
Behavioral/Systems/Cognitive

The Dorsal Attention Network Mediates Orienting toward
Behaviorally Relevant Stimuli in Spatial Neglect

Radek Ptak1,2 and Armin Schnider1,2

1Division of Neurorehabilitation, Geneva University Hospitals, and 2Faculty of Medicine, University of Geneva, 1211 Geneva 14, Switzerland

Experimental neurophysiology and functional neuroimaging have identified a dorsal attention network that encodes neural
signals related to the behavioral significance of a stimulus. The core anatomical areas of this network are the frontal eye fields and
the posterior parietal cortex, which are interconnected by the superior longitudinal fasciculus. Here, we show that damage or
disconnection of this network predicts the extent to which task-relevant stimuli capture attention of human stroke patients with
spatial neglect. Healthy volunteers, right-hemisphere-damaged control participants, and patients with left neglect reacted to
peripheral targets defined by their color, which were preceded by a brief distracter stimulus. The position of the distracter and its
relevance for the current trial were independently varied. In neglect patients with damage including the frontal eye fields and the
superior longitudinal fasciculus, ipsilesional distracters impaired orienting into contralesional space regardless of their relevance
for the current task. In contrast, patients with sparing of these regions were only impaired when distracters were task-relevant.
These findings indicate that the dorsal attention network controls spatial orienting by modulating the saliency of distracter stimuli
according to current action goals.

Introduction
The capacity to detect and orient toward stimuli in surrounding
space is mediated by a cortical network distributed over the pa-
rietal and prefrontal association cortices (Gitelman et al., 1999;
Corbetta and Shulman, 2002). Orienting attention in space is
driven by current action goals of the individual or by physical
characteristics of the stimulus (Egeth and Yantis, 1997). How-
ever, these processes are not fully independent, as even seemingly
automatic capture of attention is modulated by task relevance
(Yantis and Jonides, 1990; Folk et al., 1992). Two fundamental
questions therefore are: where in the attention network do rep-
resentations of stimulus relevance form and how do they interact
to produce shifts of attention toward stimuli that match current
action goals. Neurophysiological studies have revealed that activ-
ity of neurons in the posterior parietal cortex (PPC) and the
prefrontal cortex of the monkey is biased by task relevance. Thus,
PPC neurons react stronger to a stimulus previously defined as an
action target than to a neutral stimulus (Gottlieb et al., 1998;
Constantinidis and Steinmetz, 2001). Similarly, neurons in the
frontal eye field (FEF), a cortical area with a decisive role in sac-
cade programming, show enhanced responses to a visual stimu-
lus when it is the saccade target (Bruce and Goldberg, 1985;
Bichot and Schall, 1999; Schall and Thompson, 1999). Consistent

with these findings, attending to task-relevant stimulus features
strongly activates the PPC and the FEF (Corbetta et al., 2000;
Hopfinger et al., 2000; Indovina and Macaluso, 2007). As the FEF
responds extremely quickly to sensory stimulation, the propaga-
tion of task-related modulation of activity through the attention
network may have its origin here (Fecteau and Munoz, 2006;
Buschman and Miller, 2007; Kirchner et al., 2009).

Extensive right parietal, temporal, or frontal damage may lead
to spatial neglect, a disorder characterized by the failure to
detect and respond to stimuli presented in contralesional
space (Heilman et al., 1993; Halligan et al., 2003). Because of their
strong attentional bias toward stimuli in the preserved visual field
and their difficulty reorienting attention contralesionally (Posner
et al., 1984; Morrow and Ratcliff, 1988), neglect patients are ideal
participants for the study of task-related modulations of atten-
tion. However, whereas in some studies only task-relevant dis-
tracters captured attention of neglect patients (Ptak and Golay,
2006; Ptak and Schnider, 2006), other studies observed an uns-
elective bias favoring ipsilesional stimuli regardless of their rele-
vance for the current task (Gainotti et al., 1991; Snow and
Mattingley, 2005).

Here, we sought to determine the source of this discrepancy by
examining whether damage to specific brain structures predicts
the capacity of neglect patients to reorient attention following
presentation of a distracter that shares task-relevant properties
with the target. Patients reacted to colored rectangles appearing
left or right of fixation following a brief peripheral cue with a
color that was either task relevant or irrelevant. We found that
neglect patients with preserved FEF and its posterior connections
exhibited a selective bias favoring task-relevant ipsilesional cues,
whereas when these regions were damaged attention was biased
toward all stimuli, regardless of their relevance.
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Materials and Methods
Participants. Twenty patients with left spatial neglect (13 females), 10
right-hemisphere- (RH) damaged control patients without neglect (4
females), and 10 healthy controls (6 females) participated to the study.
Approval was obtained from the ethical committee of the University
Hospitals Geneva (Geneva, Switzerland) and all participants gave written
consent. All patients were examined while hospitalized at the Division of
Neurorehabilitation of the University Hospital Geneva following a first-
ever stroke or hemorrhage.

