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a b s t r a c t

Several competing theories on the mechanisms underlying attentional control have emerged over the
years that, despite their substantial differences, all emphasize the importance of hemispheric asym-
metries. Transcranial magnetic stimulation (TMS) has proven particularly successful in teasing them
apart by selective perturbation of the dorsal and ventral fronto-parietal network. We here critically re-
view the TMS literature and show that hemispheric asymmetries within the dorsal attention network
differ between parietal and frontal cortex. Specifically, posterior parietal cortex seems to be characterized
by a contralateral bias of each hemisphere and competition between them. In contrast, the right frontal
eye field seems to be involved in shifting attention toward both hemifields, whereas left frontal eye field
is only involved on shifting attention toward the contralateral hemifield. In the light of presented evi-
dence, we propose to revise the functional-anatomical model originally proposed by Corbetta and
Shulman (2011, 2002) and introduce a hybrid model of hemispheric asymmetries in attentional control.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The voluntary control of attention allows prioritizing those
aspects of incoming sensory information that are relevant to us. It
therefore constitutes a vital prerequisite for goal-directed behavior
and enables us to effectively deal with the abundance of sensory
information entering the brain. Already during the beginnings of
psychology and neuroscience, the importance of this selection
mechanism has been recognized (James, 1890), and there is a
wealth of studies investigating the effects of attention on behavior,
the functional mechanisms of attentional control, and the under-
lying neuronal processes (Carrasco, 2011; Corbetta and Shulman,
2002; Desimone and Duncan, 1995; Reynolds and Chelazzi, 2004;
Reynolds and Heeger, 2009; Ungerleider and Kastner, 2000).

Similar to the discovery of many other brain functions, neu-
ropsychological findings regarding the behavioral consequences of
brain damage have provided first evidence for the involvement of
certain brain areas in attentional control and have inspired the-
ories on their functional properties. Especially a neurological
syndrome called spatial hemineglect has been very influential.
Various models of spatial neglect have been proposed over the
years and they have shaped theories on spatial attention control
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until the present day (Bisiach et al., 1996; Halligan et al., 2003;
Milner and McIntosh, 2005; Posner et al., 1987; Robertson, 2001).
Spatial hemineglect is caused by lesions to frontal, parietal, or sub-
cortical structures and is characterized by impaired attentional
processing within the space contralateral to the lesion's location
(Bartolomeo et al., 2012; Corbetta et al., 2005; Duncan et al., 1999;
Karnath et al., 2002; Karnath and Rorden, 2012; Mesulam, 1999).
Most importantly, the phenomenon of spatial neglect is more
common and severe after right hemisphere damage than after left
hemisphere damage, suggesting a functional asymmetry of the
mechanisms underlying spatial attention (Beis et al., 2004; Suchan
et al., 2012). Based on this observation, two competing theories of
spatial attention have originally emerged, namely Heilman's
hemispatial theory and Kinsbourne's opponent processor model,
both accounting for this asymmetry but proposing very different
mechanisms (Heilman and Abell, 1980; Heilman and Valenstein,
1979; Kinsbourne, 1977). Despite the many advances in cognitive
neuroscience in the last decades, it has been rather difficult to
differentiate between these two models with the majority of ex-
isting methods. However, transcranial magnetic stimulation (TMS)
has proven quite successful in teasing them apart, indeed reveal-
ing functional asymmetries between the left and right hemisphere
with regard to spatial attention control. With the debate far from
being settled, Corbetta and Shulman proposed a functional-ana-
tomical model, strongly supported by neuroimaging data, that
offered yet another explanation for the pre-dominance of spatial
neglect after right hemisphere damage (Corbetta and Shulman,
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2002; Corbetta and Shulman, 2011). And again, TMS seems to be
well-suited to test specific predictions derived from that model.

Here, we first present the three competing models of spatial
attention control and lay out their explanatory approach to spatial
hemineglect. We then review several lines of research, all based on
the application of TMS in healthy volunteers, that have produced
critical insights into the mechanisms underlying attentional con-
trol. We conclude that each model captures relevant aspects of the
mechanisms underlying attentional control, which we here in-
corporate into one overarching functional-anatomical model of
spatial attention control.
2. Competing models of attentional control

The pre-dominance of spatial neglect after right hemisphere
damage has originally inspired two competing theories of spatial
attention control. Both theories assume a functional asymmetry
between the two hemispheres but propose very different me-
chanisms causing it. According to Heilman's hemispatial theory,
the right hemisphere is dominant in spatial attention because it
mediates attention shifts to both hemifields, whereas the left
hemisphere only mediates attention shifts to the right hemifield
(Heilman and Abell, 1980; Heilman and Valenstein, 1979). In case
of left hemisphere damage, only mild attentional deficits are ex-
pected because the right hemisphere can still shift attention to
both hemifields thereby compensating for the damaged left
hemisphere. Consequently, the ability to shift attention to both
hemifields remains largely intact. In case of right hemisphere da-
mage, however, such overlap in function does not exist and
functional compensation is impossible because the intact left
hemisphere only mediates attention shifts to the right hemifield.
Consequently, the ability to shift attention to the left hemifield is
lost resulting in spatial neglect of the left hemifield following right
hemispheric lesion.

