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Abstract Cognitive processes, such as spatial attention,

are thought to rely on extended networks in the human

brain. Both clinical data from lesioned patients and fMRI

data acquired when healthy subjects perform particular

cognitive tasks typically implicate a wide expanse of

potentially contributing areas, rather than just a single brain

area. Conversely, evidence from more targeted interven-

tions, such as transcranial magnetic stimulation (TMS) or

invasive microstimulation of the brain, or selective study of

patients with highly focal brain damage, can sometimes

indicate that a single brain area may make a key contri-

bution to a particular cognitive process. But this in turn

raises questions about how such a brain area may interface

with other interconnected areas within a more extended

network to support cognitive processes. Here, we provide a

brief overview of new approaches that seek to characterise

the causal role of particular brain areas within networks of

several interacting areas, by measuring the effects of

manipulations for a targeted area on function in remote

interconnected areas. In human participants, these approa-

ches include concurrent TMS-fMRI and TMS-EEG, as

well as combination of the focal lesion method in selected

patients with fMRI and/or EEG measures of the functional

impact from the lesion on interconnected intact brain areas.

Such approaches shed new light on how frontal cortex and

parietal cortex modulate sensory areas in the service of

attention and cognition, for the normal and damaged

human brain.
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Introduction

Observations on neurological patients exhibiting the spatial

neglect syndrome after brain damage, as studied for instance

by Pizzamiglio and his colleagues (e.g., Bisiach et al. 1996;

Guariglia et al. 1993; Robertson et al. 1997), have provided

crucial lines of evidence on the brain basis of spatial cog-

nition and attention. Understanding and treating the dis-

abling deficits of such patients (e.g., Pizzamiglio et al. 1990,

1992, 1998) is of major importance in its own right, as

considered by some of the other contributions in this special

issue (e.g., Cappa and Perani, this volume). Studies of

neglect patients have also shed light on the network of brain

areas that may be implicated in normal spatial cognition and

attention, based on the typical (and often extensive) lesions

in neglect. Lesion evidence implicates an extensive network

of brain areas in neglect. The regions typically affected

include frontal, parietal and superior temporal cortex, pri-

marily in the right-hemisphere, plus underlying and inter-

connecting white-matter (e.g., Karnath et al. 2001, 2004;
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Mort et al. 2003; Vallar 2001; Verdon et al. 2009). See Fig. 1

for a schematic illustration.

A second line of evidence, in which Pizzamiglio and

colleagues have also long been active (e.g., see Vallar et al.

1999; Galati et al. 2000), concerns functional neuroimag-

ing data, typically PET or fMRI data, from neurologically

healthy subjects as they carry out specific cognitive tasks.

This very different type of evidence has also often sug-

gested that extensive brain networks may underlie spatial

cognition (e.g., Vallar et al. 1999) and spatial attention

(e.g., Corbetta and Shulman 2002; Driver et al. 2004).

Moreover, there has often been considerable overlap

between those brain networks found in fMRI studies of

spatial cognition and attention in healthy participants, with

those implicated by the extensive brain lesions of typical

neglect patients (e.g., Husain and Rorden 2003; Driver

et al. 2004); see again the schematic in Fig. 1. Taken

together, such lines of evidence from lesioned patients or

functional neuroimaging in neurologically intact subjects

have led to the emerging view that rather than single brain

areas being identified with single cognitive functions,

cognition may be subserved by extended networks of

interconnected brain areas (e.g., see Corbetta and Shulman

2002; Driver et al. 2009; Ruff et al. 2009a).

On the other hand, studies that target specific brain areas

more selectively have led to suggestions that a given area

may play an essential role in a specific cognitive process.

In research with human participants, transcranial magnetic

stimulation (TMS) has often been used to target specific

brain areas (provided they are near enough to the surface to

be approached by TMS) in order to test such hypotheses

(e.g., for reviews, see Walsh and Pascual-Leone 2005;

Wassermann et al. 2008). In rare cases where invasive

electrodes were available for surgical reasons, targeted

invasive stimulations have also been possible in a few

human patients (e.g., Thiebaut de Schotten et al. 2005),

somewhat analogous to microstimulation work in non-

human primates (e.g., see Cohen and Newsome 2004).

Such interventional approaches have also been supple-

mented with conventional focal lesion work, either by

selecting human patients with unusually focal damage

(e.g., Husain et al. 2003), or by experimental (often

reversible) lesions in animals (e.g., Lomber and Galuske

2002). These more targeted approaches have led to

hypotheses that specific single brain areas may make

unique contributions to particular cognitive processes, such

as for those aspects of spatial cognition and attention that

we consider here. But given the coexisting evidence for

more extensive networks of interconnected brain areas (see

above and Fig. 1), this then raises the question of how an

implicated specific brain area may interact with closely

interconnected regions within the same network, as a

function of the current task requirements.

