
Lesion evidence for the critical role of the intraparietal sulcus in

spatial attention
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Abstract

Based on lesion mapping studies, the inferior parietal lobule and temporoparietal junction are

considered the critical parietal regions for spatial-attentional deficits. Lesion evidence for a key

role of the intraparietal sulcus, a region featuring prominently in nonhuman primate studies

and human functional imaging studies of the intact brain, is still lacking, probably due to the

exceptional nature of isolated intraparietal sulcus lesions. We combined behavioral testing and

functional imaging in 2 patients with a focal intraparietal sulcus lesion sparing the inferior pari-

etal lobule and temporoparietal junction to examine the critical contribution of the intraparietal

sulcus to spatial attention. HH had a focal ischemic lesion (1.8 cm3) that was confined to the

posterior segment of the left intraparietal sulcus, whereas NV had a partially reversible lesion of

the middle segment of the right intraparietal sulcus extending into the superior parietal lobule

(13.8 cm3). The performance of these cases was contrasted with 5 cases with a classical inferior

parietal lesion, as well as with a group of 31 age-matched controls. In the behavioral study the

patients performed an orientation discrimination task on a peripheral target (eccentricity 7.6◦)

that was preceded by a central spatial cue. We manipulated both the cue validity (17% trials

with an invalid spatial cue) and the presence of a competing distracter in the visual field con-

tralateral to the target (17% double stimulation trials). The ability of the intraparietal sulcus

patients to re-orient their spatial focus of attention and to select between competing stimuli was

impaired for contralesional targets compared to controls, similarly to what we saw in the inferior

parietal group. Furthermore, we could observe that the deficit in NV resolved with regression

of the lesion. To further evaluate the correspondence between spatial-attentional deficits and

the intraparietal sulcus lesions, we ascertained the functional integrity of the inferior parietal

lobule and temporoparietal junction in HH using an event-related fMRI with the same task as

in the behavioral study. His intraparietal sulcus lesion did not affect the task-related activation

of the inferior parietal lobule or temporoparietal junction. Additionally, a resting-state fMRI

study in HH and 62 controls revealed that his lesion did not affect the topology of the ventral

attention network nor the strength of its main inter- and intrahemispheric connections. Our

findings demonstrate that the human superior parietal cortex critically contributes to spatially

selective attention.

Key Words: spatial attention; parietal cortex; stroke; neuroimaging

Abbreviations: IPS = intraparietal sulcus; IPL = inferior parietal lobule; TPJ = temporopari-
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etal junction; SPL = superior parietal lobule; STG = superior temporal gyrus; IFG = inferior

frontal gyrus; RSN = resting-state network; MRI = magnetic resonance imaging; FLAIR =

fluid attenuated inversion recovery; VLSM = voxel-based lesion-symptom mapping; IC = inde-

pendent component

Introduction

Decades of clinical neurology have highlighted the critical role of parietal cortex in spatially

selective attention (Critchley, 1953; Mesulam, 1990, 2000; Corbetta et al., 2008; Riddoch et al.,

2010). Neuroanatomically more refined techniques in healthy human subjects have implicated

separate parts (Husain and Nachev, 2007) of parietal cortex, such as the intraparietal sulcus

(IPS) (Corbetta and Shulman, 2002; Hung et al., 2005; Molenberghs et al., 2007, 2008; Van-

denberghe and Gillebert, 2009), the temporoparietal junction (TPJ) (Corbetta et al., 2000;

Downar et al., 2000; Corbetta and Shulman, 2002; Vossel et al., 2009) or the superior parietal

lobule (SPL) (Vandenberghe et al., 2001; Yantis et al., 2002) in different attentional processes,

including, among others, endogenous control (Corbetta and Shulman, 2002), spatial reorienting

(Corbetta et al., 2008) and shifting (Vandenberghe et al., 2001; Yantis et al., 2002), the com-

putation of a saliency map (Molenberghs et al., 2008) or the detection of low-frequency events

(Downar et al., 2000; Vossel et al., 2009). The IPS itself is composed of functionally specialised

areas in humans and in nonhuman primates (Gottlieb et al., 1998). The horizontal segment

of the IPS contains the putative human homologue of monkey area LIP, where neurons are

strongly modulated by spatial attention and code for a topographical representation of atten-

tional weights (Gottlieb et al., 1998; Sereno et al., 2001; Bundesen et al., 2005; Molenberghs

et al., 2008). More posteriorly, the human IPS contains a series of visually responsive areas

