indicates a change in coupling between the pre

selected voxel and activated areas depending on the event type (i.e.: spatial congruence of 

the bimodal stimulation).

Results

Behavioural performance

The simple detection task resulted in good performances, with accuracy greater 

than 97 % in all conditions. A within subject two-ways ANOVA on the median of the 

reaction times (RT) did not detect any interaction between side of the visual stimulation 

and presence of touch. A trend for both main effect of touch (p < 0.096) and main effect
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of side of the visual stimulation (p < 0.071) were present. RTs were faster when touch 

was present and for left visual targets. The faster RTs for left visual targets probably 

reflects the sensory-motor compatibility of left-hand responses to left visual targets. This 

might have counteracted any cross-modal cueing, leading to no consistent effect on RT.

Main effect of the side of visual stimulation

I tested for the main effect of side by directly comparing left and right visual 

events. This showed the expected contralateral activation in the occipital lobe. The main 

effect of stimulation of the left hemifield ([VLT + VLo] > [VRT + VRo]) revealed a 

single cluster. This was found in the posterior part of the right lingual gyrus (areas 

VP/V3v), contralateral to the stimulated hemifield. The maximum was at x,y,z = 30 -84  

-14  (Z-score = 4.8). The reverse comparison, ([VLT + VLo] > [VRT + VRo]), activated 

three clusters in the left occipital lobe. One dorsal cluster was located in the posterior part 

of the superior occipital gyrus (-26 -92  30; Z-score = 3.9), possibly V3. On the lateral 

surface one maximum was in the lateral occipital gyrus (-50 -78  6; Z-score = 6.2), areas 

LO. This cluster extended posteriorly into V2. On the ventral surface, the posterior part 

of the left lingual gyrus (-24 -74  -10; Z-score = 5.1) was activated. The last cluster was 

symmetrical to the activation observed in the right hemisphere for the reverse 

comparison, in area VPA^3v. Table III.9.1, reports the corrected p-values and the size of 

each clusters. Figure III.9.1 shows ventral views of the rendered canonical brain.
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Activations for the two main effects are projected onto the surface to illustrate the 

symmetry of the contralateral effects in the ventral occipital lobe.

E ffect o f  side o f  the v isual stim ulation  

Left visual stimulation Right visual stimulation

Right lingual gyrus - -  Left lingual gyrus

Figure III.9.1. The test for 
the main effect o f  side of 
the visual stimulation 
revealed activation in 
contralateral visual areas. 
The figure shows 
symmetrical activation of 
the lingual gyrus. The 
cerebellum was removed to 
allow a direct view of the 
ventral surface of the 
occipital lobe.

Modulatorv effect of tactile stimulation in the left lingual gvrus

Aim of the experiment was to test the hypothesis that differential activity due to 

the left and right visual stimulation could be modulated by the presence of the tactile 

stimulation. I predicted two possible effects: amplification when the visuo-tactile 

stimulation was spatially coherent and/or a suppression for incoherent bimodal 

stimulation. The amplification was expected in the left occipital lobe, contralateral to the 

tactile stimulation, while suppression was expected ipsilaterally. The test for interaction 

was constrained to the areas showing a main effect of side using masking. No evidence 

for suppression was found in the right lingual gyrus.
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On the other hand, the left posterior lingual gyrus showed significant interaction 

([VRT - VLT] > [VRo - VLo]). The maximum was found at x,y,z = -18 -82  -6  (Z-score 

= 3.2, p-corrected = 0.044), in the anterior part of the searched volume. Figure III.8.2 

shows a rendered view of this activation. This figure also shows the effect size for each 

of the six subjects. The effect size is the weighted difference between the estimated 

parameters for the four event types (VRT - VLT - VRo + VLo). The search volume was 

restricted to the same region as for the group effect (i.e.: areas showing a main effect of 

side of the visual stimulation). The lower part of the figure shows the estimated activity 

within the cluster. The estimated parameters for the 47 voxels surviving the p- 

uncorrected = 0.05 threshold and the six subjects were pooled. I then produced 

haemodynamic response functions (HRF) for each event type, with an amplitude 

corresponding to the mean of the pooled parameters. The overall activation pattern 

revealed what was expected: increased signal for both right field stimulations, but 

stronger response for the bimodal coherent stimulation. The bimodal incoherent 

stimulation produced a small decrease in signal change.
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Cross-modal effects in the left lingual gyrus

Rendered activation

Right touch 

No touch

I
- 5

0 4 020
Sec

Effect size in the six subiects

Estimated signal in the activated cluster 

Right visual stimulation

w

1 2 3 4 5

Subject

Left visual stimulation

1 0
■  Right touch 

B  No touch
5

0

5
0 20 4 0

Sec

Figure III.9.2. Interaction between side of the visual stimulation and presence o f somatosensory input, a.- 
Group activation rendered on the brain surface, b.- Size of the interaction effect within each subject. The 
plot shows the effect size (with standard error) at the subject-specific maximum, c.- Estimated signal in the 
activated cluster (group). The effect size at the peak o f each curve represents the value of the estimated 
parameters for each of the four event types (group effect). For each event type, the parameters were 
estimated by fitting the mean signal in the 47 activated voxels. Error bars are standard errors for the 
estimated parameters.
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Main effects and interactions in Experiment 9
Cluster

Size
Z-scores Co-ordinates Corrected

p-values

Effect of side
Right Hemifield

Left Medial 
Occipital gyrus

693 6.2 -50 -7 8  6 0.000

Left Lingual 
Gyrus

447 5.1 - 2 4 - 7 4 - 1 0 0.000

Left Superior 
Occipital Gyrus

175 3.9 -26 -9 2  30 0.047

Left Hemifield

Right Lingual 
Gyrus

297 4.8 30 -8 4  -1 4 0.005

Interaction
Left
Lingual Gyrus

47 3.2 - 1 8 - 8 2 - 6 0.044

Table III.9.1. reports statistics for the main effect o f side and the interaction between side and presence 
o f the tactile stimulation. Effect o f  side: Cluster size and p-values are calculated on the base o f SPM {t}- 
maps at a threshold o f p-uncorrected = 0.001. Interaction: Cluster size was determined by testing for 
interaction at a threshold o f p-uncorrected = 0.05, within the cluster showing a main effect o f side. The 
corrected p-value is calculated using a small volume correction approach (see methods).

Psvcho-phvsiological interaction

The finding that a relatively early visual area could be modulated by the position 

of the tactile stimulation raises the question about the source of this cross-modal effect. 

This was addressed with a psycho-physiological approach (see methods). This analysis 

highlights changes in coupling between two areas depending on the event type. I 

expected that areas mediating the observed cross-modal effect would increase their 

coupling with the left lingual gyrus during the spatially coherent bimodal stimulation.
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Each voxel in the brain was tested for increased coupling with the left lingual 

gyrus during the spatially coherent bimodal stimulation. Only a few circumscribed areas 

showed the expected increases. The right inferior parietal lobe showed the most robust 

effect (x,y,z = 52 -22  34; Z-score = 4.0). Anatomically, the activation was located in the 

anterior part of the supramarginal gyrus (Fig. III.9.3.a). Interestingly, the left post-central 

gyrus (x,y,z = -30 -34  56; Z-score = 3.3), which contains the somatosensory cortex 

contralateral to the stimulated hand, also showed trial-specific increased correlation with 

the lingual gyrus (Fig. III.9.3.b). Additionally, some increased correlation was detected in 

right superior parietal lobule ( x,y,z = 16 -68 -52; Z-score = 3.5) and left lateral occipital 

gyrus (x,y,z = -34 -82  16; Z-score = 3.7). Overall this pattern of activation suggests that 

tactile information from the post-central gyrus might be transferred to the visual cortex 

via bimodal parietal areas, and that this process only occurs when the visual and the 

tactile stimulation are at the same spatial location.
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C hanges in coup ling  w ith  the left lingual gyrus

a. Right supramarginal gvrus

1 2 3 4 5 6
Subject

b . Left post-central gvrus

A 1 2 3 4 5 6
Subject

Figure II1.9.3. Results o f the 
analysis that tested for trial specific- 
changes in coupling between the 
fMRI signal in different brain areas. 
The right supramarginal gyrus (a) 
dem onstrated the most significant 
differential coupling with the left 
lingual gyrus. The signal in this 
inferior parietal region showed 
higher coupling during bimodal, 
spatially coherent trials than during 
bimodal, but spatially incoherent 
trials. A similar pattern o f activity 
was found in the left post-central 
gyrus (b), which is the 
somatosensory area contralateral to 
the stimulated hand. For both 
regions, subject-specific effects are 
plotted on the right side of the figure.

D iscussion

Behavioural studies (Spence et al. 1998) showed that uninformative tactile cues to 

one side improved judgement of visual stimuli. This suggests that the tactile stimuli 

produce a reflexive orienting response, which is able to influence processing of visual 

input. Experiment 9 used event-related fMRI to investigate the effect of lateralised tactile 

stimulation on brain activity associated with peripheral visual stimulation.

I found that the bimodal stimulation caused amplification of brain activity in 

contralateral visual areas. Importantly this cross-modal modulation occurred only when
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the bimodal event (visuo-tactile) was spatially congruent (i.e.: both stimuli in the same 

hemifield). Further analysis suggested that higher order areas in the parietal lobe 

mediated the cross-modal effect in visual areas.

Amplification of activitv in visual areas

The test for cross-modal spatial effects was carried out by dividing the analysis in 

two stages. First, I identified areas showing a contralateral effect of side of the visual 

stimulation, and then I tested for an interaction between side of the visual stimulus and 

presence of the tactile stimulation. The first part of the analysis revealed the expected 

contralateral activation in extrastriate regions. In the left hemisphere activation was 

observed in ventral as well as in dorsal and lateral regions. In the right hemisphere the 

activation was limited to the ventral occipital lobe. This asymmetry was not surprising 

considering the difference of the visual background. In the right visual field, together 

with the cluster of LEDs, the subject could see his own right hand, while in the left 

hemifield only the LEDs were present. Although the direct comparison of left and right 

visual stimulation should have subtracted out the difference in background, it is possible 

that the attentional shift might have boosted activity related to the background, causing 

more contralateral activation for the right visual stimulation. The contralateral and 

symmetrical activation of the lingual gyri was in agreement with Experiment 6 even 

though different visual stimuli and tasks were used. The localisation also replicated 

Experiment 7, which used similar stimulation and scanning protocol.

249



E. M acaluso Cross-modal Spatial Attention

The aim of Experiment 9 was to investigate the effect of presenting a lateralised 

tactile stimulation on the brain activity related to peripheral visual stimulation. As 

predicted, this caused signal amplification in contralateral extrastriate areas, providing 

further evidence that cross-modal interaction can affect processing in area traditionally 

considered unimodal. These findings extended reports about activation of visual areas 

during tactile tasks (Sathian et al. 1997, Zangaladze et al. 1999), which may have been 

caused by visual imagery. Here, the activation/modulation was specifically related to the 

simultaneous presentation of a bimodal, visuo-tactile stimulation (during a simple 

detection task that did not require any imagery). The cross-modal spatial effect was 

similar to electro-physiological findings in animals’ superior colliculus (Meredith and 

Stein 1986; Meredith and Stein 1996). Two points have to be raised about the difference 

in the localisation of brain structures responding to spatial coherence of bimodal 

stimulation. First, it has to be noted that in Experiment 9 1 am reporting an amplification 

of the effect of side of the visual stimulation (direct comparison of left and right).