In this context, several sophisticated analysis approaches

have been developed for application to standard fMRI, EEG

or MEG data, which seek to uncover patterns of functional

influences or ‘effective connectivity’ between intercon-

nected brain regions. Such patterns of effective connectivity

may relate to particular cognitive processes and may even

change dynamically in a task-dependent manner (e.g.,

Friston et al. 2003; Goebel et al. 2003; Schnitzler and Gross

2005; Valdés-Sosa et al. 2005). But here we focus instead on

more interventional approaches that target a particular brain

area with a causal intervention (e.g., TMS, or microstimu-

lation or even a permanent lesion), while studying the

impact on brain function in remote but interconnected areas

within a more extended brain network.

Combining TMS with concurrent fMRI to study causal

influences in the brain networks subserving attention

and spatial cognition

TMS has been combined with PET (e.g., Fox et al. 1997;

Paus et al. 1997; Siebner et al. 1999), but this does not

Fig. 1 Schematic lateral view of the right-hemisphere of the human

brain (adapted from Vuilleumier and Driver 2007, with authors’

permission), highlighting some of the many cortical brain regions that

have been implicated for possible roles in the unilateral neglect

syndrome, based on patients’ lesions. Similar regions have also been

implicated in attention-related networks, as based on functional

neuroimaging in neurologically intact subjects. Indeed, as noted in

our main text, the extensive networks implicated by both types of

evidence often show considerable overlap. Important subcortical

structures and white-matter connections are omitted for simplicity.

The four arrows at top point schematically to some of the sites

targeted in the recent concurrent TMS-fMRI studies that we review in

the main text. Here, a indicates the right frontal eye fields TMS site of

Ruff et al. (2006); b indicates the right intra-parietal TMS site of Ruff

et al. (2008); c indicates the right posterior parietal TMS site of

Blankenburg et al. (2010) and d indicates the more anterior parietal

site of Blankenburg et al. (2008) that was selected to closely match

Seyal et al. (1995). We note in passing that these sites all represent

fairly ‘dorsal’ sites within the extensive network that we schemat-

ically depict here. Future studies by our own group and others will

extend the concurrent TMS-fMRI approach to other potential TMS

sites, including more inferior regions
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allow the same temporal or anatomical resolution as fMRI.

Pioneering studies established the feasibility of combining

TMS with fMRI about 10 years ago (e.g., see Bohning

et al. 1999). The technical challenges for successfully

combining TMS with concurrent fMRI are considerable

and are reviewed elsewhere (e.g., Bestmann et al. 2008;

Bohning et al. 2003; Siebner et al. 2009; Weiskopf et al.

2009). While the BOLD signals revealed by fMRI may not

index all forms of neural activity (Logothetis 2008) and

may be insensitive to lower intensity TMS (Bohning et al.

1999), concurrent TMS-fMRI offers the advantage of

potentially tracking the causal impact on many brain areas

of TMS applied to one or other targeted site. Space con-

straints preclude an exhaustive review of all concurrent

TMS-fMRI studies here. Instead we focus on use of con-

current TMS-fMRI to study the brain basis of spatial

attention and spatial cognition, initially describing our own

work and then expanding the focus to include potentially

related studies.

The frontal eye fields (FEF) have long been implicated

as an important node in the so-called ‘dorsal attention

network’ (e.g., Corbetta and Shulman 2002), based on

converging evidence from patients (e.g., Henik et al. 1994),

and from experimental lesions and inactivation in non-

human primates (e.g., Latto and Cowey 1971; Wardak

et al. 2006); plus single-cell recordings (e.g., Juan et al.

2004) and purely behavioural TMS work in humans

(Grosbras and Paus 2002; Müri and Nyffeler 2008; Neg-

gers et al. 2007; Silvanto et al. 2006). Such work had led to

many suggestions that the FEF might play a causal role in

modulating selective visual processing. Ruff et al. (2006)

set out to test this by combining TMS over right human

FEF with concurrent fMRI of retinotopic visual cortex.