According to Kinsbourne's opponent processor model, each
hemisphere causes a natural attention bias to the contralateral
hemifield with the rightward bias of the left hemisphere being
stronger than the leftward bias of the right hemisphere (Kins-
bourne, 1977). Under normal conditions, the two hemispheres are
kept in balance due to inter-hemispheric inhibition. In spatial
neglect patients, damage to either hemisphere leaves the con-
tralesional intact hemisphere unopposed. As a result of this re-
duced inhibition, the contralesional hemisphere becomes over-
activated and causes an ipsilesional attention bias. Note how im-
paired attention in one hemifield goes hand in hand with en-
hanced attention in the opposite hemifield. In case of left hemi-
sphere damage, only mild attentional deficits are expected be-
cause the leftward bias of the right hemisphere is relatively small.
Consequently, the ability to shift attention to both hemifields re-
mains largely intact. In case of right hemisphere damage, however,
the strong rightward bias of the left hemisphere is uncovered and
attention is strongly biased to the right hemifield. Consequently,
the ability to shift attention to the left hemifield is suppressed
resulting in spatial neglect of the left hemifield following right
hemispheric lesion.

Finally, Corbetta and Shulman (2002, 2011) have proposed a
functional-anatomical model of attentional control that revolves
around two distinct but interacting networks comprising frontal
and parietal brain areas. On the one hand, they posit a bilateral
dorsal fronto-parietal network including the frontal eye field (FEF)
and posterior parietal cortex (PPC). This network is directly related
to shifts of spatial attention and modulates sensory areas in a top-
down way. On the other hand, there is a right-lateralized ventral
fronto-parietal network including the temporo-parietal junction
(TPJ) and ventral frontal cortex (VFC). This network acts as a circuit
breaker of the dorsal network in case an unexpected or salient
stimulus occurs that requires reorienting of attention. Importantly,
it is argued that lesions to the ventral fronto-parietal network are
the primary cause of spatial neglect. The principal idea then is that
damage to the ventral network also indirectly affects the dorsal
network due to dysfunctional interactions between both net-
works, resulting in attentional deficits. Because the ventral net-
work is right-lateralized, right hemisphere damage will have a
stronger (indirect) effect on the dorsal network than left hemi-
sphere damage, explaining the predominance of spatial hemi-
neglect after right hemisphere lesion.

In general, Heilman's and Kinsbourne's theory make rather
global claims regarding hemispheric asymmetries whereas the
model proposed by Corbetta and Shulman provides a more de-
tailed functional-anatomical framework of spatial attention con-
trol. The latter model is well-supported by neuroimaging data and
the relevance of the ventral network in spatial heminegelct seems
to fit well with lesion studies. Importantly, even though the dy-
namics of dorsal and ventral interaction are still largely unknown
(but see Corbetta et al., 2008), there are several TMS studies that
support the notion that disruption of the ventral network can
indeed influence attentional processes. For example, TMS over TPJ
has been shown to have effects on visual extinction (Meister et al.,
2006), exogenous cueing (Chica et al., 2011), and re-orienting in an
attentional capture paradigm (Chang et al., 2013). At present, no
strong conclusion can be drawn from this, but it certainly seems
promising to further investigate the remote effects of ventral
network stimulation on the dorsal network. Having said that, the
lateralization of the ventral network to the right hemisphere does
not imply that there are no additional hemispheric asymmetries
that play a role in attentional control. At least on a conceptual
level, the three models described above are not mutually exclusive.
For example, hemispheric asymmetries as they are posited by
Heilman's hemispatial theory and Kinsbourne's opponent pro-
cessor model might very well apply to the dorsal fronto-parietal
network, and nevertheless, the proposed role of the ventral net-
work in spatial hemineglect might still hold. In the following, we
will provide a detailed review of hemispheric asymmetries in the
dorsal fronto-parietal network, presenting evidence obtained with
various experimental paradigms.
3. Line bisection

Among the pen-and-paper tasks that are widely used to assess
attentional deficits in clinical settings is the line bisection task that
requires patients to mark the perceived midpoint of horizontal
lines. Neglect patients typically report a strong deviation from the
objective midpoint and, due to neglect of the contralesional
hemifield, misplace it toward the ipsilesional hemifield (Albert,
1973). Computerized and adapted versions of this task have been
developed that led to the discovery of small attention biases even
in healthy volunteers, called pseudoneglect (Jewell and McCourt,
2000). Importantly, it has also been used in several TMS studies,
revealing neglect-like attentional deficits after parietal and frontal
cortex stimulation (dorsal fronto-parietal network).