One of the most consistent findings of spatial cueing studies examin-
ing neglect patients is an impairment of attentional reorienting toward
contralesional targets following an ipsilesional distracter stimulus (the
disengagement deficit) (Posner et al., 1984; Morrow and Ratcliff, 1988;
Losier and Klein, 2001). We previously observed that the disengagement
deficit was much stronger when cues shared a task-relevant property with
the target (Ptak and Schnider, 2006). To identify the cerebral structures
that were critical for the modulation of the disengagement deficit by task
relevance, we examined a large group of neglect patients and then differ-
entiated those patients who showed task-relevant modulation of atten-
tion from patients who did not. These two subgroups of neglect patients
were distinguished by calculating the difference between reaction times
to left targets following right relevant cues and right irrelevant cues for
each participant and submitting these difference scores to a k-means
cluster analysis. Cluster analysis is an exploratory data analysis technique
that attempts to find groups in data that are characterized by high inter-
nal similarity while being maximally dissimilar to other groups. The
analysis classified a subgroup of neglect patients with large reaction time
differences as belonging to cluster 1 (neglect patients 1–10; hereafter
termed the relevance-neglect group) and all other participants including
neglect patients 11–20 (hereafter termed the nonrelevance neglect
group) as belonging to cluster 2. This classification was highly significant
(ANOVA, F(1,38) � 99.67, p � 0.00001). In addition, all patients of the
relevance-neglect group, but none of the nonrelevance group, had signif-
icantly increased reaction times to left targets following relevant than
irrelevant cues (t test on individual patient data; all p � 0.05).

Clinical neglect tests were performed in the same week as the experi-
mental task. Table 1 shows demographic data and the results of clinical
testing of neglect and control patients. All patients had preserved visual
fields for the central �20° as assessed with computerized perimetry test-
ing (white dot presented on black background at positions ranging be-
tween �25 and �25 degrees) and/or clinical confrontation. All neglect
patients manifested behavioral signs of left unawareness (e.g., failure to
notice objects or persons placed on their left, difficulties with dressing or
grooming) and lateralized failures in the following neglect tests: Bells
cancellation (Gauthier et al., 1989), cancellation of inverted Ts (Ptak et
al., 2007), line bisection (Schenkenberg et al., 1980), sentence copying
(Wilson et al., 1987), and copying a landscape. Participants had similar
age (ANOVA across all four groups, F(3,36) � 0.44), and the three patient
groups had comparable time since injury (F(2,27) � 0.45). The two ne-
glect groups had statistically indistinguishable performance in all neglect
tests (Mann–Whitney test, all p � 0.25), but scored significantly worse
compared with RH controls in all except the sentence-copying test (all
p � 0.02).

Stimuli and procedure. Participants were asked to react to a colored
rectangle appearing left or right of fixation following a briefly presented,
peripheral cue (Fig. 1). Stimuli were rectangles subtending 4 � 2° at 60
cm viewing distance, filled red, green, blue, or yellow and presented on
neutral gray background, with their inner border 1.5° from fixation. The

target display consisted of two rectangles placed between two white hor-
izontal lines that were irrelevant for the task, but were presented to clearly
differentiate the target display from the cue display. The cue was a single
rectangle presented left or right of fixation. For each participant, two of
four colors (e.g., red and blue) were randomly defined as target colors
whereas the other colors were distracters. The cue either had a task-
relevant and identical color as the target (e.g., red cue, red target), a
task-relevant but different color than the target (e.g., blue cue, red tar-
get), or a task-irrelevant color (e.g., green cue, red target). In addition, it
appeared at the same side as the upcoming target (valid cue) or at the
opposite side (invalid cue). Relevant/irrelevant cues and valid/invalid
cues were equally likely, and the occurrence of a target and its position
could not be inferred from the presence or position of a particular cue.
The most sensible strategy was therefore to ignore the cue and to focus
attention uniquely on the target display.

On every trial, participants first fixated a white central cross for 2000
ms. The cue was presented for 300 ms, followed by a blank screen for 200
ms. The target display then appeared and remained on screen for 3000 ms
or until a button press occurred. On target-present trials, the target dis-
play contained one color target on the left or right side paired with a color
distracter. On target-absent trials, two color distracters were shown. Par-
ticipants were asked to press down the space key when they detected the
target and to withhold reaction on target-absent trials. Fixation was con-
trolled visually during a practice run and checked periodically during the
experimental runs. Target position (left, right), cue relevance (relevant
identical, relevant different, irrelevant) and validity (valid, invalid) were
orthogonally varied in blocks of 72 trials containing 48 target-present
and 24 target-absent trials.