Because of this, only areas showing an effect of side could show cross-modal 

amplification. This approach was chosen to maintain the logic applied in Part II, when 

spatial effects were always identified by direct comparison of left and right 

stimulation/attention.

A second important point concerns a possible difference between frames of 

reference in which the amplification occurs. In the superior colliculus all spatial effects 

are related to alignment of the receptive field in “receptor” co-ordinates, not in world-
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centred co-ordinates. This means that if an eye displacement brings the visual receptive 

field of a neurone out of alignment with its somatosensory receptive field, the 

amplification to bimodal stimulation disappears. This occurs even if, in world-centred co

ordinates, the two stimuli are still in the same position (Meredith and Stein 1986). This is 

in contrast with the proprieties of cortical neurones, where bimodal receptive fields are in 

spatial register. Graziano et al. (1997) showed that if a body-part moves, the visual 

receptive field follows the displacement of the tactile receptive field. Similar interactions 

between senses were observed in the parietal lobe, where visual neurones are modulated 

by proprioceptive input (Andersen et al. 1997). In Experiment 9, as in all experiments in 

this thesis, the issue of frames of reference was not addressed. It is therefore difficult to 

speculate about possible differences between the type of amplification observed here and 

the one observed in the superior colliculus.

Sources of the cross-modal modulation in the extrastriate cortex

The finding that tactile input could modulate visual areas raised a question about 

possible sources of this modulation. These were investigated using a psycho- 

physiological approach, by which I was able to demonstrate increased coupling between 

somatosensory areas in the post-central gyrus, inferior parietal lobule and the modulated 

area in the occipital lobe. As expected the post-central activation was in the left 

hemisphere, contralateral to the stimulated hand. The parietal activation was found in the 

right hemisphere. This was in agreement with previous findings on the predominant role
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of the right hemisphere for spatial attentional control (Weintraub and Mesulam 1987). 

More recently, Lavadas et al. (1998) demonstrated the involvement of right temporo

parietal areas in visuo-tactile hemineglect, suggesting a role for this region in cross- 

modal spatial orienting.

Importantly, inferior parietal areas were activated in several experiments 

throughout this thesis. Experiment 6 and 7 showed that these areas responded to both 

visual and tactile stimulation, while Experiment 5 and 8 highlighted a specific role of 

these areas for both visual and tactile spatial attention. The finding in Experiment 9 that 

the inferior parietal lobe may provide the functional link between visual and tactile 

unimodal areas, further supports the hypothesis that this area may act as a control centre 

for directing spatial attention. Here, it may be useful to discuss briefly the exact location 

of the area activated in the inferior parietal lobule. I generally described inferior parietal 

and superior temporal areas as a single region (temporo-parietal junction). This was 

prompted by the fact that in Experiment 6, 7 and 8 the activations extended between the 

two areas. In Experiment 9 the activation was found in the very anterior part of the 

supramarginal gyrus, extending into the post-central gyrus and cannot be considered to be 

at the junction between parietal and temporal lobe. In the General Discussion section I 

will address this point, and suggest that there might be segregation between automatic 

orienting functions (inferior parietal lobe) and voluntary maintenance of sustained 

peripheral attention (superior temporal sulcus).
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In conclusion, Experiment 9 showed that spatial congruence of visuo-tactile 

stimulation affects processing in extrastriate occipital areas. It demonstrated amplification 

of contralateral activity in the left lingual gyrus, when visual stimulation of the right 

visual field was coupled with tactile stimulation of the right hand. Further analysis 

revealed that this cross-modal interaction might reflect changes in coupling between 

somatosensory areas, bimodal parietal areas and the occipital cortex. This suggests that 

tactile input can influence activity in unimodal visual areas, and that this cross-modal 

effect is mediated by feedback from higher-level structures in the right parietal lobe. This 

may constitute the neural substrate for cross-modal links in reflexive spatial attention.

Conclusions of Part III

Part III investigated the neural substrate of attention shifting. This contrasted with 

experiments in Part n, when I compared conditions of sustained attention to different 

locations. While “location-dependent” activations observed in Part II were interpreted in 

term of a modulatory effects of spatial attention, activations associated with attention 

shifting may relate to spatial attentional control. The central characteristic that 

distinguished experiments presented here from previous studies on attention shifting was 

that here I always manipulated both visual and tactile attention. This followed the general 

theme of this thesis: a cross-modal perspective on covert spatial orienting. Five
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experiments were presented in Part III. Of these, three directly addressed the spatial 

attentional issue (Experiment 5, 8 and 9), while two were pilot studies that provided 

important clues on the organisation of the processing of visual and tactile information 

(Experiment 6 and 7).

The two pilot studies used fMRI to map responses to visual and tactile 

stimulation. The major interest of these experiments was the differentiation between areas 

that responded only to stimulation in one modality (unimodal representations) and areas 

that responded independently of the modality stimulated (bimodal representation). 

Furthermore, Experiment 6 highlighted modality specific and bimodal spatial effects by 

comparing stimulation of the left and right hemifields. Although the two pilots used 

different experimental set-ups and scanning protocols, the results were concordant. 

Modality specific responses were found in the occipital and posterior parietal lobe for 

vision and in post-central and opercular regions for touch. Responses in the occipital lobe 

and the superior post-central gyrus were contralateral to the stimulated hemifield. On the 

contrary, activation of the posterior parietal lobe and the inferior post-central /  parietal 

operculum were independent of the side stimulated. This pattern of activity was 

consistent with the attentional modulations found in Part n . Contralateral modulations 

were found in occipital and post-central areas, while the posterior parietal lobe and the 

inferior post-central / parietal operculum were modulated by attention to one modality 

versus the other, but did not show any spatial modulation (see Experiment 3).
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Bilateral responses were found in the intraparietal sulcus, superior temporal 

sulcus and frontal eye field. The responses in the intraparietal sulcus were weak; 

nevertheless some effect of side was detected. Again this mirrored the results of 

Experiment 1 and 3, where I found bimodal contralateral modulations in similar areas. 

The activation of the superior temporal sulcus and frontal eye field were independent of 

modality or side stimulated. This suggests that these areas contain bimodal, bilateral 

maps. I suggested that these types of representation might constitute an interesting 

premise for areas candidates for the control of spatial attention across modalities.

Experiment 5, 8 and 9 provided more direct evidence for the role of superior 

temporal / inferior parietal areas in the control of spatial covert orienting. Experiment 5 

showed that activity in the STS correlated negatively with the rate of attention shifting. 

This suggested a possible involvement in voluntary maintenance of attention to one 

hemifield. Experiment 8 used a cross-modal version of the Posner paradigm to highlight 

brain activity related to attention shifting. A large network was activated for the invalid 

trials, with the inferior parietal lobule showing the most significant activation. Although 

this experiment employed an endogenous (voluntary) variant of the cueing paradigm, I 

suggested that the attentional shift that occurred during invalid trials was in fact stimulus 

driven (reflexive, exogenous). This might explain the difference in the location of the 

activation in Experiment 5 and 8. Finally, Experiment 9 showed that the inferior parietal 

lobule might mediate the spatial influences of tactile attention on visual areas (see also 

Part II). Experiment 9 also supported the suggestion that the inferior parietal lobe is
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involved in reflexive covert orienting, since also in this experiment all attentional 

manipulations were stimulus driven. Further experiments will be needed to specifically 

test the hypothesis that inferior parietal and superior temporal regions are responsible for 

reflexive and voluntary attention, respectively. However, Experiment 5, 8 and 9 provided 

strong evidence for the involvement of both these areas in spatial covert orienting for 

both vision and touch.

While the activation of the temporo-parietal region was consistent across all five 

experiments presented in Part III, the role of frontal areas was more puzzling. Different 

areas showed common activation for vision and touch in the two mapping experiments. 

Experiment 6 showed activation of the intercept of the superior frontal sulcus with the 

pre-central gyrus. This region probably corresponds with the frontal eye field (Paus et al. 

1993) and has been often associated with visuo-spatial attention (Nobre et al. 1997; 

Corbetta 1998). On the other hand. Experiment 6 activated more inferior and anterior 

frontal areas. Experiment 5 activated a very anterior part of the frontal cortex (fronto- 

polar gyrus) during the high shift rate conditions. Experiment 8 activated both the fronto- 

polar gyrus and the frontal eye field, but the most robust activation was found in the 

inferior frontal gyrus (with the cluster extending medially to the frontal operculum and 

insulae). Although 1 will leave any speculation about these variations for the General 

Discussion section, 1 will underline the fact that recently several studies of visual 

attention have activated similar regions in the inferior frontal cortex (Coull and Nobre 

1998; Gitelman et al. 1999; Nobre et al. 1999). Generally, these findings challenge the
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view that spatial attentional functions are restricted to the superior part of the frontal 

cortex.

In conclusion, Part III demonstrated the existence of a system that controls covert 

orienting in both vision and touch. The core of this system seems to be centered at the 

temporo-parietal junction. The role of this region in spatial orienting has been recognized 

in neurological studies (Vallar and Perani 1986, Friedrich et al. 1998) and in experiments 

on non-human primate (Luh et al. 1986; Watson et al. 1994), but it has often been 

disregarded in imaging studies. Here, 1 showed that the temporo-occipital junction 

contains bilateral maps of visual and somatosensory input, and that is directly involved in 

attention shifting. 1 propose that the conjunction of these two features constitute a valid 

basis for considering the temporo-parietal junction an important structure for the control 

of spatial attention across sensory modalities.
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PART IV: General Discussion

In this thesis I presented several experiments that investigated the neural substrate 

of spatial covert orienting. Most of the previous studies that addressed similar issues used 

only one sensory modality (Corbetta et al. 1993, Heinze et al. 1994; Drevets et al. 1995; 

Tzourio et al. 1997). Here, the central theme of all the experiments was to investigate 

cross-modal links in spatial attention. The experimental work was divided into two parts. 

The first part (Part 11 in this thesis) considered the mechanisms involved in spatial 

selection, while the second part (Part 111) focussed on the processes underlying the 

control of spatial attentional resources. The results showed that different brain areas are 

responsible for the two processes. Spatial selection results in modulation of contralateral 

sensory representations, while attentional control structures are located in higher order 

areas in frontal, parietal and posterior temporal lobe. Critically, 1 was able to demonstrate 

that at both levels spatial attention operates supramodally.

The effect of selective spatial attention highlighted contralateral modulation in 

modality specific structures, but 1 was able to show that activity in these areas was also 

affected by attention to a different modality. The most robust effects were found in 

extrastriate areas, in the occipital lobe. These regions are traditionally considered 

unimodal visual areas, but 1 have shown that tactile attention could modulate their 

activity. On the other hand, experiments designed to reveal control structures highlighted
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a network of supramodal areas that responded to both vision and touch. This led me to 

suggest that the cross-modal effects observed in unimodal areas might occur via back- 

projection from control structures that already possess bimodal representations. 