To begin with, Fierro et al. (2000) applied trains of high-fre-
quency TMS over left or right posterior parietal cortex (P5/P6
electrode position) time-locked to the presentation of transected
lines. The critical finding was that TMS over the right hemisphere
caused a rightward shift of attention compared to sham stimula-
tion, whereas TMS over the left hemisphere had no effect. In a
follow-up experiment (Brighina et al., 2002), this effect of TMS
over right parietal cortex was replicated and extended to frontal
areas (F3/F4 electrode position). Again, only TMS over the right
hemisphere caused a rightward shift of attention compared to
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sham stimulation, whereas TMS over the left hemisphere had no
effect. Finally, these effects were chronometrically explored with
single pulse TMS over right parietal or frontal cortex at different
time points (Fierro et al., 2001). Somewhat surprisingly, only right
parietal cortex stimulation induced an attention bias, specifically
at 150 ms after stimulus onset, but right frontal cortex stimulation
was ineffective. However, the absence of a TMS effect in this study
might simply be due to the rather coarse spacing of TMS time
windows thereby potentially missing the critical phase of frontal
cortex involvement in this task.

The studies outlined above failed to induce neglect-like atten-
tional deficits with TMS over the left hemisphere (P5 and F3
electrode position). This is in contrast to later work that also used
a line bisection task but slightly different TMS procedures. Szcze-
panski and Kastner (2013) localized individual TMS target points
with fMRI and applied single pulse TMS at 100 ms after stimulus
onset over left intraparietal sulcus (IPS), right IPS, or left and right
IPS at the same time. TMS over either hemisphere caused a shift of
attention towards the ipsilateral hemifield, but simultaneous sti-
mulation over both hemispheres had no effect. Kim et al. (2005)
applied high-frequency offline rTMS over left or right posterior
parietal cortex (P3/P4 electrode position) aiming to increase cor-
tical excitability instead of disrupting ongoing processing during
task execution. As one might expect, this reversed the direction of
effects described above. TMS over either hemisphere caused a shift
of attention towards the contralateral hemifield, that is, pre-
sumably facilitated attention for that side of space.

These studies provide strong evidence for a hemispheric
asymmetry within the dorsal fronto-parietal network. The results
for TMS over the right hemisphere generally seem more robust;
yet, the inconsistencies between studies for TMS over the left
hemisphere might just result from different stimulation sites
across studies (P5/P6 versus P3/P4). Overall, this could simply be
taken to resemble the predominance of spatial neglect after right
hemisphere damage and, in this sense, both Heilman's and Kins-
bourne's theory can account for these findings (see previous sec-
tion). When evaluating these results in more detail, the presence
of TMS effects for left parietal cortex and the absence of effects
when simultaneously stimulating left and right parietal cortex are
most important. According to Kinsbourne's theory, both findings
are certainly expected because (1) TMS weakens the bias of the
stimulated hemisphere towards the contralateral side of space
thereby shifting attention towards the ipsilateral hemifield and (2)
the balance between hemispheres largely remains unchanged in
case both hemispheres are affected in the same way by TMS. In the
light of Heilman's theory, the first type of TMS effects can be ex-
plained such that the right hemisphere is processing the line
segment in the left hemifield so that functional compensation for
TMS-induced disruption of the left hemisphere is impossible.
Moreover, Heilman's theory can also explain the second type of
findings, as it can be argued that simultaneous stimulation of both
hemispheres induces attentional deficits in both hemifields so that
the overall line judgment remains unchanged. The latter point also
illustrates a major shortcoming of the line bisection task in dif-
ferentiating both theories: The effects of TMS on attention are not
independently assessed in both hemifields, but a relative com-
parison between both hemifields is obtained instead. This makes it
very difficult to unravel the exact effects of TMS on attention.
4. Visual extinction

A neurological syndrome that is closely related to spatial ne-
glect is visual extinction. It is characterized by the failure to per-
ceive a stimulus in the contralesional hemifield when a second
competing stimulus is simultaneously presented in the ipsilesional
hemifield (Riddoch et al., 2009). In a second line of TMS experi-
ments investigating the neural mechanisms of attention, the
principle procedure therefore involves a detection task with uni-
laterally or bilaterally presented visual stimuli. The bilateral con-
dition directly relates to the extinction phenomenon and could be
considered somewhat similar to the line bisection task described
above because a TMS-induced attention bias can be observed in
both cases. However, changes in target detection are assessed in
both hemifields independently so that results can be more in-
formative. The unilateral condition probes target detection in the
absence of competition and potential effects are therefore con-
ceptually closer to spatial neglect. Even though visual extinction
and spatial neglect are dissociable in clinical populations, there is a
large co-occurrence of the two syndromes (Vossel et al., 2011). In
fact, there is hardly any evidence that TMS can induce clear-cut
cases of extinction, that is, disruption of bilateral but intact uni-
lateral stimulus detection, in healthy volunteers.

The first report of TMS-induced extinction stems from Pascual-
Leone et al. (1994), who applied trains of high-frequency TMS over
left or right posterior parietal cortex (P3/P4 electrode position)
time-locked to stimulus onset. Detection rates in the unilateral
condition were not affected by TMS, whereas stimulation of the
left and right hemisphere caused extinction of contralateral targets
in the bilateral condition. However, performance was almost at
ceiling in the unilateral condition, which makes it difficult to in-
duce a TMS effect, whereas the bilateral condition is more chal-
lenging and potentially more prone to be affected by TMS. Al-
though to the best of our knowledge, subsequent studies failed to
replicate these exact results, the general finding of contralateral
disruption is firmly established and has been confirmed repeatedly
(Bien et al., 2012; Cazzoli et al., 2009; Dambeck et al., 2006; Hil-
getag et al., 2001; Koch et al., 2005), sometimes only after right
hemisphere stimulation (Muggleton et al., 2006; Müri et al., 2002),
or only for the unilateral condition (Jin and Hilgetag, 2008). For the
most part, these findings can be explained by both Heilman's and
Kinsbourne's theory along the lines described in the previous
section on the line bisection task. However, some of these studies
were particularly revealing and provided novel evidence that will
be discussed in more detail below.