Lesion mapping. All except one patient of the RH-control group un-
derwent structural magnetic resonance imaging (MRI), including T1-
and T2-weighted acquisitions with a between-slice resolution of 4 mm,
on a 1.5 T MRI scanner (Siemens Vision). The median time between
stroke and imaging was 10 d. For each patient, the area of damage [vol-
ume of interest (VOI)] was delineated directly on an axial T2-weighted

Table 1. Demographic characteristics and performance in clinical neglect tests (mean � SEM)

Age
Time post
(days)

Bells cancellation
(left omissions)

T cancellation
(left omissions)

Line bisection
(% right bias)

Sentence copying
(words missed) Drawing

Relevance neglect 68.1 (�4.6) 54.9 (�10.1) 10.7 (�1.5) 17.3 (�2.9) 10.5 (�3.0) 3.9 (�1.8) 0.7 (�0.3)
Nonrelevance neglect 62.7 (�5.1) 37.8 (�7.2) 9.9 (�1.8) 17.5 (�3.4) 10.6 (�2.6) 4.4 (�2.5) 0.9 (�0.3)
RH controls 66.8 (�2.2) 57.8 (�13.4) 2.1 (�0.8) 0.6 (�0.3) 4.0 (�1.1) 0 (�0) 2 (�0)
Healthy controls 63.5 (�2.7) — — — — — —

Drawing performance was scored as follows: 0 � flagrant omissions on the left side; 1 � distorted left side; 2 � intact.

Figure 1. Stimuli and timing of the experiment. For every participant, two target and two
distracter colors (represented with different shades of grey) were selected randomly. Partici-
pants were instructed to ignore the peripheral cue and to react when the target display con-
tained a target color. The cue appeared on the same side as the upcoming target (valid cue) or on
the opposite side (invalid cue) and either had the same color as the target (relevant identical
cue), the other target color (relevant different cue), or a distracter color (irrelevant cue). Cue
validity and relevance were unpredictive of target presence or position. The figure shows a left
invalid-irrelevant trial.
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MRI scan using a graphics tablet and MRIcron (Rorden et al., 2007). If
diffusion-weighted images were available, they were used to aid lesion
mapping. Each patient MRI including the lesion VOI was then normal-
ized to standard space using SPM5 (www.fil.ion.ucl.ac.uk/spm). To min-
imize normalization artifacts due to contribution of abnormal tissue, the
lesion was excluded from the computation of the transformation matrix
using a lesion mask. Normalized lesion VOIs were projected onto the
T1-weighted template MRI scan from the Montreal Neurological Insti-
tute (MNI; http://www.bic.mni.mcgill.ca), and overlaps and voxel-based
comparisons were performed using MRIcron. All voxel coordinates are
indicated in MNI space.

The most direct assessment of the relation between a behavioral mea-
sure and anatomy is provided by voxel-based lesion-symptom mapping
(VLSM). However, previous studies of neglect anatomy almost exclu-
sively applied lesion subtraction methods; to allow comparisons of our
results to those of previous studies we therefore first used this behavior-
defined approach (Bates et al., 2003) and performed conventional sub-
traction analyses of our data. Gray matter and white matter involvement
was determined by segmenting gray and white matter of the MNI tem-
plate brain using SPM5 and then calculating the overlap with lesion
VOIs. To identify the overlap of individual lesion VOIs with different
Brodmann areas, we segmented VOIs using the Brodmann template dis-
tributed with MRIcron. Finally, segmentation of VOIs was also per-
formed using selected white-matter fiber tracts from the Johns Hopkins
University (Baltimore, Maryland) group-averaged atlas based on deter-
ministic diffusion-tensor imaging tractography (Mori et al., 2008). The
overlap of individual VOIs with Brodmann areas and fiber tracts was
determined on a voxel-by-voxel basis, and the segmented VOIs were then
compared between patient groups.

These comparisons were followed up with VLSM analyses. Since the
primary objective of this study was to identify the brain regions that
predict the degree to which ipsilesional task-relevant or irrelevant cues
capture attention in neglect patients, the VLSM analyses were performed
using the data of the two neglect groups. MRIcron offers two VLSM
methods to study the relation between a behavioral measure and anat-
omy. The nonparametric Liebermeister test is performed on binomial
data and thus requires patients to be assigned to two different groups
based on a behavioral measure. The more conservative, nonparametric
Brunner–Munzel test identifies brain regions that are critical for perfor-
mance using a continuous behavioral measure. As we sought for con-
verging evidence, we used both methods to analyze the lesion data of
neglect patients. To control for multiple comparisons, family-wise error
rates (FWE) were computed using repeated permutation tests, which
provide a more powerful correction for multiple comparisons than the
Bonferroni correction (Rorden et al., 2007). Only voxels damaged in at
least 20% of all patients were included in the VLSM analyses.

Results
Behavioral results
Target misses were rare in healthy participants (mean omission
rate, 0.4%) and RH-control patients (1.3%). These omission
rates were close to ceiling and were therefore not analyzed fur-
ther. Both neglect groups missed significantly more targets pre-
sented in the left compared with the right hemifield (relevance
group: 5.9% vs 2.1%; Wilcoxon test, p � 0.05; nonrelevance
group: 5.7% vs 2.0%, p � 0.05). Similarly to target misses, false-
positive responses (i.e., reactions to nontarget stimuli) were rare
in healthy (1.3%) and RH controls (1.4%). Both neglect groups
produced more false-positive responses following relevant (rele-
vance group, 9.1%; nonrelevance group, 7.6%) than irrelevant cues
(relevance group, 1.7%; nonrelevance group, 0.4%), but their false-
positive rates were comparable (Mann–Whitney test, p � 0.31).