They found (see Fig. 2a, b) that as the intensity of TMS

over right FEF was increased, this affected BOLD signal in

occipital visual cortex, for retinotopic areas V1–V4. Spe-

cifically, this increased BOLD signal there for representa-

tions of the peripheral retinotopic visual field, while having

the opposite effect (of decreasing BOLD instead) for reti-

notopic representations of the central visual field (see

Fig. 2b). This might accord with the FEF over-representing

the peripheral visual field (due to the role of the FEF in

controlling eye-movements and directing covert attention

into the visual periphery), leading to an excitatory impact

for the peripheral visual field in interconnected early visual

cortex when the FEF are stimulated, but a converse effect

for central vision. Ruff et al. (2006) went on to show a

psychophysical analogue of the remote BOLD effects on

visual cortex due to right FEF TMS. Specifically, such

TMS increased the perceived contrast of peripheral visual

stimuli, relative to central visual stimuli, paralleling the

BOLD findings for human visual cortex. Conceptually

similar effects have been observed in the non-human

primate brain, as related pioneering work has shown that

microstimulation of macaque FEF can lead to corre-

sponding increases in visual responses for single-cells

recorded concurrently in V4 (Armstrong and Moore 2007);

while more recently FEF microstimulation has been com-

bined with concurrent fMRI in awake monkeys, to reveal

modulation of responses in visual cortex (Ekstrom et al.

2008), as well as interconnected parietal cortex.

In follow-up studies, Ruff and colleagues went on to

show that stimulating human intraparietal cortex, rather

than FEF, led to a distinct pattern of influence upon visual

cortex (Ruff et al. 2008); see Fig. 2c, d. Moreover, they

subsequently found some right-hemisphere predominance

for these remote functional effects in humans (Ruff et al.

2009b); compare Fig. 2d, e. Notably, left-intraparietal

TMS had no impact on BOLD signals in visual cortex,

quite unlike the robust effects due to right-intraparietal

TMS. Right FEF TMS also had more substantial effects on

visual cortex than left-FEF TMS. Such lateralisation

appears broadly consistent with that found for purely

behavioural TMS effects in several visual tasks with

humans (e.g., see Grosbras and Paus 2002; O’Shea et al.

2004; Silvanto et al. 2006). It also accords with the

extensive clinical evidence from neglect patients for some

right-hemisphere predominance in the networks subserving

spatial cognition and attention (e.g., see Karnath et al.

2001, 2004; Mort et al. 2003; Vallar 2001; Verdon et al.

2009). Thus, Ruff et al.’s findings with concurrent TMS-

fMRI are consistent with the emerging view that parietal

cortex has undergone particular hemispheric specialisation

in humans (e.g., see Milner and Goodale 1996).

The concurrent TMS-fMRI studies by Ruff and col-

leagues demonstrate that human FEF, and human parietal

cortex, are capable of modulating the response of early

visual cortex, in accord with a potential role for these nodes

within the proposed ‘attention network’ (see Corbetta and

Shulman 2002; Driver et al. 2004) in gating the response of

visual cortex. However, in these initial studies, the top–

down attentional state of participants was not manipulated

during the concurrent TMS-fMRI. Instead, participants in

Ruff et al. (2006, 2008, 2009b) merely had to hold central

fixation. More recently, Blankenburg et al. (2010) applied

TMS over right posterior parietal cortex (PPC) while vary-

ing the attentional state of their participants. These partici-

pants always viewed equivalent bilateral stimuli, but either

maintained covert spatial attention to the left visual field in

order to judge stimuli there; or attended covertly to the right

visual field in order to judge stimuli there instead; or atten-

ded neutrally by simply pressing a button whenever the

stimuli appeared. As shown in Fig. 3, the impact of the right

PPC TMS on remote brain activations depended strongly on

the current attentional state. It increased the BOLD response

of right ventral visual cortex (probable V4) when attending
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left (see Fig. 3a) yet decreased response in the same region

when attending right; while having the opposite impact on

(opposite-hemisphere) left ventral visual cortex (see

Fig. 3b). By contrast, there was no such remote impact of the

right PPC TMS during neutral attention. These results show

that TMS-fMRI can reveal remote influences between brain

areas that change dynamically with purely top–down

attentional factors. We attribute the observed pattern of

remote TMS effects to the ‘effective connectivity’ between

right PPC and visual cortex changing as a function of the

current attentional state, such that stimulation applied over

right PPC propagate differentially to interconnected visual

cortex, in a manner that changes for different attentional

conditions. This evidently can even include inter-hemi-

spheric influences of the right PPC TMS, as for left visual

cortex in Fig. 3b.

A further concurrent TMS-fMRI study by Blankenburg

et al. (2008) also examined the possible inter-hemispheric

impact of right parietal TMS, but now for somatosensory

rather than visual responses. Seyal et al. (1995) had

Fig. 2 a and b TMS over human right FEF induces a characteristic

pattern of BOLD changes in visual areas V1–V4, with BOLD

increases for representations of the visual periphery and BOLD

decreases for the central visual field. a shows a 3D rendering of one

illustrative participant’s brain, with a schematic TMS coil indicating

the approximate TMS site over right FEF (see also Fig. 1a). The

cutout slices in occipital cortex show overlays of statistical parametric

maps (SPMs) for BOLD changes related to FEF-TMS intensity.