Probably the most influential study in this context is the one by
Hilgetag et al. (2001) who applied low-frequency offline rTMS over
left or right posterior parietal cortex (P3/P4 electrode position). As
stated above, performance in the bilateral condition was generally
worse after TMS compared to baseline with the attention bias
shifting towards the stimulated hemisphere, that is, targets were
missed more often in the contralateral hemifield. Critically, target
detection was enhanced in the ipsilateral hemifield for the uni-
lateral condition. This strongly supports the notion of inter-
hemispheric competition as posited by Kinsbourne, where dis-
ruption of one hemisphere leads to disinhibition of the opposite
hemisphere so that impaired performance in the contralateral
hemifield is accompanied by improved performance in the ipsi-
lateral hemifield. Building on this idea, Dambeck et al. (2006)
applied single pulse TMS either over one hemisphere or simulta-
neously over both left and right posterior parietal cortex (P3/P4
electrode position) at 100 ms after stimulus onset. As expected,
stimulation of one hemisphere disrupted target detection in the
contralateral hemifield, but, as in the majority of studies, no en-
hancement in the ipsilateral hemifield was observed. However, the
novel finding was that stimulation of both hemispheres had no
effect on target detection, neither in the unilateral nor in the bi-
lateral condition. As above, this strongly supports Kinsbourne's
theory where disruption of both hemispheres essentially leaves
the balance between them unchanged. Note how this finding re-
sembles the absence of TMS effects after simultaneous stimulation
of left and right IPS in the context of the line bisection task
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discussed earlier (Szczepanski and Kastner, 2013). However, much
stronger conclusions can be drawn in the present case. While
Heilman's theory can explain the result in the bilateral condition
just fine, the described findings in the unilateral condition pose a
real challenge because target detection should be impaired in both
hemifields after stimulation of the left and right hemisphere.

Taken together, these experiments provide critical evidence in
favor of Kinsbourne's theory and they are at odds with Heilman's
theory. However, replication of these findings is needed in order to
further strengthen this conclusion since the majority of studies
failed to observe an ipsilateral enhancement in the unilateral
condition. It is also important to note that all the studies men-
tioned above applied TMS over posterior parietal cortex, so con-
clusions are not necessarily generalizable to other parts of dorsal
fronto-parietal network where this paradigm has never been
applied.
5. Distractor interference

The phenomenon of visual extinction nicely exemplifies the
critical role of attention as a selection mechanism when there is
competition between multiple visual inputs. There is a closely
related class of experiments that use task-irrelevant distractors
that interfere with the processing of a target stimulus. The extent
of distractor interference is a measure of attentional selection. In
general, TMS studies using such paradigms obtained results
pointing in the same direction as the visual extinction studies
described above.

Chambers et al. (2006) applied trains of high-frequency TMS
over several anatomically defined sub-regions of right parietal
cortex time-locked to stimulus onset. TMS selectively influenced
reaction times when the target and distractor were in opposite
hemifields, whereas no TMS effect was observed when both sti-
muli were presented in the same hemifield. More specifically,
stimulation of the supramarginal gyrus and superior parietal lo-
bule (but not the angular gyrus) led to enhanced performance in
the ipsilateral hemifield. Similarly, Hung et al. (2005) used a partial
report paradigm where a target stimulus was either presented
alone, or accompanied by a second target or non-target in the
same or opposite hemifield. Trains of high-frequency TMS were
applied over left or right posterior parietal cortex and, as above,
TMS effects were only found for visual displays that contained
competing stimuli in both hemifields. Importantly, task perfor-
mance was only influenced by right parietal cortex stimulation
with decreased accuracy in the left hemifield and increased ac-
curacy in the right hemifield.

As in previous sections, TMS over posterior parietal cortex led
to enhanced performance in the ipsilateral hemifield seemingly
supporting Kinsbourne's theory. In the context of distractor in-
terference, however, interpretation of this finding is somewhat
complicated by potential TMS effects on both the target and dis-
tractor. On the one hand, TMS over right PPC could enhance per-
formance in the right hemifield simply by disrupting processing of
a distractor in the left hemifield. On the other hand, right PPC
stimulation could release the left hemisphere from inter-hemi-
spheric inhibition thereby enhancing target processing in the right
hemifield. In our view, only the latter interpretation lends support
to Kinsbourne's theory, but it seems difficult to decide between
these two alternatives. Having said that, the very fact that dis-
tractors in one hemifield influence target detection in the opposite
hemifield strongly suggests that there is competition between
hemispheres and the evidence outlined above certainly does not
favor Heilman's theory.