(denominated as IPS0/V7, IPS1, IPS2) with retinotopic representations of the contralateral

visual field (Silver et al., 2005; Swisher et al., 2007; Wandell et al., 2007; Silver and Kastner,

2009; Sheremata et al., 2010) which are sensitive to the direction of attention (Yantis et al.,

2002; Vandenberghe et al., 2005; Vandenberghe and Gillebert, 2009; Silver and Kastner, 2009;

Bressler and Silver, 2010). To the left, the directional effect in IPS0 persists during short-term

memory tasks in particular when set size is high (Sheremata et al., 2010). The exact monkey ho-

mologue of these posterior IPS regions is still under debate (Tootell et al., 1998; Koyama et al.,

2004; Orban et al., 2006) and to the best of our knowledge isolated lesions in humans have not

been reported previously. The key role of IPS in selective attention is supported by transcranial
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magnetic stimulation studies showing that disruption of the posterior parietal cortex activity

can induce attentional deficits in healthy subjects, including a failure to detect (Pascual-Leone

et al., 1994; Koch et al., 2005), identify (Hung et al., 2005) or visually track (Battelli et al.,

2009) targets in the visual field contralateral to the stimulation site under conditions of bilateral

simultaneous stimulation (see Driver et al., 2010; Sack, 2010, for reviews).

Lesion evidence that IPS is critically important for spatially selective attention in patients

is lacking. A highly influential lesion study in parietal stroke patients attributed the spatial-

attentional deficit, as measured in Posner’s invalidity paradigm (Posner et al., 1984), to inferior

rather than superior parietal damage (Friedrich et al., 1998). Lesion overlap (Vallar and Perani,

1986; Karnath et al., 2001; Karnath et al., 2003; Bays et al., 2010), lesion subtraction (Mort et

al., 2003; Grandjean et al., 2008; Ticini et al., 2010) and voxel-based lesion-symptom mapping

(VLSM) (Karnath et al., 2004, 2010) studies in neglect and extinction have also emphasized the

contribution of the inferior parietal lobule (IPL) (Vallar and Perani, 1986; Mort et al., 2003;

Bays et al., 2010), TPJ (Karnath et al., 2003; Grandjean et al., 2008; Ticini et al., 2010) and

posterior third of the superior temporal gyrus (STG) (Karnath et al., 2001, 2004, 2010) rather

than IPS.

The typical parietal lesions causing neglect and extinction have their center of gravity in IPL

(Mort et al., 2003) but often extend into the lateral bank of IPS (Molenberghs et al., 2008). In

a recent model of visual attention that integrates evidence from multiple scientific disciplines,

the occurrence of spatial neglect after acute stroke is attributed to the combined effect of a re-

orienting problem originating from TPJ and a lateralized attentional bias originating from IPS

(Corbetta and Shulman, 2002; Corbetta et al., 2005; Carter et al., 2010). This model is partly

based on task-related (Corbetta et al., 2005) and resting-state (He et al., 2007; Carter et al.,

2010) functional magnetic resonance imaging (fMRI) studies in patients with neglect during

the acute phase and after recovery. These provide evidence for alterations at a distance of the

structural lesion, in activity of individual nodes and in connectivity between nodes (Alstott

et al., 2009), within but also between functional networks (Corbetta, 2010).

Cases with cortical lesions restricted to IPS and sparing IPL are extremely valuable to

evaluate whether IPS in its own right critically contributes to spatially selective attention in

the intact brain and whether lesions of IPS can independently cause spatial-attentional deficits.