Significant activity increases due to increased TMS intensity are

marked in red/yellow, significant activity decreases in blue; these two

opposite effects correspond to representations of the peripheral versus

central visual field, respectively. b shows estimates of right-FEF-TMS

effects (T-values coding correlation of BOLD and TMS intensity) on

representations of more central or more peripheral representations of

the visual field (‘eccentricity sectors’) for visual areas V1–V4, as

defined by separate individual retinotopic mapping. Activity increases

for the more peripheral visual field, but activity decreases for the

central visual field, are found for all retinotopic areas. Note that right

FEF TMS had this impact on both right and left visual cortex. c 3D

rendering of one illustrative participant’s brain, with a schematic

TMS coil indicating the approximate TMS site over right intra-

parietal cortex in Ruff et al. (2008). The cutout slices in occipital

cortex show overlays of statistical parametric maps (SPMs) for BOLD

changes related to FEF-TMS intensity. Significant activity increases

due to increased TMS intensity are marked in red. d Estimates of

right-IPS-TMS effects (coded as for b) on representations of the more

central or more peripheral visual field for visual areas V1–V4,

showing increased BOLD signal. Note the different pattern of results

to that found with right FEF TMS (compare with b); there is no longer

a reduced BOLD signal for representations of the central visual field

after right-intraparietal TMS. e Left intra-parietal TMS had no impact

on BOLD signals in retinotopic visual cortex. Data for Fig. 2 taken

from Ruff et al. (2006, 2008, 2009b), with authors’ permission
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conducted an earlier pioneering behavioural TMS study in

relation to possible ‘hemispheric rivalry’. Such rivalry is a

traditional proposal from behavioural neurology, in relation

to phenomena such as the neglect syndrome and unilateral

extinction (e.g., see Kinsbourne 1977). Seyal et al. reported

that right parietal TMS in neurologically healthy subjects

could lead to behavioural enhancement of somatosensory

detection on the ipsilateral right hand. They tentatively

attributed that result to a remote effect from right parietal

TMS upon the (opposite) left-hemisphere response to

incoming somatosensory stimulation from the right hand.

But since they had used no neural measures, they were

unable to demonstrate directly the proposed impact on

neural responses in the opposite hemisphere. Blankenburg

et al. (2008) used concurrent TMS-fMRI to show that right

parietal TMS does indeed enhance the response of left

somatosensory cortex (including left S1) to the presence

versus absence of right-hand (electrical) somatosensory

input; see Fig. 4. This study further illustrates that con-

current TMS-fMRI can be used to study inter-hemispheric

influences between interconnected brain regions, address-

ing issues for the normal brain that can also relate to

clinical issues concerning neglect and extinction arising

from the study of brain-damaged patients, a topic we return

to at the end of this paper.

Several other groups have also combined TMS with

fMRI in potentially related work (see e.g., Baudewig et al.

2001; Bohning et al. 2003; Denslow et al. 2005; Kemna

and Gembris 2003; Sack et al. 2007 for other concurrent

TMS-fMRI examples; and Hubl et al. 2008; O’Shea et al.

2007 for examples of fMRI utilised before and after an

intervening off-line, repetitive TMS intervention that was

intended to produce a relatively long-lasting disruption). In

one illustrative example of concurrent TMS-fMRI, Sack

et al. (2007) applied TMS over left or right parietal cortex,

during a spatial cognition task (angle judgements, some-

what reminiscent of some of the ‘clock’ tasks often used

with neglect patients) or during a non-spatial control task.

Right but not left parietal TMS disrupted spatial perfor-

mance. Concurrent fMRI revealed effects of right but not

left parietal TMS for BOLD signals in right parietal and

interconnected right frontal cortex that correlated with the

behavioural effects.

Combining TMS with concurrent EEG to study

the possible causal impact of a targeted brain

region upon others

TMS can also be combined with concurrent EEG, which

can provide a much finer temporal resolution than fMRI, at

the expense of spatial anatomical resolution. Again there

are technical issues to overcome (such as the instantaneous

electrical artefact during each TMS pulse, plus the ERPs

triggered by the associated click-sound and scalp-sensa-

tion, etc). These technical challenges are all surmountable

(e.g., see Thut and Pascual-Leone 2010; Ilmoniemi and

Kicic 2010). Several recent studies have used concurrent

TMS-EEG to study possible attention-related effects of

TMS over (or near) human FEF, in the context of visual

attention paradigms. Taylor et al. (2007) reported that

posterior negativities, within *200 ms of visual target

onset, could be modulated by right FEF TMS, in a Posner-

like (Posner et al. 1980) spatial precuing paradigm. This

was taken to indicate a remote attention-dependent influ-

ence on sources in visual cortex. Morishima et al. (2009)

reported that TMS over electrode position FC2 (argued by

those authors to fall close to human FEF) altered ERPs at

occipital electrodes, when participants were forewarned by

an early precue that they would have to attend to a face

Fig. 3 In the concurrent TMS-fMRI study by Blankenburg et al.