Figure 2 shows reaction time (RT) data of the four participat-
ing groups. In an initial analysis, these data were submitted to a
repeated-measures ANOVA with factors group (healthy controls,
RH controls, relevance neglect, nonrelevance neglect), target po-
sition (left, right hemifield), cue validity (valid, invalid), and cue

relevance (relevant identical, relevant different, irrelevant). This
analysis revealed significant main effects of group (F(3,36) � 8.47,
p � 0.001), target position (F(1,36) � 30.64, p � 0.0001), cue
validity (F(1,36) � 5.59, p � 0.05), and cue relevance (F(2,72) �
49.31, p � 0.0001). A number of two-way interactions were also
significant: group � target position (F(3,36) � 7.34, p � 0.0001),
group � cue validity (F(3,36) � 3.29, p � 0.05), group � cue
relevance (F(6,72) � 6.21, p � 0.0001), target position � cue va-
lidity (F(1,36) � 12.55, p � 0.01), and cue validity � cue relevance
(F(2,72) � 38.78, p � 0.0001). The three-way interactions between
group � target position � cue validity (F(3,36) � 4.94, p � 0.01)
and group � cue validity � cue relevance (F(6,72) � 11.48, p �
0.0001) were also significant. Finally, the four-way interaction
group � target position � cue validity � cue relevance was sig-
nificant (F(6,72) � 5.22, p � 0.001).

Given the significant main effect of group and the high num-
ber of significant interactions including the factor group, we de-
cided to follow up these results with separate analyses of the data
of each group, focusing on the factors target position, cue valid-
ity, and cue relevance. The highest-order significant effects were
followed up with post hoc Scheffé tests. The data of healthy par-
ticipants (Fig. 2a) and of RH control participants (Fig. 2b) were
characterized by a significant main effect of relevance (healthy,
F(2,18) � 34.94, p � 0.0001; RH controls, F(2,18) � 24.26, p �
0.0001). In both groups and independently of cue validity,
relevant-identical cues facilitated target detection relative to
relevant-different and irrelevant cues (all p � 0.01), although the
latter two resulted in indistinguishable performance. No other
effect or interaction reached significance.

In contrast, performance of the relevance-neglect group (Fig.
2c) depended on target position (F(1,9) � 24.05, p � 0.001), va-
lidity of the cue (F(1,9) � 11.48, p � 0.01), and cue relevance
(F(2,18) � 10.88, p � 0.001), as well as the interaction position �
validity (F(1,9) � 8.43, p � 0.05) and validity � relevance (F(2,18) �
32.03, p � 0.0001). Importantly, the three-way interaction was
significant (F(2,18) � 8.96, p � 0.01), reflecting two important
effects. First, patients detected left targets faster following valid

Figure 2. a–d, Reaction-time data of healthy controls (a), right-hemisphere-damaged con-
trols (b), neglect patients with a relevance effect (c), and neglect patients without a relevance
effect (d). Note that different scales were used to represent data of healthy participants and
patients. LVF, Left visual field; RVF, right visual field. Error bars show SEM.
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cues than invalid cues only if cues were
relevant identical (RTs following valid vs
invalid cues, 893 ms vs 1222 ms, p �
0.001) or relevant different (1019 ms vs
1253 ms, p � 0.05), but not when they
were irrelevant (1055 ms vs 970 ms). In
other words, this group showed a disen-
gagement deficit with relevant cues only.
Second, detection of invalidly cued left
targets was slower following relevant
identical ( p � 0.01) and relevant different
( p � 0.01) than irrelevant cues. Similarly,
the nonrelevance neglect group reacted
slower to left than right targets (F(1,9) �
10.98, p � 0.01) (Fig. 2d) and following
irrelevant than relevant cues (F(2,18) �
8.53, p � 0.01). Importantly, the data of
this group also exhibited a significant in-
teraction of target position � validity
(F(1,9) � 6.51, p � 0.01), reflecting the fact
that attentional reorienting after presentation of invalid cues was
only impaired for left targets (RTs to left targets following valid vs
invalid cues, 949 ms vs 1103 ms, p � 0.05; right targets, 794 ms vs
791 ms). This is the critical finding indicating a deficit of atten-
tional disengagement from ipsilesional cues (Posner et al., 1984;
Morrow and Ratcliff, 1988; Losier and Klein, 2001). In contrast to
the relevance-neglect group, however, the three-way interaction was
not significant (F(2,18) � 2.13, p � 0.15), indicating that the deficit of
attentional reorienting toward contralesional targets was similar for
relevant and irrelevant cues. Thus, both neglect groups were im-
paired in reorienting attention to a contralesional target following an
ipsilesional cue; however, although one group only failed to reorient
attention following relevant cues, attentional reorienting of the other
group was not influenced by cue relevance.