Specifically, control structures may take advantage of the bilateral input to set up spatial 

gradients (i.e. one hemifield gains enhanced attentional resources) that are fed-back to 

sensory specific structures. Because the control structures operate supramodally, 

gradients that are produced to modulate processing in one modality may also be 

transferred to unimodal areas responsible for a different modality. This provides a 

possible explanation for the observation that attention to one modality affects processing 

in areas responsible for another modality. In this final chapter I will review the most 

important findings of this thesis and highlight the aspects of the results that fit with this 

proposal. I will first discuss the differentiation between unimodal/bimodal and 

contralateral/bilateral responses (sensory maps). I will then reiterate how spatial attention 

modulates contralateral unimodal structures, even when a different modality is 

stimulated/attended (spatial attentional modulations) and consider a possible neural 

mechanism for this (control structures). Finally, I will discuss several questions that were 

not directly addressed in this thesis, but that may be relevant to the understanding of 

cross-modal links in spatial attention (open issues).
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Sensory maps

Although the aim of this thesis was to study the neural substrate of cross-modal 

links in spatial attention, I want first to consider the effect of presenting either visual or 

tactile stimuli at specific spatial locations. I will ask which brain regions respond to 

vision or touch alone (unimodal areas) or to both modalities (bimodal areas). Within 

these I will distinguish between areas that show spatial specificity (i.e. respond only to 

contralateral stimulation) and those that respond to both left and right stimulation 

(bilateral representations). These effects are of interest because they should highlight the 

key structures that may be affected by cross-modal attention.

Unimodal maps

Unimodal responses to stimulus presentation could be identified in several 

experiments of this thesis. Experiments in Part II showed the effect of bilateral 

stimulation. Experiment 1 directly compared visual and tactile bilateral stimulation, while 

Experiment 2 and 4 compared respectively stimulation of touch or vision versus no 

peripheral stimulation. The results showed the expected pattern of activity: bilateral 

visual stimulation caused bilateral activation of occipital areas while bilateral tactile 

stimulation activated post-central areas, bilaterally. However, some aspect of the results 

need further discussion. First, the visual main effects never activated striate cortex. I
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suggested that this was due to the fact that subjects had their eyes open during all 

conditions and always gazed at a central fixation point. Moreover, visual targets were 

delivered to the periphery, which compared to the fovea is underrepresented in the 

primary visual cortex (Azzopardi and Cowey 1996). Another peculiar outcome was the 

location of the maximal effects of tactile stimulation. These were found mainly in the 

inferior part of the post-central gyrus and only occasionally in the superior post-central 

gyrus, where the primary representation of the hand is located (Fox et al. 1987). Again, 

this effect might be related to the continuous passive tactile input present in all conditions 

(i.e.: hands resting on a vertical support). Another possible explanation is that different 

type of stimulation may preferentially activate different regions of the post-central gyrus. 

Burton et al. (1997) showed an anterior/posterior distinction depending on the type of 

tactile stimulus used. The same experiment also showed that both types of stimulation 

activated the inferior post-central gyrus, suggesting that these regions can be activated 

during finger stimulation.

More interesting was the separation of contralateral and bilateral responses, as 

revealed in Experiment 6. For the visual modality, I showed that the lateral and inferior 

occipital gyri activated selectively during contralateral visual presentations. In contrast, 

the posterior parietal lobe activated bilaterally, independently of the side stimulated. This 

was in agreement with the view that, in the occipital lobe representation are mainly 

contralateral (DeYoe et al. 1996), while posterior parietal neurones have larger, bilateral 

receptive fields (Motter and Mountcastle 1981).
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For the tactile modality a similar pattern was observed. Post-central areas showed 

contralateral responses, while parietal operculum and the insulae activated bilaterally and 

independently of the side stimulated. This was consistent with the view that early in the 

pathways of stimulus processing responses are lateralised, while later representations are 

bilateral. Previous studies on the somatosensory system have shown a similar pattern of 

activity (Fox et al. 1987; Coghill et al. 1994; Simoes and Hari 1999). However, recent 

studies have partially challenged the view that somatosensory signals reach the cortex at 

the post-central gyrus (primary somatosensory cortex) and are only subsequently 

transferred ipsilaterally and contralaterally to secondary somatosensory areas (see Karhu 

and Tesche 1999; Nicolelis et al. 1998).

Bimodal maps

Given my interest in cross-modal spatial effects, it was relevant to localise areas 

responding to both visual and tactile stimulation. Bimodal responses with spatial 

specificity for stimulation of one hemifield were found in the anterior part of the 

intraparietal sulcus (see Experiment 6). However, these activations were very weak.

Much more robust effects were observed when I tested for bilateral bimodal 

representation (i.e.: responses to visual and tactile stimulation irrespective of the side 

stimulated). Experiments 2 and 4 provided some preliminary evidence comparing either 

tactile or visual bilateral stimulation versus baselines without any peripheral stimulation. 

Several clusters were found in both experiments suggesting the presence of bimodal

262



E. M acaluso Cross-modal Spatial Attention

representations. The most prominent overlaps were found in the posterior part of the 

superior temporal sulcus (STS) and the inferior part of the pre-central gyrus, in the 

inferior frontal cortex. However, one major caveat makes the interpretation of these 

overlaps difficult. Both experiments compared active attentional tasks with baselines that 

did not required any motor response. Although in Experiment 2 overt responses were 

made verbally, while Experiment 4 used keypresses, it is still possible that some common 

activity arose because of some motor factor (e.g.: motor preparation). A second 

problematic issue was that data were acquired in different subjects, using different 

scanning techniques (PET for Experiment 2 and fMRI for Experiment 4). This did not 

allow me to produce any statistics to support the claim that the common activations were 

actually significant. This may seem a trivial point but it is important to note that claims of 

common neural substrate for different functions have often been put forward only on the 

basis of similar cluster’s location across experiments (i.e.: covert and overt visuo-spatial 

orienting, Corbetta 1998). Here I would like to make a point about the importance of 

providing within experiment comparisons, to assess the existence (statistical significance) 

of common activation. This was done in Experiment 6 and 7. Both these experiments 

used passive stimulation protocols to minimise possible common activation due to motor 

or cognitive aspects of the task. Experiment 7 showed bimodal visuo-tactile responses in 

the inferior parietal cortex, posterior STS and several clusters in the frontal lobe, 

substantiating the suggestions derived from Experiment 2 and 4. Experiment 7 used only 

stimulation of the right hemifield and did not allow me to test for spatial specificity of the
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responses (i.e.: contralateral versus bilateral responses). The activations were found in 

both the left and the right hemispheres, but to guarantee that each hemisphere represented 

both hemifields I should refer to Experiment 6. In this Experiment I could show that both 

the left and right STS activated irrespectively of the side or modality stimulated, 

revealing bimodal bilateral representations. Additionally this experiment highlighted 

bimodal/bilateral responses in the intraparietal sulcus and superior frontal lobe. The 

activation of these two regions was somewhat puzzling, since Experiment 2, where 

bilateral tactile stimulation was compared with rest, did not show any activation in 

superior frontal or parietal cortices. The type of representation coded for in these regions 

and their possible role in cross-modal spatial attention will be discussed in a separate 

section of the General Discussion. Here, I will focus on the STS and the inferior parietal 

lobe (temporo-parietal junction).

Figure IV. 1 shows the location of these two regions in the monkey brain and in 

humans. In monkeys the inferior parietal lobule is located below the intraparietal sulcus, 

anterior to the lunate sulcus and posterior to the central sulcus. Two distinct areas are 

found in this region: 7a and 7b. Area 7a is located posteriorly while area 7b in found 

more anteriorly. Area 7a is mainly a visual area that integrates signals about the retinal 

position of visual stimuli and proprioceptive information about head and eye position 

(Andersen et al. 1997). This integrative process plays a central role in spatial perception 

since eye movements cause the signal registered on the retina to be displaced, although 

the external source may remain stationary. In order to maintain a stable representation of
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the extra-personal space during eyes, head or body movement, signals from the retina 

have to be combined with the current position of the eyes/body. This is achieved by 

modulation of the retinal receptive field by the orbital position of the eyes or the neck 

position. This modulatory mechanism has been referred to as a “gain field” (Andersen at 

al 1985).

IPL and STS in monkeys and humans

a. Monkey Brain b. Human Brain

cs

IPS /
cs

LS

IPS

F igure IV .l. Location of the inferior parietal lobule (blue) and superior temporal sulcus (red) in 
monkeys and humans. In monkeys the inferior parietal lobule is divided in area 7a (dotted) and 7b 
(dashed), while in humans area 7 is located above the intraparietal sulcus (green).  In humans, the 
inferior parietal lobule is divided in area 39 (dotted) and 40 (dashed). The two brains are not in scale. 
(IPS: intraparietal sulcus; CS: central sulcus, LS: lunate sulcus)

In contrast, area 7b is mainly a somatosensory area. This area receives and sends 

projections to area 5 and secondary somatosensory areas in the parietal operculum and 

insulae (Neal et al. 1990). Neurones respond predominantly to tactile stimulation 

(Robinson and Burton 1980), but visual stimuli can also induce increased firing rate in
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this area (Hyvarinen 1981). Importantly, bimodal visual-tactile neurones in area 7b remap 

visual receptive fields according to the position of the somatosensory receptive fields 

(Graziano and Gross 1994). If the arm is moved outside the portion of space subtended 

by the visual receptive field, the visual receptive field moves so that it remain aligned 

with the arm. This spatial reciprocity may be a fundamental property of maps 

representing space across several modalities.

The homologues of areas 7a and 7b in humans have not been established in a 

definitive way. In humans two areas are located below the intraparietal sulcus. These are 

BA39 and BA40, while human BA7 is found in the postedor/superior parietal lobule (see 

Fig. IV.l.b). Passingham (1998) suggested that no major reorganisation occurred between 

the two species and therefore B A40 may be considered the human homologue of area 7b. 

In humans, area BA40 is found in the supramarginal gyrus anteriorly to area 39, which is 

found in the angular gyrus. Experiment 7 showed strong common activation for vision 

and touch in this region, supporting the notion that in humans also this area contains 

bimodal representations. Furthermore, Experiment 6 showed that the responses in the 

supramarginal gyrus were independent of the side stimulated. However, the maximal 

bimodal visuo-tactile activation was found more inferiorly, in the posterior part of 

superior temporal sulcus (STS).

In monkeys, the posterior STS is known to contain several distinct areas (see Fig. 

IV.2.a). Most of the areas respond to visual stimuli and predominantly encode 

information about direction of moving stimuli (Desimone and Ungerleider 1986). Area

266



E. Macaluso Cross-modal Spatial Attention

MT (middle temporal) and MST (medial superior temporal) are located at the most 

caudal part of the STS. These areas receive projections from V1/V2 (Ungerleider and 

Desimone 1986) and respond exclusively to visual stimuli (Hikosaka et al. 1988). More 

relevant to the finding presented in this thesis are the properties of area cSTP (caudal 

superior temporal polysensory region).