Finally, Hung et al. (2011) conducted a second experiment with
the very same partial report paradigm but this time applying TMS
over frontal cortex. As above, only right hemisphere stimulation
had an effect on task performance, but the pattern of results ob-
tained with TMS over right FEF was strikingly different from TMS
over right PPC. Task performance was impaired in both hemifields
supporting Heilman's theory, which states that the right hemi-
sphere mediates attention shifts to both hemifields. This is ob-
viously in stark contrast to findings of ipsilateral enhancement
with TMS over right PPC and at odds with Kinsbourne's theory. It
therefore appears that hemispheric asymmetries in attentional
control might not be the same across different nodes of the dorsal
fronto-parietal network.
6. Spatial orienting paradigm

Arguably the most popular way to investigate attentional pro-
cesses is the spatial orienting paradigm that involves an explicit
experimental manipulation of the attended hemifield (Posner,
1980; Posner et al., 1980). Typically, a central symbolic cue pro-
vides information about the location of an upcoming target sti-
mulus allowing preparatory attention shifts. Although often
omitted, the inclusion of non-informative neutral cues con-
ceptually serves as an important baseline to assess task perfor-
mance in the absence of spatial expectancies. Compared to neutral
cues, valid cues are associated with faster reaction times due to
orienting of attention towards the correctly cued location (atten-
tional benefits), whereas invalid cues are associated with slower
reaction times due to reorienting of attention from the falsely cued
location to the actual target location (attentional costs). This se-
paration of orienting and reorienting of attention is impossible if
the neutral condition is missing. In such cases, the reaction time
difference between valid and invalid trials is commonly used as an
outcome measure (often referred to as cueing or validity effect),
confounding these two processes. As will be shown below, these
orienting paradigms have produced critical insights into functional
asymmetries within the dorsal fronto-parietal network even
though they can be difficult to interpret at times, in part due to
their increased complexity compared to the paradigms discussed
thus far.

Among the first to investigate the effects of TMS on a spatial
orienting paradigm were Grosbras and Paus (2002) who applied
single pulse TMS over left or right FEF during the cue-target in-
terval. Somewhat surprisingly and in disagreement with the ori-
ginal hypothesis, TMS did not disrupt orienting of attention but
affected performance across all cueing conditions. Specifically,
TMS over right FEF mostly decreased reaction times for targets in
both hemifields, whereas effects of TMS over left FEF were re-
stricted to the right hemifield. Obviously, these results are very
interesting and do have a bearing on the present discussion, but it
is important to note that they reflect a general (albeit hemifield-
specific) perceptual change rather than a selective modulation of
attentional processes. This interpretation received further support
by a follow-up study where TMS over FEF improved detection of
near-threshold stimuli in the absence of spatial cues (Grosbras and
Paus, 2003). As above, right FEF stimulation caused a bilateral
enhancement, whereas left FEF stimulation only had an effect in
the contralateral hemifield. Similarly, Chanes et al. (2012) found
increased perceptual sensitivity in both hemifields when a TMS
pulse over right FEF preceded target appearance. It is important to
note that these cases of TMS-induced enhancement are very dif-
ferent from those discussed in previous sections. In the latter case,
the pattern of results was in agreement with a mechanism of in-
ter-hemispheric inhibition with enhancement occurring in the
ipsilateral hemifield. Here, the pattern of results is completely
different and most likely reflects a top-down effect on visual cor-
tex, which facilitates perceptual processes. These examples thus
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illustrate how difficult it can be to dissociate perceptual from at-
tentional processes when applying TMS during task execution. We
have recently used a virtual lesion approach by applying con-
tinuous theta burst stimulation over left or right FEF prior to task
execution, which turned out to be more successful in selectively
disrupting attentional processes (Duecker et al., 2013). The key
finding was that attentional benefits were reduced in both hemi-
fields after right FEF stimulation, whereas left FEF stimulation only
reduced attentional benefits in the contralateral hemifield. Ob-
viously, this pattern of results mirrors the findings outlined above,
but, critically, performance on neutral trials was entirely un-
affected by TMS. These results therefore provide strong direct
evidence for a functional asymmetry between hemispheres when
looking at the mechanisms underlying voluntary shifts of spatial
attention within frontal cortex. Taken together, all these studies
strongly suggest that the right FEF is involved in shifting attention
across the entire visual field supporting Heilman's theory, and,
again, this pattern of results is unexpected in the light of Kins-
bourne's theory.