Such lesions, however, are exceptional given the distribution of vascular territories in the human

brain. We report performance of a hybrid valid/invalid cueing (Posner et al., 1984; Friedrich

et al., 1998) and stimulus competition paradigm (Molenberghs et al., 2008) in two cases with a
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Table 1 – Patient characteristics. Values in bold indicate a pathological score on the test. Abbreviations:
M = male; F = female; L = left; R = right; time = time-to-stroke onset; VF = visual field; LL = left lower
quadrantanopia. Bisection = percentage deviation to the patients right (positive) or left (negative) hand side.
Omissions = omissions on the star cancellation test in left and right hemispace.

case age sex lesion time volume VF bisection omissions
side (days) (cm3) defect (%) (L/R)

IPS cases:
HH 52 M L 199 1.8 - -11% 0/0
NV 23 F R 4 13.8 - 4% 2/0

IPL cases:
AN 65 M R 4 72.5 - 19% 6/2
CK 62 M R 7 31.3 LL -3% 0/0
MD 67 M R 36 81.5 - 7% 2/0
RE 77 M R 232 27.0 - 5% 0/0
PS 67 M R 4 63.2 - 4% 0/0

focal IPS lesion. Given the evidence from task-related and resting-state fMRI studies in neglect

(Corbetta et al., 2005; He et al., 2007; Carter et al., 2010; Corbetta, 2010), we took special care

to ascertain not only the structural but also the functional integrity of IPL and TPJ. Five cases

with a typical IPL lesion served as positive controls.

Methods

The study was approved by the Ethics Committee, University Hospitals Leuven. All participants

provided written informed consent in accordance with the Declaration of Helsinki.

Participants

Patients with ischemic lesions restricted to parietal cortex on clinical fluid attenuated inversion

recovery (FLAIR) or diffusion-weighted MRI were consecutively recruited via the acute stroke

unit of the University Hospitals Leuven, Belgium, or on occasion of their first post-stroke visit to

the outpatient clinic. Extension into the insula or the posterior temporal cortex was permitted

based on the known distribution of the vascular territory of the posterior branches of the middle

cerebral artery. Exclusion criteria were age above 85 years, pre-existing structural lesions or

extensive periventricular or subcortical white matter hyperintensities on MRI, presence of hemi-

anopia, insufficient balance to sit autonomously in front of a computer, and general inability to

understand and perform a computerized perceptual discrimination task. Visual perimetry was

formally tested in each patient in a computerized manner. We screened a consecutive series of

870 patients, 7 of whom fulfilled the inclusion criteria (Table 1).
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Two of the participants, HH and NV, had an IPS lesion that strictly spared IPL (Fig. 1A-

D). HH (strictly right-handed male, 52 years; Table 1) had a focal lesion (volume = 1.8 cm3)

that was confined to the posterior segment of left IPS (Fig. 1A,B). The lesion consisted of

2 juxtaposed components at Montreal Neurological Institute (MNI) coordinates x=-19, y=-

72, z=36 (1.1 cm3) and x=-15, y=-67, z=59 (0.7 cm3). NV (strictly right-handed female, 23

years) had a lesion of the horizontal segment of right IPS (volume = 13.8 cm3) extending into

SPL. The center of gravity was located at x=19, y=-64, z=47. She also had a second smaller

asymptomatic FLAIR hyperintense lesion in the left postcentral gyrus (Suppl. Fig. 1A). NV’s

symptoms were strictly lateralized to the left foot and leg (numbness and weakness) and she

also reported having hit the door jamb with her left side on several occasions. She was tested

4 days after her stroke (Fig. 1C,D, Suppl. Fig. 1A) and 107 days later when her lesions had

significantly diminished (1.2 cm3) to a small portion of SPL (Suppl. Fig. 1B). As the underlying

cause, HH had an arterial ischemia and NV a venous infarction. The 5 remaining parietal lesion

patients had a classical arterial ischemic lesion that was confined to right IPL extending into

the posterior part of STG and the insula (center of gravity: x=55, y=-37, z=19; Fig. 1E,F). In

one of the IPL cases (AN, Table 1) 3% of the lesion overlapped with NV’s lesion.

All patients participated in a computerized behavioral experiment and underwent a struc-

tural MRI. The IPS cases also participated in a task-related and resting-state fMRI experiment.

Because HH and NV differed in age (Table 1) we recruited both elderly and young controls. For

the behavioral experiment, 17 healthy subjects above the age of 50 (8 women, age 52-73) served

as controls for HH and the IPL group, and 14 healthy subjects below the age of 35 (10 women,

age 19-31) served as controls for NV. Sixteen healthy subjects (8 women, age 20-26) participated

as controls in the task-related fMRI experiment and 62 healthy subjects (25 women, age 20-72)

in the resting-state fMRI experiment.