To directly compare the effect of cue relevance on target de-
tection between groups, we used the data from invalid cueing
conditions to compute a relevance index as follows: RI �
(RTrelevant � RTirrelevant)/(RTrelevant � RTirrelevant). The relevance
index is independent of baseline processing time and reflects the
extent to which the speed of target detection depends on cue
relevance. A positive index indicates a processing cost, whereas a
negative index reflects a processing advantage of targets following
relevant compared with irrelevant cues. Relevance indices for left
targets were strongly positive for all patients in the relevance
neglect group, but close to zero in the nonrelevance neglect group
(Fig. 3a). In all groups, average relevance indices only slightly
differed from zero, except for left targets in the relevance neglect
patients (Fig. 3b). An ANOVA with group and target position as
factors revealed a significant group effect (F(3,37) � 17.7, p �
0.0001) and a significant interaction (F(3,37) � 10.91, p � 0.0001),
indicating that relevance neglect patients had larger relevance
indices for left targets than all other groups (all p � 0.0001). These
patients were also the only group with a significant asymmetry be-
tween indices for left and right targets ( p � 0.001). Thus, in contrast
to all other groups, attention of the relevance neglect group was
strongly captured by right-sided task-relevant stimuli.

When interpreting these group comparisons, one should be
aware that some statistical differences between the two neglect
subgroups can be expected based on the a priori assignment of
patients to the relevance or nonrelevance group. However, it is
crucial for the interpretation of anatomical differences presented
in the next section that the only difference between the two ne-
glect groups is related to the effect of task relevance of ipsilesional

cues, and that no other fundamental differences in their response
pattern exist.

Lesion comparisons
Behavioral data distinguished two groups of neglect patients
whose reorienting of attention toward contralesional targets was
differently affected by the relevance of the cue. We next examined
whether the effect of cue relevance or its absence was associated
with damage to specific regions of the right-hemispheric atten-
tion network. To make a comparison with previous studies, we
first searched to identify those areas in which damage was corre-
lated with spatial neglect regardless of neglect subgroup by sub-
tracting from the lesion overlaps of all 20 neglect patients (Fig.
4a) the lesions of the RH control patients (Fig. 4b). Note that the
significance of the comparison between neglect patients and RH
controls is necessarily limited due to the difference in lesion vol-
ume (Table 2), and that the unique purpose of this subtraction
analysis is to verify whether our sample of neglect patients is
comparable to previously studied patients when the same analysis
is applied. The lesion overlap analysis identified three regions that
were associated with spatial neglect (Fig. 4a), as follows: the right
periventricular white matter (MNI voxel-coordinates: 30, �22,
22; damaged in 13 of 20 neglect patients), the white matter be-
neath the middle frontal gyrus (coordinates: 27, 3, 30; damaged in
11 neglect patients), and the white matter beneath the angular
gyrus (coordinates: 44, �46, 32; damaged in 12 neglect patients).
The latter region was damaged in none of the control patients and
was therefore identified as the maximal difference (60%) between
groups in the subtraction analysis (Fig. 4c). These findings are
highly consistent with previous studies examining the anatomy of
spatial neglect (Vallar and Perani, 1986; Mort et al., 2003; Golay et
al., 2008); the lesions of our patients were thus representative of
the common lesion sites in spatial neglect.

We next generated distinct lesion overlaps for each of the two
neglect groups. These overlaps revealed that the relevance neglect
group had cortical and subcortical damage in the inferior perisyl-
vian region (Fig. 5a), whereas the nonrelevance group had more
dorsal lesions affecting the frontoparietal cortex and the white
matter of the frontal lobe (Fig. 5b). The group subtraction (Fig.
5c) revealed most frequent damage in the anterior limb of the
internal capsule (difference, 60%; voxel coordinates, 22, 8, 15) in
the relevance neglect group and most frequent damage in the
white matter beneath the superior frontal gyrus (difference, 90%;
voxel coordinates, 24, 6, 40) in the nonrelevance neglect group.

Figure 3. Relevance index. a, Relevance indices of individual neglect patients for invalidly cued targets shown in the left visual
field. Patients 1–10 (gray bars) belong to the relevance-neglect group; patients 11–20 (white bars) belong to the nonrelevance
group. Positive values indicate increased reaction times following relevant cues compared with irrelevant cues. The dashed
horizontal lines indicate average relevance indices of each group. b, Average relevance indices of the four groups of participants.
Cont, Healthy controls; RH: right-hemisphere controls; rel �, relevance neglect patients; rel �, nonrelevance neglect patients; LVF,
left visual field; RVF, right visual field. Error bars show SEM.
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These anatomical differences were also evident in the position of
the center of mass of individual lesions, which lay significantly
more dorsally in the nonrelevance than the relevance neglect
group (Mann–Whitney test, p � 0.01) (Table 2). In contrast, the

differences between groups were not related to overall lesion volume
or the percentage of gray or white matter involvement (Table 2).