Subdivisions and responses in the posterior STS

a. Subdivisions b. Responses in cSTP

cSTP

Upper Bank

Floor

Lower Bank
I I I I l l l l iM . . . . Ill,

Vision
À

Audition Touch

Posterior Anterior

Figure IV.2. a -  Subdivisions in the posterior part o f the superior temporal sulcus. Visual areas include 
MT (pink), MST (blue) and V4 (green). Anterior to these visual areas is cSTP (dashed red) that 
contains multimodal neurons, b -  Prototypical responses of a visuo-tactile bimodal neuron in cSTP.

This area is found anteriorly to MT and contain neurones with bimodal and 

trimodal receptive fields (Bruce et al. 1981). Figure IV.2.b shows and example of a 

bimodal visuo-tactile cell. The multimodal responses of this area probably reflect the 

converging input from different sensory modalities (Jones and Powell 1970).
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As for the inferior parietal lobe, Experiment 6 showed that both left and right STS 

were activated independently of the location of the stimulation. This suggests the 

presence of a bimodal/bilateral representation. Electrophysiological studies in monkeys 

reasonably support this view. Bruce et al. (1981) reported that 80% of the neurones in 

STS had bilateral visual receptive fields. Similarly, Hikosaka et al. (1988) found broad 

tactile receptive field in STS. However, the same study revealed that the majority (2/3) of 

neurones had contralateral visual and auditory receptive fields.

In conclusion, the mapping experiments and contrasts comparing stimulation 

conditions against baselines without peripheral stimulation revealed a clear distinction 

between areas that represent stimuli in only one modality and areas that responded to 

both vision and touch. Additionally 1 could distinguish between areas responding to 

stimulation of only one side from areas responding to stimulation of both left and right 

side. Overall the results could be summarised as follows:

VISION contralateral: occipital lobe

bilateral: posterior parietal

TOUCH contralateral: superior post-central gyrus

bilateral: parietal operculum

BIMODAL contralateral: intraparietal sulcus

bilateral: temporo-parietal junction
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In the next sections I will consider the effect of attention upon these areas. Firstly 

I will discuss how directing attention to one side modulates contralateral responses and 

how these effects can occur cross-modally. Then I will examine the relation between 

activity in areas with bilateral response and spatial attention. Finally I will propose a 

possible mechanism for the integration of spatial attentional effects in unimodal and 

bimodal brain regions.

Spatial attentional modulations

Spatial attentional modulations were investigated mainly in Part II, where I used 

several variants of a simple selective attention paradigm. This consisted in presenting 

subjects with two competing streams of stimuli in the left and right hemifield. Subjects 

had to covertly direct attention to one side and discriminate targets at the attended 

location. Similar paradigms have been previously employed to study the neural correlates 

of selective attention in vision (e.g.: Heinze et al. 1994) and audition (e.g: Tzourio et 

al.l997). The results of these previous studies have demonstrated that selective attention 

to one side causes increased activity in contralateral areas specific for the modality 

stimulated (i.e.: occipital lobe for vision and superior temporal regions for audition). 

However, psychophysically it has been demonstrated that directing visual attention to one 

portion of space enhances discrimination of auditory stimuli and viceversa (Spence and
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Driver 1996). Similar cross-modal links have also been observed between vision and 

touch (Butter et al. 1989; Spence et al. 1998). ERP recordings in humans have 

demonstrated that the typical signatures of attentional enhancement (negative N1 

deflections) for visual stimuli delivered at the attended location occur even if subjects are 

expecting auditory targets (Eimer and Schroeder 1998). Two different mechanisms may 

account for these findings. First, the cross-modal effects can be due to convergence of 

sensory input to common supramodal representations. These areas would be activated 

independently of the modality stimulated and would cause similar behavioural and 

electro-physiological effects when a stimulus in an ‘unattended’ modality is presented. A 

different, but possibly complementary view (see VI.4.) is that cross-modal links arise 

because attentional signals about the current relevant location spread from the sensory 

maps specific to the currently relevant modality to areas responsible for processing 

stimuli in a different modality. Given the distinction between unimodal and multimodal 

representation I discussed in section VI.2. (see also Experiment 6), I can now directly ask 

if cross-modal spatial attentional effects occur because of activation of bimodal maps or 

because of a “spill-over” effect between unimodal areas. Experiment 1 and 3 identified 

three types of spatial attentional effects: unimodal tactile, unimodal visual and bimodal 

modulations. I will first consider unimodal effects.
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Unimodal spatial modulations

As expected unimodal modulation occurred in sensory specific cortices.

Unimodal tactile modulations were found in the superior postcentral gyrus. In 

Experiment 6 this area showed contralateral responses only for touch, indicating modality 

specific representation of a particular somatosensory field (possibly the contralateral 

hand; Francis et al. 2000). Experiment 1-3 showed that focussing attention on the sensory 

input represented in this region (i.e.: the contralateral hand) results in amplification of 

neuronal activity. It is interesting to compare this spatially specific modulation with the 

attentional effects observed in the parietal operculum (SII). This is also a somatosensory 

area and can be modulated by attention (Burton et al. 1999 and Experiment 4). However, 

S n  does not show any differential activation between attention to the left or right hand. I 

would like to speculate that this reflects the fact that, in SII, the somatosensory 

representations are mainly bilateral (Burton et al. 1993; Simoes and Hari 1999; see also 

Experiment 6) and therefore attentional modulation cannot be used to enhance processing 

of stimuli presented in one particular hemifield.

Unimodal visual contralateral modulations were found in the superior occipital 

gyrus (Experiment 1, 2 and 3), suggesting contralateral representations. However, 

Experiment 6 and 7 failed to show any contralateral effect during visual stimulation. 

These inconsistencies may relate to differences in the scanning protocols. Experiments I- 

3 were all PET experiments, with the subject viewing the visual stimuli (and their hands) 

directly, while Experiment 6 was an fMRI study in which subjects saw the stimuli
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through a mirror system. Hence in Experiment 6, the stimulus position on the retina did 

not correspond with real location of the stimuli in the world (disagreement between 

vision and proprioception). Hints that this may have caused the differences between the 

mapping experiments and the attentional manipulation come from Experiment 4 and 

Experiment 2. In Experiment 4 visual stimuli were presented on a screen rather than 

through LEDs, so that subject did not see the hands or could associate the visual 

stimulation with a concrete object (LED). Accordingly, the superior occipital gyrus did 

not even show an effect of visual stimulation. Similarly, Experiment 2 that manipulated 

the sight of the hands during a tactile task, found an interesting interaction between vision 

and touch in this area (see next paragraph).

Bimodal spatial modulations

Bimodal contralateral attentional modulations were found in several areas in both 

occipital and parietal lobe. I will distinguish between two types of cross-modal effects: 

modulation of areas with bimodal contralateral representations (as revealed in 

Experiment 6) and bimodal effects in areas with unimodal contralateral representations. 

The former effect indicates the cross-modal links arise because of convergent projections 

from several modalities to supramodal areas, which are modulated by spatial attention. 

Such mechanisms have been predicted by several authors (Farah et al 1989; Posner 1990; 

Di Pellegrino et al 1997; Downar et al. 2000), and were indeed disclosed in Experiment 1 

and 3.1 found that the intraparietal sulcus showed differential activity depending on the
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attended side, but irrespective of the modality stimulated or attended. In agreement with 

this, Experiment 6 showed that this area responded selectively to the side stimulated, but 

did not differentiated between visual and tactile stimulation. Another interesting finding 

in this anterior region of the intraparietal sulcus came from Experiment 2. In this 

experiment I explicitly manipulated the sight of the hands, during selective attention to 

tactile stimulation. I found that the differential responses of the intraparietal sulcus for 

attention to the left or right hand were dependent on the visual input being available. 

Similar effects have been previously reported in the premotor cortex. Graziano (1999) 

recorded visual responses to stimuli approaching the arm. He first showed that the visual 

receptive field of a neurone was linked to the position of the arm, so that when the arm 

was moved the visual RF also moved. He then showed that the link between the visual 

response and the position of the arm was suppressed when the arm was covered. Finally, 

he reported that the responses were partially recovered when a fake arm was placed 

within the receptive field of the neurone. These results suggest that the visual responses 

of these neurones are in “arm-centred” co-ordinates and that vision (and proprioception) 

contributes to the maintenance of a spatial link of visual responses to the arm. The 

findings I reported about the pattern of activation of the intraparietal sulcus suggest 

similar mechanisms in this area. This integration between vision and touch might be 

important for forming a coherent representation of the peri personal space and spatial 

attention seems to have a direct role in this.
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More surprisingly, cross-modal spatial effects were found also in unimodal visual 

areas. Both the middle occipital gyrus and the superior occipital gyrus showed spatial 

modulation during tactile attention (or stimulation; see Experiment 1 and 3). Both these 

areas showed a main effect of vision over touch in Experiment 6, with the middle 

occipital gyrus also showing the expected effect of side stimulated. None of these regions 

showed differential responses to left or right tactile stimulation. Nevertheless when tactile 

attention was directed towards one hand, these visual areas showed contralateral 

attentional modulations. This means that when attention is directed to a portion of space 

that is represented in several brain areas, an overall spatial bias is produced (i.e.: cross- 

modal attentional spatial gradient). Such cross-modal interaction may constitute one of 

the mechanisms that allows spatial integration across modalities and would explain the 

finding that touch can influence performance in purely visual tasks (Spence et al. 1998). 

Two additional observations should be highlighted to underline that this not a simple 

“spill-over” effect, but may reveal a more complex cross-modal integration process. First, 

the superior occipital gyrus, that showed spatial modulation during tactile tasks in 

Experiment 1, 2 and 3, also demonstrated an interaction between the presence of visual 

input and modulatory effects of selective tactile attention (see Experiment 2). This was 

equivalent to what was observed in the anterior intraparietal gyrus and suggests that 

cross-modal effects are highly dependent on sensory input being available to both 

modalities. The second observation is about the lack of contralateral modulation of the 

middle occipital gyrus in Experiment 2 (a purely tactile task), suggesting that experience
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of similar visual and tactile tasks was necessary to recruit this visual area during the 

tactile task. The activation of the middle occipital gyrus (Experiment 1 and 3) should 

therefore be interpreted as a cross-modal link that allows spatial attentional resources of 

one modality (here vision) to be employed by a different modality (here touch), when an 

appropriate association between the two tasks has been formed (McIntosh et al. 1998).

In conclusion, the effects of selective spatial attention can be summarised as 

follows:

1. Attention to one side modulates areas that respond to stimuli presented at

that same location (i.e.: modulation of contralateral representations)

2. Modality specific spatial modulations occur in unimodal areas (i.e.: superior post

-central gyrus for touch and superior occipital gyrus for vision)

3. Bimodal spatial modulations occur in bimodal areas that respond to contralateral

stimulation for both vision and touch (i.e.: intraparietal sulcus)

4. Bimodal spatial modulations occur also in unimodal visual areas (i.e.: middle and

superior occipital gyrus), with the spatial effect during tactile attention depending 

on current visual input.