Behavioral experiment

Stimulus presentation and response registration were controlled by a PC running Presentation

11.3 (Neurobehavioral systems, Albany, CA). Participants were seated at 50 cm from a 19-inch

cathode ray tube monitor (resolution 1024×768 pixels, refresh rate 75 Hz).

A trial started with a warning cue (duration 150 ms), followed by a central spatial arrow cue

pointing leftward or rightward (200 ms), a delay phase (200 ms) during which only the fixation

dot (size 0.45◦) was shown, and a test phase during which a peripheral grating was added (200

ms, size 3.5◦, 0.5 cycles/degree; mean luminance, 192 cd/m2) (Fig. 2A). The grating could be

6



A 

B 
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Figure 1 – Neuroanatomy of lesions. (A-D) Anatomy of the patients’ brain on T1-weighted MR images,
normalized to MNI space. The lesions of HH (A,B) and NV (day 4, C,D) are projected on axial (A,C) and
coronal (B,D) slices. (E) Lesions in HH, NV and the 5 IPL cases projected onto a surface rendering of the brain
(lateral, medial and dorsal view) (PALS Atlas, Caret 5.612 (Van Essen, 2005)). The black outline indicates the
lesion overlap between case NV and one of the IPL cases (AN). (F) Projection of the lesions on the flattened
brain surface.
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Figure 2 – Experimental paradigm (A) Example of the trial sequence. (B) The experimental design: target
location (left-sided, right-sided) and trial type (valid/single, invalid/single, valid/double) as independent factors.

presented to the left or to the right at 7.6◦ eccentricity on the horizontal meridian. Its orientation

was either horizontal (90◦) or vertical (0◦). With their right hand subjects held a response

box with two response buttons. They were instructed to maintain fixation on the central

fixation dot and select a button depending on the orientation of the target grating. In 66% of

the trials (‘valid/single’) a single grating appeared at the cued location, in 17% of the trials

(‘invalid/single’) a single grating appeared contralaterally to the cued location, and in 17% of the

trials (‘valid/double’) the target grating appeared at the cued location together with a second,

irrelevant grating at the contralateral location (Fig. 2B). The distracter orientation, horizontal

or vertical, was pseudorandomly chosen with the constraint that each option occurred equally

often and that it was congruent with the target orientation in half of trials and incongruent in

the remaining half. The intertrial interval was paced by the subject’s response, with a minimum

intertrial interval of 2250 ms. If no response was given, the trial was aborted after 6000 ms

and the next trial was initiated. Subjects first received 24 training trials followed by 3 series

of 120 trials separated by a brief pause. Gaze fixation was monitored by means of infrared

eye monitoring (Viewpoint Eye Tracker; Arrington Research; Scottsdale, AZ) throughout the

training and experimental runs.

As accuracy measure we used A’, a non-parametric estimate of how well the grating orien-

tations can be discriminated (Snodgrass et al., 1985), with a value near 1.0 corresponding to

good discriminability and a value near 0.5 corresponding to chance performance. We analyzed

8



the reaction times (RTs) of correct responses for each subject using an ex-Gaussian distribution

probability-density model (Vossel et al., 2006; Lacouture and Cousineau, 2008). From the fit-

ted function, we derived the mean (µ), standard deviation and exponential component in each

subject.

The primary outcome analysis consisted of the contrast between invalid/single and valid/single

(‘invalidity effect’) for contra- and ipsilesional targets and the contrast between valid/double and

valid/single (‘competition effect’) for contra- and ipsilesional targets in HH and NV compared

to age-matched controls. Inference was based on a modified t-test (Crawford and Garthwaite,

2002). As a second primary outcome measure we conducted a 3×3×2 analysis of variance

(ANOVA) with group (3 levels: IPS cases, IPL cases, healthy controls) as between-subjects

factor and trial type (3 levels: valid/single, invalid/single, valid/double) and target location

(2 levels: contralesional versus ipsilesional in patients, left-sided versus right-sided in healthy

controls) as within-subjects factors. For NV, the behavioral data on day 4 were used. A

non-parametric randomization test with 2000 iterations was used to determine the statistical

significance of the obtained F -values: we repeatedly randomized the subject order, assigned the

individual subjects to the levels of the factor ‘group’ according to the shuffled subject order,

submitted the shuffled data to a 3×3×2 ANOVA and saved the resulting F -values for each

main and interaction effect. The F -values observed in the ANOVA on the original data were

compared to distribution of F -values obtained using the randomization procedure. F -values

in the right tail of the probability distribution (Bowman and Azzalini, 1997)(P<0.05) were

considered statistically significant (Fig. 3). Post-hoc analyses were conducted using the same

randomization procedure: the 3 groups of subjects were compared in a pairwise manner (2×3×2

design) and correction for multiple contrasts was done using Bonferroni (P<0.05).