(2010), TMS was applied over right posterior parietal cortex PPC (as

indicated schematically by lightning-flash symbols in the coronal

views here), while subjects directed covert attention to the left

hemifield, or to the right hemifield instead, or attended neutrally (see

main text). fMRI data were acquired concurrently, with a posterior

MR coil to maximise sensitive for visual cortex (hence we did not

acquire BOLD data for more anterior brain regions, e.g., in frontal

cortex; the imaged posterior volume is indicated with higher contrast

here). High- minus low-intensity right PPC TMS increased BOLD

signals in a manner that significantly depended on the currently

attended side, as shown in the interaction SPMs superimposed on the

image volumes here. When attending left versus right, high minus

low-intensity right PPC TMS increased BOLD in right extrastriate

visual cortex (a), as shown in the coronal and transverse images on

the left of the figure here. When attending right versus left, high-

versus low-intensity right PPC TMS now increased BOLD in left

extrastriate visual cortex instead (b), as shown in the images on the

right of the figure here. Thus, which visual hemisphere showed

increased BOLD signal for higher intensity TMS reversed, depending

on the currently attended side. Adapted with authors’ permission from

Blankenburg et al. (2010)
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stimulus or a motion stimulus in a composite visual dis-

play. These findings were again interpreted as indicating

remote attention-dependent influences on sources in visual

cortex. Most recently, Capotosto et al. (2009) applied TMS

to right frontal eye fields or right intra-parietal sulcus

during presentation of a precue that directed attention to a

peripheral spatial location, where a target could be pre-

sented some seconds later. Concurrent EEG measurements

showed that TMS at either cortical site affected anticipa-

tory alpha desynchronisation as measured at parieto–

occipital electrodes. Moreover, these effects correlated

with response-time slowing for the subsequently presented

target. Based on these findings, Capotosto et al. (2009)

suggest that FEF and IPS may exert top–down influences

on visual processing via neural (de)synchronisation of

brain oscillations.

The functional significance of such fairly rapid oscilla-

tory brain phenomena (e.g., from the delta and alpha bands

through to beta, gamma and above) can be directly studied

with combinations of TMS and EEG, due to the excellent

temporal resolution of both techniques. Thut and Miniussi

(2009) recently reviewed the possibility of interfering with,

or driving, specific brain oscillatory phenomena by using

rhythmic TMS at specific frequencies for targeted sites.

This remains an exciting direction for future research.

Although fMRI data are acquired at a much slower time-

scale, BOLD signals can also show some (correspondingly

slower) oscillatory phenomena (e.g., Fox and Raichle

2007) that might potentially to relate to states of commu-

nication among networks of interconnected brain regions

(e.g., see Mantini et al. 2007). In the longer-term, TMS

might thus be combined not only with EEG but also with

fMRI to study the possible causal role of oscillatory neural

phenomena (at faster or slower timescales, for EEG or

fMRI, respectively) in supporting specific processes such

as spatial attention and spatial cognition.

Applying fMRI and/or EEG in focally lesioned patients,

to study the possible causal impact of the lesioned brain

region upon others

fMRI and EEG can also be applied to brain-damaged

patients exhibiting particular neuropsychological symp-

toms, as in cases of spatial neglect or unilateral extinction.

The intention in doing so is not to seek a response from the

dead or absent tissue. Rather the aim is to study the pos-

sible impact of the lesion upon function in remote surviv-

ing regions that might normally interact with the damaged

area(s), but then function abnormally when the lesion

removes some of the usual influences upon surviving

regions. Thus, although chronic brain lesions differ in

many respects from application of TMS in healthy partic-

ipants (as was reviewed above), there is the abstract sim-

ilarity of being able to look for the remote functional

consequences of local brain disruption. Pizzamiglio et al.

were among the first to apply functional neuroimaging to

neglect patients (e.g., Pizzamiglio et al. 1998). In London,

we have used fMRI to study the response of visual cortex

to contralateral visual stimuli, in neglect and/or unilateral

extinction patients, during unilateral or bilateral visual

stimuli. Rees et al. (2000, 2002) reported residual uncon-

scious activation in early right visual cortex for extin-

guished and/or neglected visual stimuli in the left visual

Fig. 4 In the concurrent TMS-fMRI study by Blankenburg et al.