As expected attentional modulations were observed in areas that encode 

information presented at the attended location. This supports the view that spatial 

selective attention acts as a gain mechanism to facilitate processing of stimuli presented
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at the attended location (Heinze et al. 1994; Luck et al. 1997). When an area represents 

both contralateral visual and tactile stimuli, the area will also show bimodal attentional 

modulation (i.e.: the intraparietal sulcus). The existence of such bimodal areas may 

explain cross-modal links observed behaviourally (Driver and Spence 1998). However, 

experiments in Part II also revealed that unimodal areas could be modulated cross- 

modally. For instance, activity in visual cortex was increased when tactile attention was 

directed contralaterally. In the next section I will address the question about possible 

sources of the spatial modulation found in modality specific regions. I will then propose a 

possible mechanism that may account for the cross-modal effects observed in unimodal 

areas.

Control structures

In the last section I discussed the modulatory effects of spatial attention on areas 

showing responses to contralateral stimulation. I interpreted these effects in term of 

selection of the relevant location. However, attentional effects were also found in areas 

that did not show any specificity for stimulation of particular locations. These effects 

cannot be interpreted in term of spatial selection and they were more difficult to 

characterise. While directly comparing attention to the left versus right, and viceversa, 

automatically eliminates confounds such as presence of stimulation, motor responses.
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attention to one modality, task related processes, arousal etc. the activations observed 

when comparing an active state to a baseline are always prone to possible 

misinterpretation. Here, I will adopt a parsimonious view and focus on the distinction 

between attentional effects in unimodal and bimodal areas. The difference between these 

effects and the one presented in the previous section is that here I will consider 

attentional effects that were unaffected by the side that was attended (bilateral 

representation). I will suggest that attentional modulation of modality specific structures 

may be used to control the relevance of a specific modality, while bimodal structures may 

be involved in more complex control functions. I will re-examine how bimodal structures 

were activated by a variety of attentional tasks, and suggest that they may act as sources 

for the cross-modal spatial attentional modulations described in the previous section.

Attentional effects on unimodal bilateral representations

Experiment 6 found unimodal bilateral responses to left and right tactile 

stimulation in the parietal operculum, while the posterior parietal lobule responded to 

vision, again independently of the hemifield stimulated. The effect of attention on these 

structures was highlighted in Experiment 3. Subjects were presented with bilateral, 

bimodal stimulation and were required to attend to one side and discriminate targets in 

one modality only. The main effect of attention to one modality versus attention to the 

other modality was used to detect brain activities associated with selection of stimuli in 

one particular modality. Importantly this comparison was matched for several aspects:
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stimuli, overt responses and necessity to attend to the periphery were identical across 

conditions. However, it has to be noted that any difference in difficulty that may result 

from performing similar tasks in two different modalities would be found in the results of 

these main effects.

Touch

The main effect of attention to touch was found in the parietal operculum (SII) 

and inferior post-central gyrus. No such main effect was found in SI, where the 

contralateral unimodal attentional modulation was detected. Attentional modulation of 

Sn  replicated previous studies that used brain imaging (Roland 1981; Burton et al. 1999), 

MEG (Mima et al. 1998) and electro-physiology in primates (Hisao et al. 1993). The 

dichotomy between spatial attentional effects in SI and overall modulation for attention to 

touch in s n  suggests that within the tactile modality attention may operate at two levels, 

s n  is reciprocally connected with both left and right SI, hence it may act as an integrative 

module where left and right somatosensory input compete and generate bilateral spatial 

gradients. Effectively, these would represent the side from which sensory input should be 

selected and further processed. The feed-back pathways may then be used to influence 

activity in SI. Thus, SI would be the recipient of the attentional modulation, while Sn 

would integrate bottom-up input from SI and top-down control signals from higher order 

areas. In this context, Sll might be portrayed as a modality specific control structure.
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Vision

For the visual modality a slightly different picture emerged from Experiment 3. 

Here the main effect of attention to vision versus attention to touch highlighted activation 

of both unimodal structures with bilateral representations (i.e.: posterior parietal cortex) 

as well as unimodal structures with contralateral responses. The main effect of vision in 

contralateral representation overlapped with the spatial attentional effect of side (i.e.: 

middle and superior occipital gyrus). I will maintain that these areas principally encode 

stimulus location and are therefore likely to be the recipients of attentional modulation, 

rather than structures directly involved in the control of attention. On the other hand, the 

posterior parietal lobule responded to both left and right visual stimulation in Experiment 

6 and did not show any effect of attended side in Experiments 1-4, demonstrating a 

pattern of activity similar to SII. Previous studies on visual attention showed that the 

posterior parietal lobule and intraparietal sulcus are activated in a variety of attentional 

tasks (Wojciulik and Kan wisher 1999), supporting the hypothesis that this area may act 

as a modality specific control structure. Coull and Frith (1998) proposed a separation 

between spatial and non-spatial visual attention in the parietal cortex. In a first PET 

experiment they tested subjects in a 2x2 factorial design. One factor was the presence of a 

working memory component in the task. The second factor was the relevance of the 

spatial position of the stimuli (spatial component). They found that both spatial and non- 

spatial tasks activated the posterior parietal cortex and the intraparietal sulcus. However 

they could also demonstrate that the posterior parietal cortex was preferentially activated
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during the spatial task. In this experiment the stimuli were the same for all conditions 

(i.e.: peripheral presentation) with the relevant attentional set entirely determined by the 

instructions. It was therefore possible that the activation of the parietal cortex during the 

non-spatial task was due to the peripheral presentation of the targets. A second 

experiment investigated this possibility directly. Now, during the non-spatial task stimuli 

were presented at fixation. This second experiment showed a dissociation between the 

intraparietal sulcus (activated during both the spatial and the non-spatial task) and the 

posterior parietal cortex, which activated only during the spatial task (with stimuli 

presented in the periphery). These two experiments (Coull and Frith 1998) support the 

suggestion that the posterior parietal cortex is important for control of spatial attentional 

resources within vision.

In summary. Experiment 3 showed that attention to one modality modulates areas 

that respond to stimulation in the same modality. Experiment 6 showed that the parietal 

operculum (for touch) and the posterior parietal cortex (for vision) responded to tactile or 

visual stimulation respectively, independently of the side stimulated. Analogously, 

Experiment 3 showed that these areas were modulated independently of the side attended. 

Both these regions are found at a later stage of stimulus processing, respectively in the 

tactile and visual pathways, than the regions that showed spatially specific attentional 

modulation (i.e.: superior postcentral gyrus for touch and occipital lobe for vision). This 

overall pattern of activation led me to suggest that the parietal operculum and the
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posterior parietal cortex may act as modality specific control structures, which select the 

currently relevant sensory modality.

Attentional effects on bimodal bilateral representations

I previously described how attending to one particular location during stimulation 

(or attention) in one modality can affect activity in areas involved in the processing of 

stimuli in a different modality. In particular tactile attention to one hand versus the other 

hand caused an increased signal in contralateral occipital areas. This “spill-over” effect 

could be explained if the areas that modulate activity in the occipital lobe during a visual 

task, operate supramodally. Recent imaging experiments have investigated the brain 

structures involved in control of visuo-spatial attention and likely sources of feed-back 

modulatory effects of attention on occipital areas (Hopfinger et al. 2000). These studies 

highlighted the central role that the temporo-parietal junction and the superior parietal 

lobe play in visuo-spatial attention.

Corbetta et al. (2000) suggested that the intraparietal sulcus is involved in 

preparatory activity that follows presentation of a predictive cue. The same study argued 

that the temporo-parietal junction (i.e.: inferior parietal lobule and superior temporal 

gyrus/sulcus) is responsible for attention shifting when the target is presented at the 

opposite location of the cue (invalid trials). However, opposite conclusions resulted from 

a similar experiment by Hopfinger et al. (2000). In Hopfinger’s experiment, after 

presentation of a central cue, bilateral checkerboards were shown in the left and right
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hemifields. Subjects had to direct attention to one side (as indicated by the cue) and 

detect altered checkerboards (three to nine grey checks substituted the white checks) at 

the attended location. Direct comparison of attention to the left or right visual field 

demonstrated the expected modulatory effect in contralateral extrastriate areas. In this 

study, increased activity in the temporo-parietal junction was observed in response to the 

cue. Contrary to Corbetta et al. (2000), the authors suggested that the temporo-parietal 

activation related to the voluntary preparation induced by the presentation of the cue. 

Additionally, cue-related activity was found in the superior premotor cortex, an area 

previously activated in several studies of visuo-spatial attention (Nobre et al. 1997; 

Corbetta et al. 1998).

Both temporo-parietal junction and frontal cortex were activated in most of the 

experiments presented in this thesis. These activations were observed independently of 

the modality of the attentional task, suggesting that these areas operate supramodally.

Superior temporal sulcus and inferior parietal lobule

The mapping Experiments 6 and 7 found robust bilateral /  bimodal responses in 

the superior temporal sulcus and the inferior parietal lobules. Most interestingly, these 

structures also showed consistent attentional effect across experiments. The STS was 

activated in Experiment 2 and 4 when either tactile or visual selective attention was 

compared with a low level baseline (see Figure lV.3.a and 3.b). Although the two 

experiments used different response modalities (vocal responses in Experiment 2 and
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right hand keypress in Experiment 4) it is possible that the common activation arose 

because of some unspecific process (arousal, motor preparation....) that may have 

occurred during the two active states but not during passive fixation. Experiment 3 

partially ruled out such a possibility. Within the same experiment, visual and tactile 

attention was compared with a central detection task. Stimuli and responses were 

matched across conditions, so that the activation of the STS (see Fig. IV.S.c) could be 

confidently related to the spatial selective attentional requirement of the task.

Selective attention in vision and touch

Visual Attention Tactile Attention
Visual and Tactile 

Attention

Figure IV.3. Effect o f selective attention in vision and touch, a.- Activation detected in Experiment 4, 
when peripheral attention during bilateral visual stimulation was com pared with central fixation, b.- 
Effect o f tactile attention as revealed in Experiment 2: peripheral tactile attention versus central fixation 
(passive bilateral tactile stimulation was delivered during baseline), c.- Com mon activation for visual 
and tactile attention versus central detection (+ bilateral bimodal unattended stimulation) as revealed in 
Experiment 3. Note the overlap of activation in the posterior part o f the superior temporal sulcus (blue 
dotted line).

It should be noted that in all these experiments attention was voluntarily 

maintained toward the periphery, but no attentional shift took place. This was in contrast 

with the interpretation of the STS activation found in Gitelman et al. (1999). In that
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study, brain activity during a shifting paradigm (see Posner 1980) was compared with 

activity during a central task. Accordingly, the authors interpreted all activations found 

for this comparison as being related to the process of attention shifting. However, as I 

already pointed out several times, this type of comparison is confounded with the 

voluntary process of covert attention to the periphery, which may independently affect 

brain activity (see Vandenberghe et al. 1996).