Structural MRI

Structural and functional images were acquired on a 3 tesla Philips Intera system (Best, Nether-

lands) equipped with a head volume coil. Structural imaging sequences consisted of a T1-

weighted 3D turbo-field-echo sequence (repetition time (TR) 9.6 ms, echo time (TE) 4.6 ms, in-

plane resolution 0.97 mm, slice thickness 1.2 mm) and FLAIR image (TR 11000 ms, TE 150 ms,

in-plane resolution 0.45 mm, slice thickness 4 mm). Using Statistical Parametric Mapping 2005

(SPM5) (Welcome Trust Centre for Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.uk/spm),

we co-registered the T1 and FLAIR images of each patient. The boundary of the lesion was de-

lineated on the individual MR images for every transverse slice (voxel-resolution 1×1×1 mm3)
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Figure 3 – Behavioral experiment The distribution of F -values corresponding to the 3-way interaction
group×trial type×target location, was generated using a randomization procedure and is shown in grey. Its
estimated density function is shown by the black curve. The F-value associated with the 3-way interaction in an
ANOVA on the original data, is indicated by a red line.

with MRIcron (Rorden et al., 2007) (www.cabiatl.com/mricro/mricron/index.html). The T1-

weighted image was segmented and the resulting parameters were used to spatially normalize

all images into the standard MNI space. A cost-function masking was used to prevent the dam-

aged brain areas from biasing the transformation matrix. The spatial normalization involved

both linear (12 parameters) and nonlinear (7×9×7 basis functions, 16 iterations) transforma-

tions (Ashburner and Friston, 1999). The match between each patient’s normalized brain and

the template was carefully evaluated through visual inspection and use of a cross-hair yoked

between the template and the normalized image.

Task-related fMRI experiment

In order to evaluate functional changes of parietal regions that were structurally intact in HH

and NV, we acquired whole-brain functional scans consisting of T2* gradient-echo echoplanar

images acquired continuously in ascending order (TR 2 s, TE 30 ms, 90◦ flip angle, 80×80

acquisition matrix, 2.75×2.75 mm2 in-plane resolution, 36 3.75 mm thick axial slices without

gap). NV underwent the fMRI experiment on day 107 when her lesion was reduced to a small

portion of the SPL and her performance on the spatial cueing task had already normalized.

Sixteen controls and the 2 IPS cases completed 6 runs with respectively 189 and 100 scans per

run. Eye movements were registered in controls using an Applied Science Laboratory (Waltham,

MA) infrared system and analyzed using an automatized procedure.

In controls the intertrial interval was fixed (2250 ms) and the orientation difference to be
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discriminated relative to a 45◦ reference orientation was adjusted from run to run to reach an

accuracy level of 75-85% across all conditions. The effects of trial type and target location on

performance were tested with a repeated measures ANOVA. Each run consisted of 140 trials

(60% valid/single, 20% invalid/single, 20% valid/double) and 28 null events. The stimuli and

task were otherwise identical to what was used in the behavioral experiment. To ensure adequate

task performance in the patients during fMRI (Price et al., 2006), they had to discriminate

between a horizontal and vertical orientation, similarly to the behavioral experiment, and the

intertrial interval was paced by their response with a minimum of 2000 ms and a maximum of

6000 ms.

The fMRI data were analyzed using SPM5. Following realignment, normalization and

smoothing (5×5×7 mm3 Full Width Half Maximum, FWHM) we calculated for each subject

the contrast image of invalid/single versus valid/single trials, as this contrast has been shown

to activate IPL and TPJ (Corbetta et al., 2000; Vossel et al., 2006). We also calculated the

contrast image of right-sided target versus left-sided target trials across all trial types, as well

as the contrast image of right-sided versus left-sided target trials for the valid/double condi-

tion specifically. At a second level we determined whether the average contrast images were

significantly different from zero (one-sample t-test: voxel-level threshold P<0.001, cluster-level

threshold P<0.05 corrected for the entire brain volume (Poline et al., 1997)).