(2008), TMS was applied over right anterior parietal cortex (as

indicated schematically by lightning-flash symbols), in the presence

or absence of electrical somatosensory stimulation for the right hand,

during concurrent whole-brain fMRI. The fMRI data revealed an

inter-hemispheric effect of the right parietal TMS. Specifically, the

BOLD signal for left S1 (as indicated on the transverse and coronal

views here, for slices taken through the MNI coordinate shown) in

response to right-hand somatosensory input was enhanced when

combined with high intensity (versus low) TMS. See plot on right for

the differential TMS effect (high minus low) as a function of the

presence or absence of concurrent right-hand somatosensory input.

See main text for discussion of how this relates to the previous purely

behavioural TMS findings of Seyal et al. (1995) concerning inter-

hemispheric effects of right parietal cortex on left-hemisphere

somatosensory processing that might potentially relate to clinical

somatosensory extinction or neglect after pathological right-parietal

disruption
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field, together with enhanced responses in surviving pari-

etal and frontal cortex for the same stimuli when con-

sciously detected, in a single case (see also Vuilleumier

et al. 2001, 2002; plus Vuilleumier and Driver 2007, for

review). Sarri et al. (in press) recently replicated and

extended these results to a series of multiple cases of

neglect/extinction after right-parietal damage. Marzi et al.

(e.g., Marzi et al. 2000, 2001) have made related obser-

vations, by using EEG to study ERPs in response to visual

stimuli in neglect and/or extinction patients (see also Spi-

nelli et al. 1994). Knight and colleagues have further

shown that frontal lesions impact upon visual responses to

task-related stimuli, as assessed with ERPs (e.g., Barceló

et al. 2000; Yago et al. 2004).

In a recent fMRI study, Vuilleumier et al. (2008) studied

two patients with enduring left neglect and extinction after

relatively focal right-parietal injury. They varied the

‘attentional load’ of a task at fixation, while studying the

possible impact of this on the BOLD response of retino-

topic visual cortex to task-irrelevant but salient peripheral

checkerboards in either visual hemifield (see Fig. 5a). In

healthy participants, increased attentional load at fixation

slightly reduces the BOLD response of visual cortex to the

peripheral checkerboards (Schwartz et al. 2005) but does so

symmetrically for the response of either visual hemisphere

to a contralateral checkerboard. By contrast, in the two

right-parietal neglect patients, the visual hemispheres

responded normally and symmetrically under low atten-

tional load at fixation (see Fig. 5b), but a pathological

asymmetry emerged when attentional load at fixation was

increased. For retinotopically mapped visual areas (see

Fig. 5c), the BOLD response of (intact) right visual cortex

in the damaged hemisphere to left hemifield checkerboards

was now pathologically reduced (even eliminated for V4,

see Fig. 5d upper two plots); while there was (abnormally)

no impact of attentional load at fixation on the BOLD

response of left visual cortex to a right hemifield check-

erboard (see Fig. 5d, lower two plots). As discussed by

Vuilleumier et al. (2008), the emergence of a pathological

asymmetry in visual cortex function after right-parietal

injury, specifically when attentional demand at current

fixation is increased, can explain several otherwise para-

doxical aspects of the unilateral visual neglect syndrome,

including its apparently labile nature. Vuilleumier et al.

Fig. 5 Schematic paradigm and neuroimaging results from the

patient fMRI study of Vuilleumier et al. (2008) that found an

attention-dependent impact of right-parietal lesions on function in

remote visual cortex, for two neglect patients. Paradigm shown in (a):

The patients performed a low- or high-load task at central fixation, for

a successive stream of coloured characters there. Task-irrelevant

checkerboards could appear in left or right visual field (LVF/RVF), as

illustrated. Under low-load at fixation, patients show preserved

response of visual cortex to contralateral checkerboards (see whole-

brain SPMs in panel B for two different patients, with the upper row
showing preserved response of right visual cortex to LVF, and the

lower row showing the symmetric response of left visual cortex to

RVF). Note also the right-parietal lesion of each patient (arrowed).

Retinotopic regions V1–V4 were functionally mapped separately in

each patient (see panel C). Despite the evident preservation of

functional retinotopic visual cortex in both visual hemispheres for

both patients, the right-parietal lesions imposed an attention-depen-

dent abnormality upon the responses of visual cortex, as follows.

While visual cortex functioned normally under low-load at fixation in

the patients, when attentional load at fixation was increased, a

pathological asymmetry emerged (see histograms in panel D).

Increased attentional load at fixation drastically reduced the contra-

lateral response to LVF checkerboards in right V1–V4 even

eliminating this response for right V4, as if that now became blind

(see upper row of histograms in panel (D), one for each illustrated

patient). But increased attentional load at fixation had no impact on

left V1–V4 [see lower row of histograms in (D)]. These results reveal

an attention-dependent abnormal asymmetry in visual cortex function,

after right-parietal damage. See main text for discussion. Adapted

with authors’ permission from Vuilleumier et al. (2008)
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(2008) went on to identify a behavioural analogue of their

BOLD results. But for present purposes, the key point of

this study lies in demonstrating a remote functional

abnormality in intact visual cortex, after right-parietal

disruption, that depended specifically on the current

attentional state. In this sense, their patients’ results have

some abstract parallels with the results of Blankenburg

et al. (2010), who demonstrated with TMS-fMRI in healthy

people that remote influences of right parietal cortex on

visual cortex can depend on the current attentional state (cf.