To further examine the extent of cortical damage within spe-
cific areas of the dorsal attention network, we segmented the

Figure 4. Anatomy of neglect and nonneglect patients. a, b, Color-coded overlap images of the lesions of all 20 neglect patients (a) and right-hemisphere controls (b) projected on sagittal
sections of the MNI template brain with x-coordinates increasing from right (x � 10) to left (x � 58). The color scales indicate the increasing number of overlapping lesions starting at n � 2. c,
Subtraction plot showing regions of at least 40% greater relative prevalence of damage in the neglect group than the right-hemisphere controls. The color scale indicates the percentage of damage
to specific voxels associated with spatial neglect.

Table 2. Lesion characteristics of RH-damaged control patients and the two neglect groups (mean � SEM)

Volume (cm 3) Grey matter (%) Center of mass (x/y/z) BA 6 (cm 3) BA 8 (cm 3) BA 9 (cm 3)

RH control 24.4 (�7.4) 35.2 (�6.4) 123/110/86 1.23 (�0.95) 0.07 (�0.07) 0.13 (�0.13)
Relevance neglect 100.2 (�23.4) 42.5 (�6.2) 124/109/84 2.03 (�1.4) 0.91 (�0.9) 1.41 (�1.4)
Nonrelevance neglect 134.7 (�35) 47.8 (�5.7) 124/111/106 17.31 (�4.3) 2.24 (�0.7) 3.14 (�1.1)

Figure 5. Anatomy of the effect of relevant cues in neglect. a, Lesion overlap of neglect patients with a relevance effect. b, Lesion overlap of neglect patients without a relevance effect. c, Subtraction plot
showing regions associated with presence (green) and absence (red) of a relevance effect in neglect. The color scales indicate the frequency of involvement, between 0% (dark) and 100% (light).
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lesion of each participant using a brain template with specified
Brodmann areas (BA). The comparison of the volume of damage
to these areas revealed greater involvement of BA 6, 8, and 9
(Mann–Whitney test, all p � 0.05) in the nonrelevance than the
relevance group (Table 2). Subtracting lesions of the relevance
group from the nonrelevance group showed that the main
difference between groups at the cortical level was situated in
BA 6 (Fig. 6a).

Several studies have suggested that frontoparietal disconnec-
tion by damage to associative fiber tracts may be more predictive
of the occurrence of neglect than cortical damage (Gaffan and
Hornak, 1997; Doricchi and Tomaiuolo, 2003; Thiebaut de
Schotten et al., 2005). As the maximal lesion overlap of the non-
relevance group was subcortical, we examined the involvement of
intrahemispheric fiber tracts by segmenting the lesions of the
patients with fiber tracts from a stereotaxic atlas of white matter
anatomy based on diffusion-tensor imaging of normal brains
(Mori et al., 2008). If damage in nonrelevance neglect patients
affected the dorsal attention network, we would expect that le-
sions of these patients overlap with the superior longitudinal fas-
ciculus (SLF), which is the main fiber pathway that connects the
dorsal premotor and dorsolateral prefrontal cortex with the pa-
rietal lobe (Schmahmann and Pandya, 2006). Each patient VOI
was segmented using information about the localization of the
SLF, and voxel-based subtractions between the nonrelevance and
the relevance groups were then performed using these segmented
VOIs. To examine whether intrahemispheric tracts other than
the SLF were predictors of performance, we performed the same
analysis with four other fiber tracts, as follows: the inferior lon-
gitudinal fasciculus, the inferior fronto-occipital fasciculus, the
anterior thalamic radiation, and the uncinate fasciculus. The SLF
was more frequently damaged in the nonrelevance than the rele-
vance group (Fig. 6b), with maximal difference in its rostral part
(coordinates, 24, 0, 38; damaged in 9 of 10 patients of the non-
relevance and none of the 10 patients of the relevance group). The

only patient of the nonrelevance group in whom the anterior SLF
was spared had damage to the inferior parietal lobule including
the angular and supramarginal gyrus, which are the posterior
projection sites of parts of the SLF (Schmahmann and Pandya,
2006). Damage to the SLF was the critical predictor of whether a
patient belonged to the nonrelevance group as the other, more
ventrally located fiber tracts were almost completely spared in the
nonrelevance group (Fig. 6c).

To provide a statistical test of these results, we performed two
independent VLSM analyses that both used the relevance index as
predictor variable. In the first analysis, the relevance index was
used as a binomial measure to define the groups (1 � relevance-
neglect group, 0 � nonrelevance neglect group), and the non-
parametric Liebermeister measure was used to compute
significant voxels. In the second analysis, individual relevance
indices were entered as continuous variable and the nonparamet-
ric Brunner–Munzel test was used to perform comparisons on a
voxel-by-voxel basis. Note that this latter analysis is fully inde-
pendent of a priori attribution of patients to one of the two
groups. Figure 7 shows brain areas that were significant predic-
tors of the absence of a relevance effect in neglect patients using
the binomial test and the Brunner–Munzel test for continuous
measures (FWE-corrected �-level of p � 0.05). The binomial test
identified a dorsal frontal region anterior to the precentral sulcus
reaching into the white matter beneath the superior frontal gyrus
as critical for the absence of a relevance effect. The most anterior
voxels, lying in the white matter beneath the superior frontal
sulcus (coordinates, 24, 0, 41), were also significant predictors
of the absence of a relevance effect when the more conservative
Brunner–Munzel test was used. This region is identical to the
maximal overlap of lesions of patients belonging to the non-
relevance neglect group. The VLSM analyses thus statistically
confirmed the group comparisons based on lesion overlap
counts.