In order to evaluate whether task-related activity in structurally preserved parietal regions

in the patients differed from that observed in healthy controls, we used a leave-one-out strategy:

for each control we determined the effect size of the contrast of invalid/single minus valid/single

trials in parietal volumes-of-interest (VOIs) which were defined on the basis of the same contrast

in the remaining 15 controls. The effect size was defined as the weighted sum of β-values

(βinvalid left target+βinvalid right target-βvalid left target-βvalid right target) and averaged across all voxels

within a VOI. After having obtained a normal range of values, we determined the effect size

in the patients in the VOIs defined in the controls. Inference was based on a modified t-test

(Crawford and Garthwaite, 2002).

Resting-state fMRI experiment

We obtained resting-state fMRI in HH, NV (at day 107), and 62 controls. Two IPL cases (AN,

PS) also participated as positive patient controls. During the resting-state fMRI run (425 s), we

acquired 250 functional images with TR 1700 ms, TE 33 ms, 90◦ flip angle, 64×64 acquisition

matrix, 3.59×3.59 mm2 in-plane resolution, 32 axial slices with 4 mm thickness and no gap.
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Subjects were instructed to remain awake with their eyes closed and not to think about anything

in particular.

Following realignment, normalization and smoothing (7×7×7 mm3 FWHM) we defined the

ventral and dorsal attention networks (Fox et al., 2006; Mantini et al., 2007) in the healthy

control group by means of a template-matching procedure (Mantini et al., 2009). The resting-

state networks (RSNs) were defined as Independent Component (IC) clusters (Esposito et al.,

2005) with high across-subject consistency (proportion of subjects contributing to the cluster

> 66%) and a significant difference between intra- and extra-cluster correlations (P<0.001,

Bonferroni corrected for sample size) (Mantini et al., 2007). For each patient we derived the

lesion fraction, the proportion of the lesion that spatially overlapped with each of the RSNs

(threshold: Z>2). We also examined in the patients how their lesion affected the topology

of the ventral and dorsal attention networks (Fox et al., 2006). The similarity in topology

between an IC in the individual subject and the RSNs in the group of controls (group RSNs)

was estimated by measuring the spatial correlation between the maps, excluding the damaged

brain area. We computed the spatial correlation between the ICs in each patient and the group

RSNs and determined on that basis which ICs in each patient best matched the ventral and

dorsal attention networks. Next, we compared the spatial correlation between the selected

ICs in each patient and the group RSNs with the distribution of correlation values obtained

in controls using the same procedure (leave-one out approach). Values in the left tail of the

distribution (P<0.05) were considered pathological.

As an additional measure of the functional integrity of TPJ, we analyzed the strength of its

main inter- and intrahemispheric connections (Fox et al., 2006; Carter et al., 2010): we measured

the resting-state functional connectivity (Carter et al., 2010) of right TPJ with left TPJ and

right inferior frontal gyrus (IFG), respectively. The VOIs were defined by a sphere (6-mm radius)

centered in the peak foci of the ventral attention network derived by ICA in controls (right TPJ:

x=56,y=-43,z=13; left TPJ: x=-59,y=-46,z=15; right IFG: x=58,y=10,z=9). A representative

time-course was obtained by averaging across all voxels within each VOI. Pearson’s correlations

were calculated for each subject using the VOI time-courses and converted to Z -scores by

means of the Fisher’s r -to-Z transformation (Carter et al., 2010). Statistical significance of

the difference in Z -scores between patients and controls was assessed using a modified t-test

(Crawford and Garthwaite, 2002).