The finding that the STS was involved in both visual and tactile spatial attention 

extended previous reports of activation of this region for cross-modal attention. Downar 

et al. (2000) reported activation of STS and inferior parietal lobule for visual, auditory or 

tactile transients. Subjects were presented with three streams of stimuli, one for each 

modality. Each stream consisted of two possible stimuli A and B (for example two 

different abstract shapes, for vision). Every 14 seconds, one of the streams switched from 

stimulus A to stimulus B or viceversa, causing a “transient” in one specific modality. 

Subjects passively looked, listened and felt the trimodal stimulation. Transient evoked 

activity was characterised in term of modality specificity. Brain activations associated 

with transient in only one modality were found in modality specific areas (occipital and 

posterior parietal for vision, superior temporal for audition and parietal operculum for 

touch). Supramodal activations (i.e.: areas that responded to transients independently of 

the modality in which the transient occurred) were found in the posterior part of the 

superior temporal sulcus, bilaterally. The authors argued that the transients automatically 

captured attention (exogenous non-spatial attentional shift), and interpreted the temporo
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parietal activation as evidence of a supramodal monitoring system. To some extent this 

was similar to Experiment 7, where I presented subjects with unpredictable visual or 

tactile peripheral stimulation. When I tested for common activations, I also found 

increased signal in the STS and inferior parietal lobule (see figure IV.4.a). These 

common activations may be related to an exogenous shift of spatial attention.

Although all these observation provide important clues about the role of the 

inferior parietal / superior temporal region in the control of attention across modalities, 

the most convincing evidence for a direct role for IPL and STS in cross-modal spatial 

attention came from Experiments 8 and 9. Experiment 8 adopted a cross-modal variant of 

the classical Posner paradigm (1980). In response to an auditory cue, subjects 

endogenously directed attention to one hemifield. In 80% of the trials a target was 

presented at the attended location (valid trial). On the remaining 20% of the trials the 

target was presented in the opposite hemifield (invalid trial). Targets could be either 

visual or tactile. The direct comparison of invalid versus valid trials served to highlight 

brain activity associated with a common attentional control system for vision and touch 

(see figure IV.4.b). This contrast revealed strong activation of the inferior parietal lobule. 

Importantly this activation was not confounded with detection of peripheral targets (as in 

other experiments when a central task was used as baseline), because valid trials also 

necessitated target discrimination in the periphery. The finding that the inferior parietal 

lobule (i.e.: supramarginal gyrus, area BA 40) was directly involved in cross-modal 

spatial attention extended previous observations that implicated this region in visual
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neglect in humans and monkeys (Vallar and Perani 1986; Luh et al. 1986; Friedrich et al.

1998).

Finally, Experiment 9 suggested a possible link between the cross-modal effects 

observed in Part II, where tactile attention was found to influence activity in occipital 

visual areas and Part III, that highlighted a common neural substrate for the control of 

visual and tactile spatial attention. In Experiment 9 ,1 manipulated the spatial coherence 

of a bimodal visuo-tactile stimulation. I found that activity of visual areas contralateral to 

the stimulated hemifield was affected by touch. In agreement with the results of Part H, I 

demonstrated the spatial specificity of these cross-modal effects. Touch was found to 

amplify visual responses only when delivered at the same location as the visual target. 

Moreover, an analysis of effective connectivity between brain areas showed that touch 

affected vision via bimodal areas in the inferior parietal lobule (see figure IV.4.c).

As can be seen in figure IV.4 the activations of the supramarginal gyrus, in 

Experiment 7, 8 and 9 did not perfectly overlap, with Experiment 9 activating the more 

anterior part of the inferior parietal lobule. It is difficult to decide if this difference 

reflects a true dissociation between subdivisions of the supramarginal gyrus. It is more 

appropriate to discuss the potential differences between inferior parietal and superior 

temporal activations. Generally, I treated these two areas as a single region: the temporo

parietal junction. This was motivated principally by previous references to this area in the 

neuropsychological literature, where lesions in this region often include both areas 

(Vallar and Perani 1986; Rafal and Robertson 1995).
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BA  4 0  & cross-m odal exogenous covert o rien ting

Visual or tactile

m

transients
Invalid cueing of visual 

or tactile targets
Visuo-tactile effective 

connectivity

Figure IV.4. shows some of the results o f Experiment 7, 8 and 9. a.- Com mon activation evoked by 
visual or tactile transient stimulation in Experiment 7. b.- Effect o f invalid cueing common for visual 
and tactile targets in Experiment 8. c.- Area showing increased effective connectivity with the left 
lingual gyrus, specifically during trials when tactile information affected activity in unimodal visual 
cortex (i.e.; spatially coherent bimodal stimulation). Note that although the activation in Experiment 9 
was found few millimetres anteriorly to the other two activations, all tasks engaged the supramarginal 
gyrus (BA 40) in the anterior part o f the inferior parietal lobule (outlined in blue).

Additionally, many of the experiments presented in this thesis activated both 

areas, especially when both hemispheres are taken in consideration. Moreover, none of 

the experiments showed a “within-experiment” dissociation between activation of STS 

and IPL. Nevertheless, one speculation might be put forward. IPL showed strong 

responses in Experiment 7, 8 and 9, when targets were presented at unattended locations, 

while STS was activated in Experiment 2, 3 and 4 when attention was voluntarily 

maintained to a peripheral location. This suggests that IPL may be mainly concerned with 

automatic shifts of spatial attention, while STS may be involved in endogenous covert 

orienting.
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As already discussed, Experiment 7 used unpredictable peripheral visual and 

tactile stimulation and activated both IPL and STS, but the IPL activation was the more 

significant. Moreover, the fact that I used stimulation of only one hemifield might have 

recruited some voluntary resources, which could explain the additional activation of the 

STS. More informative were Experiments 8 and 9. Experiment 9 was similar to a 

prototypical exogenous cross-modal cueing task (Spence et al. 1998), where subjects 

received uninformative peripheral cues either at the position of the target or on the 

opposite side. The principal difference between the imaging version and previous 

behavioural studies was that cues occurred only on one side (right), so that targets on the 

opposite side (left) were never “correctly” cued. This purely exogenous experiment did 

not activate STS and only IPL showed an involvement in the task. Experiment 8 used 

what would generally be referred as an endogenous version of the Posner paradigm. 

Subjects listened to an auditory instruction and voluntary shifted attention to the cued 

location. However, the process highlighted by direct comparison of invalid with valid 

trials was purely exogenous. Subjects were attending to one side when the target stimulus 

was presented in the opposite hemifield, automatically attracting spatial attention. As in 

Experiment 9, activation was found in IPL but not in STS. The activations were bilateral 

and unaffected by the hemifield in which the target was presented. Moreover, the 

activations were detected during shifts of attention to both visual and tactile targets, 

revealing a supramodal system for exogenous spatial attention. The localisation of this 

control area was in agreement with previous reports of inferior parietal activation during
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invalid cueing in the visual modality (Nobre et al. 1999; Corbetta et al. 2000). However, 

it has to be noted that Nobre and colleagues interpreted their results in term of breaches 

of expectation and Corbetta’ study found a second peak of activation in the STS.

Activation of the superior temporal sulcus was observed mainly in Part II, when 

no attentional shifts occurred, and subjects voluntarily maintained attention to the 

periphery (see Experiments 2 and 4). The STS also activated in Experiment 6 when 

stimulation was blocked to one side for approximately 30 seconds. Similarly, in 

Experiment 3 STS activated when either visual or tactile attention was maintained to one 

side throughout the 2 minutes of a PET scan. Again the activations were independent of 

the side and modality attended. Finally, STS was selectively activated in Experiment 5 

during the low rate condition, when attention was maintained for longer periods to one 

side. The speculation that this region shows maximal responses when attention is 

voluntarily maintained to a peripheral location is in disagreement with the finding of 

Corbetta et al. (2000). They suggested that voluntary attention to peripheral locations 

results in activation of the intraparietal sulcus and posterior parietal cortex, for the visual 

modality. However, doubts could arise about the ability of their analysis to distingush 

between transient activity associated with the presentation of the cue and sustained 

activity during the cue-target period (i.e.: correlations between fMRI signals in 

consecutive acquisition frames). The issue of endogenous versus exogenous spatial 

covert orienting was directly addressed in two other imaging studies. Rosen et al. (1999) 

used both an endogenous (central cue) and an exogenous (peripheral cue) version of the
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Posner paradigm during fMRI scanning, and concluded that a single network was 

activated by the two tasks. They reported that during the endogenous task activations 

were greater, but no statistical difference was found. Similarly Kim et al. (1999) found 

overlapping activation for endogenous and exogenous cueing tasks. However, they also 

found statistically significant activation of the temporo-occipital junction when the 

endogenous task was directly compared with the exogenous version. The activation was 

located just posteriorly to the STS, supporting the proposal that the inferior part of the 

temporo-parietal junction may be principally involved in endogenous control of attention, 

while more superior regions (i.e.: supramarginal gyrus) may be recruited during 

automatic orienting (see Corbetta et al. 2000).

In conclusion, STS and IPL showed robust activation in many experiments of 

covert spatial orienting to peripheral location. The responses were not dependent on the 

modality or side attended, in agreement with the hypothesis that these areas contain 

bimodal, bilateral spatial representations. These areas displayed complex attentional 

properties such as selective activation for peripheral attention (Experiment 2-4), 

responses during attentional shifts (Experiment 5 and 8) and integration of tactile and 

visual signals in a spatially specific manner (Experiment 9). A clear distinction between 

the role of the STS and IPL during spatial covert orienting could not be determined on the 

basis of the data collected. However, a possible separation between voluntary 

maintenance of attention to the periphery (STS) and automatic responses to stimuli
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presented outside a currently relevant location (IPL) may constitute a valid working 

hypothesis.

Premotor cortex

The frontal cortex has been long associated with control functions in spatial 

covert orienting (Mesulam 1990; Desimone and Duncan 1995). In this thesis premotor 

regions activated in several experiments. However, unlike the activation of the temporo

parietal junction, the position of the clusters differed quite a lot across experiments. To 

facilitate the review of these activations I will separate them in two broad categories: 

inferior and superior lateral premotor cortex. This distinction may be particularly useful 

given the different connectivity of these two regions with the parietal and temporal lobes.

Superior premotor cortex: The region of the superior frontal cortex that is 

generally associated with spatial attentional functions is found at the intercept of the 

superior frontal sulcus with the precentral gyrus (Corbetta 1998). This region is at the 

border between BA 8 and superior part of BA6, and may correspond with the human 

homologue of the frontal eye field (Paus et al. 1993). Tracing studies in monkey have 

shown that this portion of the frontal cortex is reciprocally interconnected with the 

intraparietal sulcus (Goldman-Rakic 1988). It has been postulated that this circuitry is 

involved in planning and executing eye movements. The posterior areas encode stimulus 

location and current proprioceptive information about eyes position (Andersen et al. 

1997), while the anterior region is more directly involved in the motor aspect of saccade
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generation (Boch and Goldberg 1989). Recently, similar areas have been activated in 

several neuroimaging experiments on covert spatial orienting in humans (Nobre et al 

1997; Gitelman et al. 1999; Rao et al. 1999). However, other studies have suggested that 

activation of the FEE is dependent on the necessity to execute an overt response to the 

covertly attended targets (Corbetta et al 1993). Corbetta (1998) reviewed several imaging 

studies on overt and covert visuo-spatial orienting and concluded activations for the two 

types of task overlapped to a great extent, including the superior frontal cortex.