Figure 6. Relevance effect and the dorsal attention network. a, Subtraction plot showing Brodmann areas where damage was at least 20% more frequent in the nonrelevance than the relevance
neglect group. b, Subtraction plot showing components of the SLF where damage was at least 20% more frequent in the nonrelevance than the relevance neglect group. c, Subtraction plots showing
components of specific fiber tracts where damage was at least 20% more frequent in the nonrelevance than the relevance neglect group (red) or more frequent in the relevance than the
nonrelevance neglect group (green). From top to bottom, Inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, anterior thalamic radiation, and uncinate fasciculus. Sagittal sections
with x-coordinates increasing from right (x � 18) to left (x � 42) are shown.
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Discussion
The present findings provide lesion evidence for a modulatory
role of the dorsal attention network on the orienting of attention
in spatial neglect. The cueing paradigm used in this study enables
us to distinguish between facilitation by perceptually similar cues
and effects related to current action goals. In the relevant identi-
cal condition, cues were identical to the upcoming target. Any
effect of these cues may therefore reflect perceptual facilitation,
capture of attention, or a combination of these factors. In con-
trast, facilitatory or inhibitory effects of relevant different cues
can only be attributed to their behavioral significance, as these are
perceptually dissimilar to the target.

Regardless of cue validity, both control groups exhibited faster
reactions with relevant identical cues compared with relevant
different and irrelevant cues, a pattern suggesting facilitation by
perceptually similar cues. Contrasting with the results of previous
studies showing slower reactions following invalid cues (Eriksen
and Hoffman, 1972; Posner, 1980), the control groups showed
no difference in performance following valid and invalid cues
(i.e., no validity effect). However, facilitation of target detec-
tion by valid cues is a function of time between cue and target
onset; in healthy participants, facilitation is only observed for
several hundred milliseconds following cue onset, whereupon
the effect of valid cues becomes inhibitory (Posner et al.,
1985). In the present study, cue and target were separated by 500 ms,
which may explain the absence of a validity effect in the control
groups. However, this interval was insufficient to abolish the char-
acteristic impairment of attentional disengagement from ipsilesional
cues observed in the two neglect groups.

Previous studies observed impaired reorienting of attention in
neglect patients following presentation of ipsilesional cues for
stimuli as various as colored forms, letters, whole words, when
the cue was a word and the target a colored circle (Ptak and Golay,
2006; Ptak and Schnider, 2006), and for cue-target pairings
within or across modalities (Farah et al., 1989; Golay et al., 2005;
Ptak and Schnider, 2005). Thus, the critical variable determining
whether a cue captures attention of neglect patients is not its
similarity to the target, but its relevance for the current task. The
finding that, in the present study, relevant cues gave rise to very
similar performance, be they visually similar to the target or not,
also suggests that the influence of perceptual interference on re-
orienting of attention was minor compared with the effect of cue
relevance. Further, the fact that both neglect groups had similar

rates of false-positive responses argues
against an explanation of the differences
in relevance encoding in terms of different
degrees of response inhibition failure. Fi-
nally, the question arises whether the re-
sults might be explained by a prolonged
attentional blink, a phenomenon charac-
terized by the failure to detect the second
of two targets presented in rapid sequence
among distracters (Husain et al., 1997).
However, in contrast to paradigms that
typically evoke the attentional blink (Mar-
tens and Wyble, 2010), participants were
asked to disregard the cue and to react
uniquely to the target. In addition, there
was no evidence for an attentional blink in
the data of control participants or for ip-
silesional and validly cued targets in ne-
glect patients, which argues against this
account.

Our findings resolve several issues concerning the functional
and anatomical characteristics of spatial neglect and the involve-
ment of the dorsal attention network in this disorder. First, they
reconcile results of studies showing that attention of neglect pa-
tients shifts to right-sided stimuli regardless of their relevance for
the present task (Gainotti et al., 1991; Snow and Mattingley,
2005) and the contrasting observation that capture of attention
critically depends on task constraints (Ptak et al., 2002; Ptak and
Schnider, 2006). According to the present findings, both views
are correct, but each of them only relates to a subgroup of neglect
patients with distinct lesion anatomy; patients with a preserved
dorsal attention network may have a strong tendency to orient
attention toward stimuli of high relevance, whereas attention of
patients with damage or disconnection of this network is cap-
tured indifferently by any stimulus. The present results thus sup-
port the view that, to better understand the functional complexity of
the neglect syndrome, its anatomy should be studied by differentiat-
ing neglect subgroups on the basis of distinct patterns of perfor-
mance in specific tasks (Hillis et al., 2005; Ptak and Valenza, 2005).