12



Table 2 – Accuracy (A’) in the behavioral and fMRI experiments L = left-sided target; R = right-
sided target; A’ = a non-parametric measure of performance. (A) Behaviorial experiment: For HH and the IPL
group values in bold indicate a significant performance decrease relative to the valid/single condition between the
patient(s) and the elderly age-matched control group (n=17). For NV performance was compared with the young
age-matched control group (n=14). (B) fMRI experiment: Values in bold indicate a significant performance
decrease relative to valid/single condition between HH or NV and the healthy control group (n=16). s.d. =
standard deviation.

case valid/single invalid/single valid/double
L R L R L R

A. Behavioral experiment:
HH 0.97 0.96 0.95 0.83 0.88 0.50
NV, day 4 0.96 0.98 0.89 0.90 0.86 1.00
NV, day 107 0.99 1.00 1.00 0.98 0.98 0.98
IPL group 0.95 0.96 0.80 0.90 0.70 0.92
elderly healthy controls 0.97 0.98 0.95 0.95 0.91 0.88
young healthy controls 0.98 0.98 0.98 0.98 0.98 0.99

B. fMRI experiment:
HH 0.99 0.99 0.96 0.78 0.97 0.77
NV 1.00 1.00 1.00 0.99 0.98 0.99
healthy controls 0.94 0.94 0.91 0.92 0.91 0.92
(s.d.) (0.02) (0.03) (0.05) (0.03) (0.04) (0.04)

Results

Behavioral experiment

According to on-line infrared eye tracking, patients and controls kept stable gaze fixation on the

central fixation dot, except for one IPL case (AN) in whom eye fixation could not be monitored

reliably. Analysis of the RTs did not yield any significant differences (Suppl. Table 2A).

HH performed the valid/single trials accurately, both for contra- (t16=-1.05, P=0.15, (Craw-

ford and Garthwaite, 2002)) and ipsilesional targets (t16=-0.50, P=0.31; Fig. 4A, Table 2A).

He however showed a pathological increase of the invalidity effect when invalid/single trials

were compared to valid/single trials for contralesional targets (t16=1.75, P=0.049). When

valid/double trials were compared to valid/single trials for contralesional targets, A’ dropped

from 0.96 to 0.50, corresponding to chance performance (competition effect in HH compared to

controls: t16=4.49, P=0.0002). For ipsilesional targets, the invalidity effect (t16=0, P=0.50)

and the competition effect (t16=0.49, P=0.32) did not differ from age-matched controls (Fig. 4A,

Table 2A).

In NV, at day 4 performance during ipsilesional valid/single trials was within the nor-

mal range (t13=0.18, P=0.43). Accuracy during contralesional valid/single trials however was

decreased compared to age-matched controls (t13=1.80, P=0.047; Fig. 4B, Table 2A). The in-
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validity effect (the reduction in A’ from valid/single to invalid/single trials) was pathologically

increased compared to controls, both for contra- (t13=2.90, P=0.006) and for ipsilesional targets

(t13=3.86, P=0.001). This was also true when valid/double trials were compared to valid/single

trials for contralesional targets (t13=4.35, P=0.0004). For ipsilesional targets, the competition

effect did not differ from healthy controls (t13=-0.48, P=0.32). Three months later, when the

lesion had regressed (Suppl. Fig. 1B), all outcome parameters in NV had normalized (P>0.05;

Fig. 4B, Table 2A).

In 4 of the 5 IPL patients, the invalidity effect was increased for contralesional targets

(Fig. 5A-D; AN: t16=1.70, P=0.05; CK, t16=3.16, P=0.003; MD: t16=2.92, P=0.006; RE:

t16=7.05, P<0.001). In one patient (CK), it was also significantly increased for ipsilesional

targets (Fig. 5B; t16=2.92, P=0.005). In 3 of the IPL patients, the competition effect was

significantly increased for contralesional targets (Fig. 5A, AN: t16=5.18, P<0.001; Fig. 5C,

MD: t16=5.35, P<0.001; Fig. 5D, RE: t16=5.83, P<0.001), with chance level performance in

valid/double trials with contralesional targets. Performance of valid/double trials with ipsile-

sional targets was intact.

At the group level, a 3×3×2 ANOVA with group (IPS, IPL, healthy controls), trial type

(valid/single, invalid/single, valid/double) and target location (contra- versus ipsilesional for pa-

tients, left-sided versus right-sided attention for controls) as factors and A’ as outcome measure

revealed a three-way interaction (F 4,70=9.69, P=0.001; Fig. 4C, Fig. 3). We further evaluated

this interaction effect by pairwise comparison between each of the groups.