There are several studies that applied TMS over FEF during task
execution but did not include neutral trials. As explained above,
these studies can be difficult to interpret but potential hemifield-
specific effects are still of interested for the present discussion. To
begin with, Chanes et al. (2012) applied single pulse TMS over
right FEF during the cue-target interval and found enhanced per-
ceptual sensitivity in both hemifields. Importantly, this facilitation
was only observed for valid trials, whereas invalid trials were
unaffected suggesting that TMS amplified the effects of attention
on perceptual processes. In the context of studies with left FEF
stimulation, Smith et al. (2005) applied trains of high-frequency
TMS around cue onset and found a decreased cueing effect in the
right hemifield. Because no effect on valid trials was observed, the
authors argued that left FEF disruption eliminated attentional
costs presumably due to a lack of inhibition of the right hemifield
after leftward cues. In contrast, Chica et al. (2014) stimulated left
FEF during the cue-target interval and found an increased cueing
effect in the left hemifield. The authors interpreted this as a fa-
cilitatory effect in line with other cases of TMS-induced ipsilateral
enhancement that are also discussed in this review (e.g. Hilgetag
et al., 2001; Thut et al., 2005). A closer look at the data, however,
suggests a possible alternative interpretation. As has been noted
before, the cueing effect combines attentional benefits and costs
into one outcome measure and an increased cueing effect can thus
reflect a change in either one of them. In the present case, per-
formance on both valid and invalid trials decreased, with the effect
being stronger for the invalid condition. Consequently, the differ-
ence between these conditions increased, which, in our view and
in the context of the here presented models of attention control,
does not imply a real enhancement of attention. Taken together,
these studies therefore further strengthen the case for Heilman's
theory within frontal cortex with the effects of right FEF stimu-
lation being highly consistent across studies. For left FEF stimu-
lation, the general picture is not as clear-cut but this might be
accounted for by the methodological concerns pointed out before.

Finally, the effects of TMS over parietal cortex on spatial or-
ienting have hardly been investigated. Thut et al. (2005) applied
1 Hz rTMS over right PPC (P4 electrode position) and found a
general impairment of target detection following leftward cues but
a very specific enhancement of target detection in the right
hemifield following rightward cues. Importantly, in the latter case,
no performance change in the neutral condition was observed.
This resembles the pattern of results obtained with other experi-
mental paradigms using TMS over PPC.
7. Multimodal approaches with TMS

We have presented several experimental paradigms and shown
how TMS affects task performance on the behavioral level. For the
most part, however, it remains unknown how the observed be-
havioral effects can be explained by TMS-induced changes in the
brain. For that reason, it is highly desirable to assess the neural
correlates of TMS effects, which can be achieved by combining
TMS with other methods. This adds a further dimension to the
present discussion and connects TMS research with existing neu-
roimaging and neurophysiological data.

Attention is often conceptualized as a top-down mechanism
that modulates brain activity in sensory cortices thereby biasing
how incoming sensory information is processed (Desimone and
Duncan, 1995). Interestingly, TMS can be used to assess cortical
excitability in the visual system by determining the stimulation
intensity necessary to evoke faint visual percepts called phos-
phenes (Marg and Rudiak, 1994). Using this approach, it has been
shown that cortical excitability in visual cortex is modulated by
attention (Bestmann et al., 2007). As expected, the phosphene
threshold in one hemisphere was lower when attention was di-
rected towards the corresponding hemifield compared to the op-
posite hemifield. Extending this work, Silvanto et al. (2006) ap-
plied single pulse TMS over left or right FEF, hypothesizing that
TMS would modulate excitability in visual cortex just as an ex-
perimental manipulation of attention does. Indeed, right FEF sti-
mulation was found to decrease the phosphene threshold in both
hemifields, whereas left FEF stimulation only decreased the
phosphene threshold in the left hemisphere (i.e. right hemifield).
Finally, Silvanto et al. (2009) applied triple-pulse TMS either over
one hemisphere or simultaneously over both left and right PPC. As
in similar work discussed before, unilateral stimulation of PPC
caused a change in cortical excitability (albeit in both hemi-
spheres) but bilateral stimulation abolished these effects. These
studies show that TMS over the dorsal fronto-parietal network can
influence visual cortex analogous to top-down modulations by
attentional orienting. Moreover, such top-down effects on visual
cortex potentially explain the facilitatory effects often observed
when applying TMS during task execution, next to explanatory
accounts based on inter-hemispheric inhibition.

The notion that TMS is capable of modulating activity in visual
cortex received even stronger support from a series of studies that
applied TMS while simultaneously measuring BOLD activity
changes with fMRI. Ruff et al. (2006, 2009) applied TMS over left
or right FEF and observed remote effects on bilateral visual cortex.
Specifically, a BOLD decrease for the representation of the central
part of the visual field was observed with stimulation over left and
right FEF, whereas a BOLD increase for the representation of the
peripheral part of the visual field was only observed after right FEF
stimulation. Yet another hemispheric asymmetry was found when
applying TMS over left or right PPC (Ruff et al., 2008, 2009). Here,
right PPC stimulation had an effect on bilateral visual cortex,
whereas left PPC stimulation had no top-down effect on those
regions. Taken together, these studies further support the ex-
istence of hemispheric asymmetries within the dorsal fronto-
parietal network and indicate that these asymmetries are not the
same for frontal and parietal cortex. It has to be acknowledged
that the pattern of results observed in these combined TMS/fMRI
studies does not directly match the behavioral findings discussed
in previous sections. But given that these remote effects of TMS on
visual cortex were obtained during passive viewing, it may not
come as a surprise that they do not correspond to behavioral
changes in the context of active task execution. Even more pro-
mising results were obtained by Blankenburg et al. (2010) who
investigated the effects of right parietal TMS in combination with
an experimental manipulation of attention. As above, TMS had
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remote effects on visual cortex and, more importantly, this top-
down modulation was dependent on the locus of attention. Spe-
cifically, the BOLD signal in the right hemisphere increased when
attention was directed towards the left hemifield, whereas a de-
crease was observed when attention was directed towards the
right hemifield. Moreover, the BOLD signal increase in the right
hemisphere was accompanied by a BOLD signal decrease in the left
hemisphere. Even though these BOLD signal changes are difficult
to interpret, the presence of opposite effects in both hemispheres
is indicative of inter-hemispheric inhibition in parietal cortex. Si-
milarly, Heinen et al. (2011) provided strong evidence for inter-
hemispheric effects during right angular gyrus stimulation that
were dependent on the attentional state and target location in the
context of an exogenous cueing task. Without going into further
details here, these studies exemplify the potential of combining
TMS and fMRI to reveal the neural underpinnings of TMS-induced
behavioral changes. The results thus far are encouraging but
connecting the experimental paradigms discussed in this review
with multimodal studies has only just begun.