Fig. 3 here).

Other groups have also applied fMRI to neglect and/or

extinction patients. For instance, Corbetta et al. (2005) and

He et al. (2007) reported in a group of neglect patients that

task-evoked BOLD responses (Corbetta et al. 2005), or

functional connectivity between regions within attention-

related extended brain networks as measured with fMRI (He

et al. 2007), showed systematic abnormalities within sur-

viving intact regions remote from the lesion. These related to

performance in a spatial precuing attention task, and also to

the clinical severity/recovery of individual patients. Hyper-

activity within left parietal and frontal cortex, contralateral

to the damaged hemisphere, contributed to this pattern. Such

contralesional hyper-activity in neglect had long been

hypothesised on clinical and theoretical grounds (e.g.,

Kinsbourne 1977) but had rarely if ever been demonstrated

directly hitherto (though see Koch et al. 2008).

Pizzamiglio et al. have expanded considerable effort on

possible rehabilitation strategies for neglect over many

years (e.g., see Pizzamiglio et al. 1990, 1992; Antonucci

et al. 1995). One possible strategy follows up on the pos-

sibility of hyper-excitability within the undamaged (usually

left) hemisphere, as mentioned above. This can be

approached using repetitive TMS protocols over the intact

hemisphere that aim to reduce such hyper-excitability. The

rationale here is that if such hyper-excitability can be

returned to normal levels, some of the neglect and/or

extinction symptoms might be alleviated. After some initial

positive demonstrations for extinction (e.g., Oliveri et al.

1999), there have been further recent developments in the

application of TMS as a potential therapy for neglect.

These include a recent (Koch et al. 2008) direct demon-

stration, with twin-coil TMS, of hyper-excitability within

parietal-motor networks for the intact left-hemisphere of

neglect patients. Moreover, this same study observed that

repetitive TMS applied over that intact hemisphere reduced

this hyper-excitability back to the normal range and led in

parallel to corresponding improvements in neglect symp-

tom (e.g., see Koch et al. 2008).

TMS can now be combined with fMRI and with EEG, as

we have reviewed above, to reveal the impact of inter-

ventions targeting a specific brain area for function in

remote interconnected areas. These combined approaches

are now sufficiently well established that they can also

begin to be applied to brain-damaged patients. Moreover,

TMS already shows exciting possibilities for remediation

of neglect and extinction (e.g., Koch et al. 2008; Oliveri

et al. 1999); while the available TMS interventions should

increasingly be informed by the emerging literature on how

rhythmic TMS may affect ongoing brain oscillations (e.g.,

see Thut and Miniussi 2009). Taking all of these points

together, we anticipate that the various different strands of

research that we have briefly summarised above are likely

to converge in the future, to allow further advances on the

topics that Pizzamiglio has studied and highlighted

throughout his career. The new methodological combina-

tions allow a distinct approach to enduring questions, while

also raising many new questions about how separate but

connected brain areas may interact within the normal and

damaged human brain.
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Barceló F, Suwazono S, Knight RT (2000) Prefrontal modulation of

visual processing in humans. Nat Neurosci 3:399–403

Baudewig J, Siebner HR, Bestmann S, Tergau F, Tings T et al (2001)

Functional MRI of cortical activations induced by transcranial

magnetic stimulation (TMS). Neuroreport 12:3543–3548

Bestmann S, Ruff CC, Blankenburg F, Weiskopf N, Driver J et al

(2008) Mapping causal interregional influences with concurrent

TMS-fMRI. Exp Brain Res 191:383–402

Bisiach E, Pizzamiglio L, Nico D, Antonucci G (1996) Beyond

unilateral neglect. Brain 119(Pt 3):851–857

Blankenburg F, Ruff CC, Bestmann S, Bjoertomt O, Eshel N et al

(2008) Interhemispheric effect of parietal TMS on somatosen-

sory response confirmed directly with concurrent TMS-fMRI.