In the studies presented in this thesis the most consistent frontal activations were 

found in the inferior frontal cortex (see next paragraph). However, a region that may 

correspond to the FEE was activated in experiments of both Part II and III. Experiment 4, 

which employed a purely visual task, showed activation of the right superior frontal lobe 

during sustained selective attention. Similarly, Experiment 3 highlighted an involvement 

of this area during both visual and tactile attention. This seems to suggest that this 

structure may operate supramodally, controlling tactile as well as visual covert orienting. 

This would support previous proposals that the FEE may be involved in sustaining 

attention in both modalities (Pardo et al. 1991). However, this would predict that the FEE 

should activate during tactile attention, as investigated in Experiment 2. In this 

experiment, the comparison of tactile attention versus passive stimulation did not activate 

any superior premotor area. Only motor areas were activated, presumably because of the 

motor response that occurred during the attention condition but not during the passive 

stimulation. Similarly, Burton et al. (1999) compared conditions of active tactile attention
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versus passive stimulation and did not found any activation of the premotor cortex. 

Interestingly, Experiment 3 showed that although FEE activation was present during both 

visual and tactile attention (when the two were compared with the control task), the 

signal was significantly stronger for vision than touch when the two attentional tasks 

were compared directly. This suggests a possible supremacy of vision over touch in this 

area. This hypothesis is supported by the afferent projections to FEE, which principally 

originate in posterior parietal visual areas (areas 7a and LIP), but not in more anterior 

parietal areas (area 5 and 7b) where tactile and bimodal neurones are found (Graziano 

and Gross 1998).

Inferior fronta l cortex: Several clusters of activation were found in the inferior 

frontal cortex. Experiments 5, 7 and 8 activated a very anterior region, in the fronto-polar 

gyrus. This activation was unexpected and did not overlap with any of previous studies 

that directly investigated visuo-spatial attention. Nevertheless, Owen et al. (1996) 

reported activation of a similar area during a visuo-spatial working memory task. This 

study used several variants of the Tower of London task to investigate planning abilities. 

However, the same study included control conditions that did or did not necessitate 

visuo-spatial working memory (both in absence of any planning requirement). In one 

condition, subjects were asked to memorise a sequence of movements between different 

position and execute them only at the end of the complete sequence (spatial memory 

condition). In a different condition subjects were required to immediately execute each of 

the movements, so that no spatial working memory was needed. The comparison of these
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two conditions showed activation of the fronto-polar gyms, suggesting a possible 

implication of this area in the control of spatial resources. In the present context of cross- 

modal orienting, it is interesting to note that degenerative studies (Jones and Powell 

1970) and tracing experiments (Selzer and Pandya 1989) in monkeys have demonstrated 

reciprocal connections between this anterior part of the inferior frontal lobe and 

multimodal areas in the superior temporal sulcus. This might support the notion that this 

frontal area does indeed participate in a supramodal network of brain stmctures.

Possibly more relevant were the activations detected in the inferior precentral 

gyms. These extended from the inferior part of BA 6 to BA 44 and the frontal operculum. 

The inferior part of monkey area 6 (also called vPM for ventral premotor or F4 and F5) in 

the premotor cortex is reciprocally connected with secondary somatosensory areas in the 

parietal operculum (Matelli et al. 1986), and contain neurones with bimodal receptive 

fields (Graziano and Gross 1993; Fogassi et al. 1996). Like neurones found in area 7b, 

visual receptive fields of bimodal premotor neurones are linked to the tactile receptive 

fields, suggesting a possible role of this area in the integration of polysensory cues to 

form a coherent representation of peri personal space (Fogassi et al. 1996; Graziano and 

Gross 1998). The involvement of this area in spatial attention has been highlighted in 

both neuropsychological studies of visual neglect (Husain and Kennard 1996) and 

imaging studies of visuo-spatial attention. While early studies exclusively activated 

superior frontal areas (Corbetta et al. 1993; Nobre et al. 1997), more recent studies have 

found strong activation of the inferior frontal areas (Gitelman et al. 1999; Kim et al.
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1999). Both Gitelman's and Kim’s studies found maximal activation in the anterior 

insulae or frontal operculum. These activations were not discussed in detail, but Kim et 

al. (1999) found that the insulae activated during both endogenous and exogenous 

attention, suggesting a general role in spatial orienting. Consistent with these 

observations I detected activation of the inferior premotor cortex, often extending 

medially to the frontal operculum and anterior insulae, in Experiment 2, 4, 7 and 8. Given 

the activation in Experiment 2 (tactile attention) and 4 (visual attention) it was surprising 

not to find any activation in Experiment 3, when tactile and visual attention were 

combined in the same experiment. Nevertheless, strong bimodal activation of the inferior 

frontal cortex was detected in Experiment 7 when I presented subjects with either visual 

or tactile peripheral stimuli. The same area activated in Experiment 8 for invalid versus 

valid trials, again independently of the modality or side of the targets. The fact that 

activations were found both in experiments of Part II (mainly involving sustained 

selective attention) and Part III (more related to shifts of spatial attention) seem to 

support the view that this region is generally involved in controlling spatial attentional 

resources across modalities. A recent event-related fMRI study (Hopfinger et al. 2000) 

that sought to dissociate brain activity associated with cue and target presentation found 

that activation of the inferior premotor cortex was associated with presentation of the 

targets. The authors interpreted this finding in term of selective stimulus processing 

and/or response mechanisms. The stimulus selection hypothesis would fit the activations 

observed in Part II, while the response hypothesis may relate to the activation during
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invalid trials, when subjects prepared to respond to stimuli in one location but were then 

required to respond to a stimulus presented in a different location. In any case, further 

studies will be needed to address the role of the inferior frontal cortex during spatial 

covert orienting.

In summary, I defined control areas as areas that did not show any differential 

effect depending on the stimulated hemifield (bilateral representations), but that were 

affected by covert spatial attention. I then differentiated between modality specific and 

supramodal areas. Modality specific areas were found in the parietal operculum for touch 

and posterior parietal cortex for vision. These areas showed modality specific responses 

to stimulation and were activated when one specific modality was attended. I suggested 

that these areas act as unimodal control structures by selecting and promoting processing 

of stimuli in one particular modality.

Bimodal control areas showed responses to both visual and tactile stimulation and 

were activated in several attentional tasks, whether vision or touch was relevant. These 

areas were found in the temporo-parietal junction and the frontal cortex. While the 

anterior activations did not localised around a specific portion of the frontal lobe, the 

posterior clusters were clearly centred around the temporo-parietal region and showed 

robust activation across experiments. The reliability of the temporo-parietal activation 

allowed me to speculate about a possible segregation of functions between the inferior 

parietal lobe (concerned with exogenous mechanisms of attention) and the superior
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temporal sulcus (possibly involved in sustaining voluntary attention to peripheral 

locations). In the next section, I will propose a model that attempts to relate the existence 

of bimodal control structures with the observation of cross-modal effects in unimodal 

areas.

A model for cross-modal interactions in spatial attention

Overall the experiments presented in this thesis highlighted two major cross- 

modal effects in spatial attention. Firstly, and perhaps more surprisingly, the contralateral 

effect of attending to one side spread from regions processing stimuli in the attended 

modality to unimodal areas of a modality not directly involved in the task. An example of 

this is the activation of the lateral and superior occipital lobe during the tactile task in 

Experiment 3, when visual stimuli were never presented; or the amplification of activity 

in the left lingual gyrus when an irrelevant tactile stimulus to the right hand was coupled 

with a right visual target. The second cross-modal effect in spatial attention was found 

when I considered control processes. These were investigated mainly in Part III, when I 

used several variants of the classical Posner paradigm (Posner 1980) to highlight 

structures involved in attention shifting. Here, I found that almost all structures that were 

engaged during covert orienting operated supramodally.
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It is generally assumed that, at least during endogenous attention, modulations in 

unimodal areas are caused by feed-back from higher order areas (Desimone and Duncan 

1995; Hopfinger et al. 2000). Several models have considered possible mechanisms for 

these modulations (Chawla et al. 1999; Hahnloser et al. 1999), suggesting that top-down 

influences induce increases in baseline activity (Kastner et al. 1999), which may result in 

amplification of responses to incoming sensory input (Chawla et al. 1999). In the context 

of the cross-modal spatial effects found in this thesis, it seems plausible that feed-back 

signals from bimodal control structures might spread to unimodal areas that are not 

relevant during a particular task. In other words, the existence of a shared control system 

between vision and touch may allow stimulation or attention to one modality to affect 

unimodal structures of a different modality.

Figure 1V.5 shows a schematic overview of the brain structures that may be 

involved during cross-modal spatial orienting. The model presents two principal ideas. 

First, it divides areas that represent contralateral portions of space (in red for right and 

blue for left) and areas that respond to both left and right stimulation (in green).

Secondly, it differentiates between areas that respond exclusively to stimuli in one 

modality and areas that respond to both visual and tactile stimulation. This simplified 

view is principally derived from Experiment 6 & 7 and the arrows connecting the areas 

have to be interpreted in term of functional links between the modules rather than direct 

anatomical connections (although most of these have been observed in tracing and 

degenerative studies).
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Representations involved in cross-modal spatial attention
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Figure IV.5. Schematic view of the relation between structures involved in cross-modal spatial 
attention. I distinguished between unimodal and multimodal structures. Additionally, areas are divided 
accordingly to the spatial selectivity o f their responses (green for bilateral representation, red for right 
hemifield representations, and blue for left hemifield representations). Black arrows indicate the 
forward pathways, from unimodal to supramodal structures. The magenta arrows indicate the feed-back 
pathways that may be responsible for cross-modal effects in unimodal areas.
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The architecture of this simplified model can be used to illustrate some of the 

cross-modal effects observed on this thesis. I will consider the following two scenarios: 

endogenous selection of stimuli in one side during bimodal bilateral stimulation (as in 

Experiment 3) and exogenous cross-modal spatial cueing (as in Experiment 9). In both 

cases I found that attention to or stimulation by touch influenced processing in visual 

areas. Here I show how a model that includes feed-back pathways from bimodal control 

areas to unimodal contralateral representations can account for these effects.

Endogenous spatial selection (Figure iv.6.)

In the case of endogenous orienting, all attentional effects rely on back- 

projections. The voluntary process of directing attention to one side and one particular 

modality arises in the control structures (in green). Possibly, at the top level (bimodal 

bilateral representation) local interactions are used to set up a spatial gradient, which 

determines the side that has to be attended (STEP 1). Concurrently, the connection 

between the bimodal control module and the unimodal control module of the modality 

that is currently relevant is reinforced (STEP 2). The spatial gradients are then feeds-back 

to the lower areas (top-down modulation) (STEP 3 and 4). As a result of these top-down 

influences spatial gradients are set up in contralateral representations (red hatched areas). 