Finally, there is an abundance of neurophysiological evidence
based on EEG and MEG data showing that attention modulates
evoked potentials in sensory areas (Hillyard and Anllo-Vento,
1998) and that neuronal oscillations in the alpha frequency band
in occipital-parietal cortex play a key role in attentional selection
(Jensen et al., 2014). The combination of TMS and EEG has revealed
that stimulation of the dorsal fronto-parietal network affects these
neural correlates of attention. As these studies have been reviewed
recently (Taylor and Thut, 2012), we will not go into great detail
here but will briefly mention the main findings. Most importantly,
TMS over both frontal and parietal nodes of the dorsal network
has an effect on the EEG responses in the context of attention tasks
(Capotosto et al., 2009, 2011, 2012; Sauseng et al., 2011; Taylor
et al., 2007). Moreover, the typical changes in posterior alpha
power that can be observed when attention is shifted towards one
hemifield are often attenuated with TMS along with correspond-
ing behavioral changes. And lastly, TMS over parietal cortex can
even be used to entrain alpha oscillations (Thut et al., 2011) and
these TMS-induced changes in alpha power have been shown to
be behaviorally relevant (Romei et al., 2010) with right PPC sti-
mulation impairing visual detection in the left hemifield but en-
hancing visual detection in the right hemifield.
8. Hemispheric asymmetries in the dorsal fronto-parietal
network

When considering the research lines discussed here collec-
tively, there are several consistent observations that have strong
implications for functional-anatomical models of attention control.
Most importantly, there is evidence for right-hemispheric dom-
inance in attentional control and the reviewed literature shows
that asymmetries between the left and right hemisphere are not
the same for parietal and frontal cortex. These points will be de-
scribed one by one in the following paragraphs.

To begin with, stimulation of the right dorsal network (PPC and
FEF) led to changes in task performance in a vast majority of
studies, whereas stimulation of the left dorsal network sometimes
failed to have an effect. This general asymmetry is at least in-
dicative for right hemisphere dominance in attentional control, as
suggested by Mesulam (1981). However, it is important to keep in
mind that negative results should rarely be considered as evidence
of absence, particularly in TMS research (De Graaf and Sack, 2011).
Given that most studies applied TMS with suboptimal TMS coil
positioning approaches, it might very well be that inaccuracies in
localization contribute to such null-results. As the number of TMS
studies increases, such methodological issues might eventually be
answered by comparing the robustness of effects depending on
the TMS coil positioning approach.

For parietal cortex, the pattern of results is in strong agreement
with Kinsbourne's opponent processor model. In the majority of
studies, unilateral PPC stimulation in either hemisphere impaired
task performance in the contralateral hemifield. Moreover, there
are two lines of evidence that suggest that left and right PPC
competitively interact via inter-hemispheric inhibition. First, bi-
lateral PPC stimulation has consistently been found to not alter
task performance when unilateral stimulation conditions were
effective. This shows that left and right PPC are jointly involved in
attentional control and that it is their relative contribution that
determines performance. Second, there are several studies that
observed an ipsilateral enhancement after PPC stimulation. While
this is in agreement with a contralateral release from inhibition,
we have argued that task-related explanations can account for this
effect in some cases. Further investigations of this effect with
appropriate experimental designs therefore seem highly desirable.
Still, these findings are clearly at odds with Heilman's theory, and
Kinsbourne's theory can fully account for the unilateral and bi-
lateral stimulation effects.