J Neurosci 28:13202–13208

Blankenburg F, Bestmann S, Bjoertomt O, Josephs O, Deichmann R

et al (2010) Studying the role of human parietal cortex in

visuospatial attention with concurrent TMS-fMRI. Cereb Cortex

[Epub ahead of print]

160 Exp Brain Res (2010) 206:153–162

123



Bohning DE, Shastri A, McConnell KA, Nahas Z, Lorberbaum JP

et al (1999) A combined TMS/fMRI study of intensity-depen-

dent TMS over motor cortex. Biol Psychiatry 45:385–394

Bohning DE, Denslow S, Bohning PA, Walker JA, George MS (2003)

A TMS coil positioning/holding system for MR image-guided

TMS interleaved with fMRI. Clin Neurophysiol 114:2210–2219

Capotosto P, Babiloni C, Romani GL, Corbetta M (2009) Frontopa-

rietal cortex controls spatial attention through modulation of

anticipatory alpha rhythms. J Neurosci 29:5863–5872

Cohen MR, Newsome WT (2004) What electrical microstimulation

has revealed about the neural basis of cognition. Curr Opin

Neurobiol 14:169–177

Corbetta M, Shulman GL (2002) Control of goal-directed and

stimulus-driven attention in the brain. Nat Rev Neurosci 3:201–

215

Corbetta M, Kincade MJ, Lewis C, Snyder AZ, Sapir A (2005) Neural

basis and recovery of spatial attention deficits in spatial neglect.

Nat Neurosci 8:1603–1610

Denslow S, Lomarev M, George MS, Bohning DE (2005) Cortical

and subcortical brain effects of transcranial magnetic stimulation

(TMS)-induced movement: an interleaved TMS/functional mag-

netic resonance imaging study. Biol Psychiatry 57:752–760

Driver J, Eimer M, Macaluso E, Van Velzen J (2004) The

neurobiology of human spatial attention. In: Kanwisher N,

Duncan J (eds) Imaging visual cognition: attention and perfor-

mance XX. OUP, Oxford, pp 267–300

Driver J, Blankenburg F, Bestmann S, Vanduffel W, Ruff CC (2009)

Concurrent brain-stimulation and neuroimaging for studies of

cognition. Trends Cogn Sci 13:319–327

Ekstrom LB, Roelfsema PR, Arsenault JT, Bonmassar G, Vanduffel

W (2008) Bottom-up dependent gating of frontal signals in early

visual cortex. Science 321:414–417

Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain

activity observed with functional magnetic resonance imaging.

Nat Rev Neurosci 8:700–711

Fox P, Ingham R, George MS, Mayberg H, Ingham J et al (1997)

Imaging human intra-cerebral connectivity by PET during TMS.

Neuroreport 8:2787–2791

Friston KJ, Harrison L, Penny W (2003) Dynamic causal modelling.

Neuroimage 19:1273–1302

Galati G, Lobel E, Vallar G, Berthoz A, Pizzamiglio L et al (2000)

The neural basis of egocentric and allocentric coding of space in

humans: a functional magnetic resonance study. Exp Brain Res

133:156–164

Goebel R, Roebroeck A, Kim D, Formisano E (2003) Investigating

directed cortical interactions in time-resolved fMRI data using

vector autoregressive modeling and Granger causality mapping.

Magn Reson Imaging 21:1251–1261

Grosbras M, Paus T (2002) Transcranial magnetic stimulation of the

human frontal eye field: effects on visual perception and

attention. J Cogn Neurosci 14:1109–1120

Guariglia C, Padovani A, Pantano P, Pizzamiglio L (1993) Unilateral

neglect restricted to visual imagery. Nature 364:235–237

He BJ, Snyder AZ, Vincent JL, Epstein A, Shulman GL et al (2007)

Breakdown of functional connectivity in frontoparietal networks

underlies behavioral deficits in spatial neglect. Neuron 53:905–

918

Henik A, Rafal R, Rhodes D (1994) Endogenously generated and

visually guided saccades after lesions of the human frontal eye

fields. J Cogn Neurosci 6:400–411

Hubl D, Nyffeler T, Wurtz P, Chaves S, Pflugshaupt T et al (2008)

Time course of blood oxygenation level-dependent signal

response after theta burst transcranial magnetic stimulation of

the frontal eye field. Neuroscience 151:921–928

Husain M, Rorden C (2003) Non-spatially lateralized mechanisms in

hemispatial neglect. Nat Rev Neurosci 4:26–36

Husain M, Parton A, Hodgson TL, Mort D, Rees G (2003) Self-

control during response conflict by human supplementary eye

field. Nat Neurosci 6:117–118

Ilmoniemi RJ, Kicić D (2010) Methodology for combined TMS and

EEG. Brain Topogr 22:233–248

Juan C, Shorter-Jacobi SM, Schall JD (2004) Dissociation of spatial

attention and saccade preparation. Proc Natl Acad Sci USA

101:15541–15544

Karnath HO, Ferber S, Himmelbach M (2001) Spatial awareness is a

function of the temporal not the posterior parietal lobe. Nature

411:950–953

Karnath H, Fruhmann Berger M, Küker W, Rorden C (2004) The
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