Because the spatial gradient originates in a multimodal area that back-projects to
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unimodal bilateral representations of both modalities (STEP 3*), unimodal spatial 

gradients are transferred to unimodal areas that are not directly involved (STEP 4*).

E n d ogenous c ross-m odal effects

RIGHT LEFT

S T E P  1. A spatial gradient is 
endogenously generated according 
to where attention has to be 
directed

S T E P  2. A “modality gradient” is 
put in place in order to select the 
relevant sensory modality. This is 
represented here as a change in 
connection strength between 
bimodal and unimodal bilateral 
maps

S T E P  3. The bimodal gradients are 
fed-back  to unimodal bilateral maps

S T E P  4. M odality specific bilateral 
maps feed-back to their respective 
unimodal contralateral maps

(*). As a result o f the 
connections of the bimodal 

maps with unimodal maps of 
both modalities, the spatial 
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F igure IV.6. Cross-modal effects in endogenous spatial attention. The exam ple presented here 
corresponds to a condition of tactile attention to the right hemifield. Position is encoded along the 
horizontal axis, while the vertical axis represent level o f activity See text for details and figure IV.5 for 
correspondence between the panels in this figure and brain areas.
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This mechanism may explain the finding that differential effects for attending left 

and right were found in unimodal visual areas during tactile tasks. Several other effects 

are shown in Figure IV.6. In black and magenta I represented the contralateral responses 

to left and right tactile stimulation (two top panels) and left and right visual stimulation 

(in the two bottom panels). The responses in black are identical for the four maps, and 

simply represent the response to the stimulus presentation (in both modalities and 

hemifields). In magenta are the responses to the same stimuli, after the attentional spatial 

gradient has been set up. Responses to stimuli presented at the attended side are enhanced 

(top and bottom left panels), while responses to stimuli presented in the opposite 

hemifield are suppressed (top and bottom right panels). The suppression is due to the fact 

that the gradients in the bimodal areas have a mean of zero, so that activation to one 

portion of the represented space results in deactivation of other regions. This was 

included simply to recall the ipsilateral deactivations that were observed in several 

experiments. A second effect that is included in the graphics is the proposal that gradients 

in the attended modality are stronger than in the non attended modality (compare top and 

bottom panels). This is meant to show the effect of attention to one modality. The top- 

down connections are tuned so that signal from the bimodal control module (green panel 

in the centre) to the control module of the attended modality is amplified, while signal to 

the other modality is reduced (compare top and bottom green panels). The same effect 

could have been achieved by simply increasing the mean activity in the modality specific 

control module (in this case top green panel). This might conform better with the results
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of Experiment 4, when attention to one modality resulted in a signal increase in modality 

specific bilateral representations (i.e.: parietal operculum for attention to touch).

However, here I preferred to present a description in which endogenous attention 

operates only at the top level (bimodal, bilateral representations; centre green panels). 

This illustrative model shows how back-projections from bimodal control areas might 

cause cross-modal spatial effect in unimodal areas of an irrelevant modality.

Exogenous spatial effects (Figure iv.7.)

In this simple model, cross-modal spatial effects can occur also because of 

exogenous factors. In this case, the spatial gradient in the bimodal/bilateral control 

module, which is the critical component producing cross-modal effect in unimodal areas, 

is generated by incoming sensory input. This process necessitates the recruitment of 

forward projections as well as re-entrant pathways needed for the endogenous case. 

Figure IV.7 shows a hypothetical situation (chosen to match the experimental setting in 

Experiment 9). A tactile stimulus is presented to the right side, this causes activation of 

the distinctive contralateral unimodal structure (STEP 1). The signal is transmitted 

forward to the bilateral, modality specific map (STEP 2) and then to the bimodal control 

module (STEP 3). At this point the bimodal spatial gradient is in place and it is fed-back 

to both tactile and visual unimodal structures (STEP 4 & 5). As for the endogenous case, 

because the bimodal bilateral module is reciprocally connected with unimodal structures
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of both modalities, spatial gradients also reach contralateral unimodal structures of the 

modality that was not stimulated in a first place. As in figure IV.6, black and magenta 

graphs show the responses to unilateral stimulation of each modality and side, with 

(magenta) or without (black) the effects caused by the first stimulation. If we consider the 

first stimulation as a cue, and the second stimulus as a target, it appears clear that when 

cue and target are presented in the same hemifield there is response enhancement (top 

and bottom left panels, in the second part of the figure). The amplification is stronger 

when cue and target are in the same modality (top left panel) because the unimodal 

bilateral map is first activated by the feed-forward signal (STEP 3) and then reactivated 

by the feed-back signal (STEP 4). The unimodal maps of the second modality are 

activated only by feed-back signals (STEP 4 only) and therefore show weaker gradients 

and weaker modulation of the response to targets. Nevertheless, note that the contralateral 

response to a right visual stimulus (in the corresponding contralateral unimodal map; 

bottom left panel) is amplified (red arrow) by presentation of a tactile stimulus at the 

same spatial location. This effect is intended to illustrate the finding of Experiment 9, 

where contralateral responses to visual stimulation were amplified by spatially coherent 

tactile stimulation.
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Exogenous cross-modal effects

S T E P  1. A unimodal contralateral 
map is activated by stimulus 
presentation

S T E P  2. F eed-forw ard  connections 
generate spatial gradients in 
modality specific bilateral maps

S T E P  3. The gradient is transferred 
to bim odal bilateral maps

Feed-forward

Feed-backward

S T E P  4. The bimodal gradients are 
fed-back  to unimodal bilateral maps

S T E P  5. M odality specific bilateral 
maps feed-back to their respective 
unimodal contralateral maps

Spatial cueing effects 
spread across- 

modalities, causing 
increased response to 

stimulation in a different 
modality

Figure IV.7. Cross-modal effects in exogenous spatial attention. See text for details.
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In summary, a simple model that considers spatial specificity (contralateral versus 

bilateral representation) and modality selectivity (unimodal verus bimodal) can be used to 

illustrate some of the cross-modal effects found in the experiments presented in this 

thesis. The model relies on the bimodal bilateral representations characteristic of the top- 

level control module and on feed-back pathways from this module to lower (modality 

specific) areas. The experimental data suggest that the temporo-parietal junction may act 

top level structure influencing activity in unimodal contralateral representation in the 

occipital lobe (for vision) and the post-central gyrus (for touch).

open issues

The results of the experiments I conducted provide some indication of the brain 

structures, and possibly the mechanisms, which mediate cross-modal links in spatial 

attention. However, several issues remained unresolved. These pertain mainly to the 

general concept of control processes in spatial attention, which were investigated using 

several versions of the Posner cueing paradigm. I focussed on the comparison between 

invalid and valid trials to isolate structures involved in attention shifting. However, a 

cueing trial can be divided in several successive sub-processes. When an informative cue 

is presented, the cue has to be interpreted and associated with a location of high target 

probability. This ought to involve complex processes of sensory-motor association.
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working memory, and motivational aspects. Once the brain has associated a given cue 

with a specific spatial location, attention has first to be allocated to that location and then 

maintained there. This may involve feed-back modulation of sensory areas representing 

the expected stimulus as well as motor preparation. All these processes should be 

common to valid and invalid trials and were probably not highlighted in Experiment 8. 

Nevertheless they clearly constitute important functions in the control of spatial attention, 

and further experiments should be performed to investigate them. Moreover, when a 

target is presented at an unattended location (the situation studied in Experiment 8) 

attention has to be disengaged, moved and re-engaged at the new location. Posner and 

Petersen (1990) proposed that these processes may take place in different brain structures 

(posterior parietal, superior colliculus and pulvinar respectively), but the experiments in 

this thesis could not dissociate these distinct functions. A related issue concerns the 

distinction between voluntary and automatic covert orienting. I previously suggested that 

in the temporo-parietal junction a segregation between regions responsible for voluntary 

(STS) versus automatic (IPL) orienting may exist. This suggestion was highly speculative 

and appropriate experiments should be performed in order to address this specific 

hypothesis. The role of the frontal cortex in cross-modal attention was also not 

satisfactory determined. The frontal activations were quite sparse which did not allowed 

me to formulate any strong hypothesis. However, further studies may help to distinguish 

between superior and inferior premotor cortex, possibly revealing a different interaction 

between vision, touch and proprioception in these areas. Finally, and most importantly.
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further experiments should investigate the frame of reference in which spatial attention 

operates. In the discussion of my results I emphasised how selective attention modulates 

contralateral spatial representation. The spatial specificity was determined by comparing 

stimuli presented to the two hemi fields. However, stimulation of different hemi fields also 

resulted in stimulation of different sensory afferents (sensory receptors). For example 

right tactile stimulation always corresponded with stimulation of the right hand. It is 

therefore not clear if attentional modulations acted on a spatial representation or the 

neural representation of the hand. Nevertheless, the finding that modulations spread 

across-modalities suggests that the effects are spatially specific rather than “receptor” 

specific. The distinction of these two possible frames of reference should be directly 

investigated by changing the position of the receptors in respect of the extrapersonal 

space. This can be achieved by crossing the arms, so that the right tactile receptor field 

(the hand) is brought into the left hemifield and viceversa, or by shifting fixation to 

different location. For example the very same central stimulus can be presented to the 

left hemisphere when fixation is directed to the left hemifield or to the right hemisphere 

for fixation to the right. This type of manipulation will be crucial to reveal the complete 

picture of how cross-modal spatial integration is accomplish in the human brain.
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Conclusions

In this thesis I used functional imaging to investigate the neural substrate of cross- 

modal links in spatial attention. I considered two main aspects of covert spatial orienting. 

The selection of stimuli presented at attended positions and the control mechanisms 

involved in directing attention to peripheral spatial locations. These two processes were 

associated with different brain regions. Selective spatial attention resulted in contralateral 

modulation of areas at an early stages of stimulus processing, while control functions 

were carry out in higher association areas. Critically, I was able to demonstrate that at 

both levels spatial attention operates supramodally.

Occipital and post-central areas responded to contralateral visual and tactile 

stimulation respectively. These same areas were activated when visual or tactile attention 

was directed to the contralateral side during bilateral stimulation. This suggests that 

spatial selective attention modulates contralateral representations in order to facilitate 

processing of stimuli presented at one specific location. However, I also demonstrated 

that extrastriate visual areas showed contralateral spatial modulation during tactile 

attention. This indicates that attention produces spatial biases that extend across- 

modalities, providing a possible mechanism for cross-modal spatial integration.

The experiments that investigated structures involved in control of spatial 

attention highlighted possible sources for the cross-modal effects in unimodal areas.
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Control areas did not show any spatial specificity (responded to both left and right 

stimulation) but were activated in several tasks that required covert orienting to the 

periphery. The most robust effects were found in the temporo-parietal junction. 

Importantly, this region was engaged in attentional control during both visual and tactile 

tasks, suggesting that cross-modal effects in unimodal areas arise because both modalities 

share the same attentional control structures. These may act on unimodal visual and 

tactile areas by modulatory feed-back-projections, forming a distributed system for the 

representation of space. In this context, spatial attention can be described as the element 

that integrates processing in this multimodal system.
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