For frontal cortex, the pattern of results is in strong agreement
with Heilman's hemispatial theory. Right FEF stimulation has
consistently been found to affect task performance in both hemi-
field, whereas left FEF stimulation only affected the contralateral
hemifield. Importantly, the existing TMS literature provides no
evidence for inter-hemispheric competition as observed in parietal
cortex. Another interesting difference to TMS effects observed with
PPC stimulation is that TMS over FEF often led to a general en-
hancement of perceptual sensitivity. It therefore seems that FEF
and PPC have different functional roles and/or TMS over these
regions has differential effects on the entire functional network.
9. The hybrid model of attentional control

The main outcome of the present review is that both Heilman's
hemispatial theory and Kinsbourne's opponent processor model
capture relevant aspects of the mechanisms underlying attentional
control. Specifically, each theory appears to apply to distinct parts of
the dorsal attention network. We therefore propose to revise the
functional-anatomical model originally proposed by Corbetta and
Shulman (2002, 2011) and introduce a hybrid model of attentional
control that incorporates two distinct hemispheric asymmetries
within the dorsal fronto-parietal network (Fig. 1). In agreement
with Kinsbourne's theory, parietal regions within the dorsal atten-
tion network are characterized by inter-hemispheric competition,
with each hemisphere biasing attention toward the contralateral
hemifield. In agreement with Heilman's theory, frontal regions
within the dorsal attention network are characterized by right-
hemispheric dominance, with the right hemisphere mediating at-
tention shifts to both hemifields and the left hemisphere mediating
attention shifts only to the contralateral hemifield. Regarding the
ventral fronto-parietal network, its functional role and lateralization
to the right hemisphere remain a critical aspect of this model, as
suggested by Corbetta and Shulman (2002, 2011). Finally, returning
to the initial issue of pre-dominance of spatial neglect after right
hemisphere damage, we have presented compelling evidence for
hemispheric asymmetries within the dorsal fronto-parietal network
and we therefore argue that these region-specific asymmetries play
a distinctive role in spatial neglect.

10. Future perspectives

The hybrid model of attentional control attributes distinct
hemispheric asymmetries to frontal and parietal parts of the



Fig. 1. A schematic representation of our revised model of attentional control.
Importantly, we propose two distinct hemispheric asymmetries within the dorsal
fronto-parietal network. For parietal cortex, there is top-down modulation of visual
cortex within each hemisphere (dark blue lines) and inter-hemispheric competi-
tion (red line). For frontal cortex, the right hemisphere is involved in mediating
attention in both hemifields by influencing parietal cortex and/or visual cortex
whereas the left hemisphere is only involved in mediating attention to the right
hemifield (light blue lines). The ventral fronto-parietal network is shown as well for
completeness. VC¼visual cortex, PPC¼posterior parietal cortex, FEF¼frontal eye
field, TPJ¼temporo-parietal junction, and VFC¼ventral frontal cortex. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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dorsal fronto-parietal network. For the purpose of the present
review, this rather coarse anatomical division was sufficient.
However, there is strong evidence from neuroimaging studies that
PPC can be subdivided into multiple spatial maps of the con-
tralateral visual field that seem to have different functional roles
(Hagler Jr. et al., 2007; Sereno et al., 2001; Silver and Kastner,
2009). This poses the question whether or not Kinsbourne's op-
ponent processor model applies to PPC in general or only to some
of these different PPC sub-regions. Given the spatial resolution of
TMS, it is in principle possible to target sub-regions within PPC in
each hemisphere and to investigate hemispheric asymmetries on a
smaller spatial scale than discussed here. Similarly, spatial maps
have also been identified in frontal cortex, again, with a clear
preference for the contralateral side of space (Hagler Jr. et al.,
2007; Hagler Jr. and Sereno, 2006; Silver and Kastner, 2009). Given
the strong evidence that right FEF mediates attention shifts across
the entire visual field, it remains to be seen how these two find-
ings can be reconciled.

Our discussion of hemispheric asymmetries was based on
various experimental paradigms that each provided very con-
sistent evidence leading to the hybrid model of attentional control.
While all studies collectively are very compelling, there remain
open issues that have not been addressed yet. To begin with, line
bisection and visual extinction paradigms were almost exclusively
used in combination with parietal cortex stimulation whereas the
opposite holds for spatial orienting paradigms that were mostly
used in combination with frontal cortex stimulation. Based on the
hybrid model of attentional control, there are straight-forward
predictions how performance on these tasks should be affected
when stimulating different nodes of the dorsal fronto-parietal
network. For example, simultaneous stimulation of left and right
frontal cortex has not been tried yet and, unlike parietal cortex
stimulation, should result in changes in task performance. Another
highly interesting issue is the time course of frontal and parietal
involvement in attentional control. Chronometric TMS studies are
still very rare in this area of research but might be extremely va-
luable for better understanding the dynamics of information pro-
cessing in the dorsal and ventral fronto-parietal network.

Finally, TMS is a promising therapeutic tool in patients with
attentional deficits. Clinical research thus far focused on parietal
cortex stimulation but interventions at other stimulation sites
could also be promising. Importantly, our model strongly suggests
that TMS protocols that are effective over parietal cortex should
not simply be translated to frontal cortex. For example, a common
rationale in stroke rehabilitation is based on the concept of inter-
hemispheric competition, namely applying inhibitory TMS proto-
cols over the healthy hemisphere in order to reduce the attention
bias towards the ipsilesional visual field (Cazzoli et al., 2010; Fierro
et al., 2006; Hesse et al., 2011; Sparing et al., 2009). Based on our
hybrid model, this approach would be ineffective or potentially
even counterproductive over frontal cortex due to its different
functional organization.
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