Second, the observation of a functional dissociation between
neglect patients with and patients without damage affecting the
dorsal attention network contributes to the recent controversy
regarding the anatomy of spatial neglect. Lesion overlap studies
located the critical region responsible for spatial neglect in the
inferior parietal cortex (Vallar and Perani, 1986; Mort et al., 2003;
Golay et al., 2008), whereas Karnath et al. (2004) attributed a
similar role to the central sectors of the superior temporal gyrus.
In contrast, Doricchi and Tomaiuolo (2003) emphasized the role of
frontoparietal disconnection as possible anatomical basis of spatial
neglect. This proposal has recently received support from a study of
functional connectivity using measures of coherent fluctuations of
functional MRI signals, which has revealed that parietal damage in
neglect is accompanied by impaired connectivity in the dorsal atten-
tion network (He et al., 2007). Moreover, a study using intraopera-
tive stimulation in patients undergoing surgery for a parietal tumor
found that functional inhibition of the SLF generates a neglect-like
pattern in the line bisection task (Thiebaut de Schotten et al., 2005).
These findings suggest that intrahemispheric frontoparietal discon-
nection is crucial for the occurrence of spatial neglect (Thiebaut de
Schotten et al., 2005; Bartolomeo et al., 2007).

The SLF is the main association fiber tract that links the pari-
etal and frontal cortex (Makris et al., 2005; Schmahmann and
Pandya, 2006). Based on studies of the monkey brain, three sub-

Figure 7. Results of lesion–symptom mapping analyses. Voxels that survived correction for multiple comparisons using the
Liebermeister measure for binomial data are shown in red and yellow. Voxels with damage that was a significant negative
predictor of the relevance effect (Brunner–Munzel test for continuous measures) are shown in light blue. CS, Central sulcus; PCS:
precentral sulcus; SFS: superior frontal sulcus.
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divisions have been identified that connect the superior parietal
region with the supplementary motor area (SLF I), the inferior
parietal cortex with dorsal frontal areas 6, 8, 9, and 46 (SLF II),
and the supramarginal gyrus with ventral premotor cortex
(mainly the ventral part of area 6 and area 44) (SLF III) (Petrides
and Pandya, 2002; Rushworth et al., 2006). The main component
of the SLF (SLF II) connects the FEF [which in humans is located
at the intersection between the precentral and superior frontal
sulcus, i.e., BA 6 (Paus, 1996)], with parietal regions around the
angular gyrus involved in spatial processing (Petrides and Pandya,
2002). The connection pattern of the SLF and the finding that
cortical damage of nonrelevance neglect patients was centered
on BA 6 suggest that the component of this fiber tract that is
critical for modulation of attention by task relevance is SLF II.

The third contribution of this study is a better understanding
of the functional role of the dorsal attention network. The FEF
and PPC are strongly activated by attention-directing cues (e.g., a
central arrow) or when subjects focus attention on a particular
stimulus feature (Corbetta et al., 2000; Hopfinger et al., 2000),
suggesting a preferential role of the dorsal attention network for
voluntary orienting. Our findings identify an additional role for
the FEF and its parietal connections. Whether a cue was pre-
sented at the same location as the upcoming target or at the
opposite location did not influence performance of the two con-
trol groups. In contrast, though they did not predict the presence
or location of the target, right peripheral cues strongly captured
attention in neglect patients. This finding suggests that cues pre-
sented in the right hemifield engaged reflexive mechanisms of
attention in neglect patients, but not in healthy and brain-
damaged participants without spatial neglect (Bartolomeo et al.,
2001). However, at cue-target intervals shorter than those used in
the present study, even healthy participants show a reflexive fa-
cilitation by valid compared with invalid cues (Posner, 1980).
Thus, one functional consequence of spatial neglect is to prolong
the time interval during which abrupt onsets increase the saliency
of peripheral cues and trigger reflexive mechanisms of attention.
Consequently, the behavioral dissociation between patients with
intact and with damaged dorsal attention networks suggests that
this network modulates reflexive capture of attention through a
mechanism that temporarily amplifies the saliency of behavior-
ally relevant events and attenuates the saliency of irrelevant
events. Evidence that attention enhances or inhibits sensory pro-
cessing has been provided by psychophysical (Blaser et al., 1999),
electrophysiological (Hillyard et al., 1998; Ptak et al., 2010), and
neurophysiological studies (Fecteau and Munoz, 2006). Interest-
ingly, visuomotor neurons in the monkey FEF have response char-
acteristics that are analogous to the response pattern of relevance
neglect patients. These neurons show increased responses to dis-
tracters that share a feature with the target of a saccade than to neu-
tral distracters, and the magnitude of their response reflects the
current behavioral significance of the stimulus (Bichot and Schall,
1999).

In summary, in agreement with findings from monkey neu-
rophysiology and functional imaging of healthy participants, our
findings show that modulation of spatial processing critically de-
pends on the integrity of the dorsal attention network and that
the preservation of the latter spatial neglect leads to an exagger-
ated spatial bias favoring task-relevant stimuli.
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