When the IPS group was contrasted with controls, the three-way interaction between group,

trial type and target location (F 2,62=13.93, P=0.006) and the two-way interactions between

group and trial type (F 2,62=4.59, P=0.03) and between group and target location (F 1,31=28.96,

P=0.002) were significant. In the IPS group the invalidity effect was larger than in controls

for contralesional targets (F 1,31=9.17, P=0.009) but not for ipsilesional targets (F 1,31=0.84,

P=0.20; Fig. 4C). The competition effect was also significantly larger than in controls for

contralesional (F 1,31=22.8, P=0.004) but not for ipsilesional targets (F 1,31=0.05, P=0.84).

When the IPL group was contrasted with controls, the three-way interaction between

group, trial type and target location (F 2,68=13.16, P=0.001) and the two-way interactions

between group and trial type (F 2,68=8.32, P=0.004) and between group and target location

(F 1,34=20.36, P=0.0007) were significant: The invalidity effect was larger in the IPL patients

relative to controls for contralesional targets (F 1,34=34.82, P<0.0001; Fig. 4C), with a trend

present for ipsilesional targets (F 1,34=3.23, P=0.05). The competition effect was significantly
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larger relative to controls for contralesional (F 1,34=23.13, P=0.0001) but not for ipsilesional

targets (F 1,34=0.17, P=0.67).

No significant differences were found between the IPS and IPL patient groups in the invalid-

ity or competition effect, neither for contra- nor for ipsilesional targets (three-way interaction:

F 2,10=0.14, P=0.80; Fig. 4C).

HH, AN, CK, MD and RE were re-tested 15 months later to evaluate the degree of recovery

of their spatial attentional deficits (Suppl. Table 1A). The competition effect and the invalidity

effect remained significantly increased in HH for contralesional targets (t16=4.17, P<.001 and

t16=2.33, P=0.02, respectively). This was also true for the competition effect in AN (t16=5.18,

P<.001) and for the invalidity effect in MD (t16=1.76, P<0.05).

Evaluation of functional integrity of IPL

HH, NV (day 107) and 16 healthy controls participated in an event-related fMRI study using

the same paradigm as during the behavioral experiment. In controls the orientation difference

to be discriminated during fMRI was 8.6◦, averaged across subjects and runs (range 6-11◦). We

observed a significant main effect of trial type on A’ (F 2,30=6.34, P=0.005; Table 2B) and mean

RT (F 2,30=10.96, P=0.0003; Suppl. Table 2B). Eye movements did not differ between conditions

(main effects of trial type and target location: F 2,30=1.60, P=0.22 and F 1,15=0.71, P=0.41,

respectively). In HH, each run contained on average 91 trials with 59.7% valid/single trials,

20.2% invalid/single and 20.1% valid/double trials and in NV each run contained on average

90 trials with 60.3% valid/single trials, 19.8% invalid/single and 19.9% valid/double trials.

Compared to controls, HH showed a pathological increase of the invalidity and competition

effect for contralesional (t15=9.22, P<0.0001 and t15=3.88, P=0.0007, respectively) but not for

ipsilesional targets (P>0.40), confirming the findings from the behavioral experiment (Table 2).

NV’s behavioral performance did not differ significantly from controls (Table 2), in agreement

with her behavioral recovery.

In controls, the contrast between invalid/single minus valid/single trials activated left and

right TPJ and IPL, left STG, left IPS and the medial wall of SPL, among other areas (Fig. 6A,

Table 3). HH showed a normal activation pattern within these regions compared to controls

(contrast invalid/single minus valid/single in HH versus controls P>0.35 in all regions; Fig. 6C;

Table 3). The contrast of right-sided minus left-sided targets in controls activated the occip-

itoparietal cortex in the left hemisphere, including a posterior IPS focus corresponding to the

lesion site in case HH (x=-21, y=-78, z=33, Z =4.37, P=0.004; Fig. 6B). In controls, activity
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Table 3 – fMRI experiment: task-related fMRI activity Anatomical location and statistical assessment
of parietal brain areas that showed significantly stronger activation in invalid/single relative to valid/single trials
(voxel-level uncorrected P<0.001, cluster-level corrected P<0.05). Values in bold indicate a significant difference
in the effect size of HH or NV and the healthy control group (n=16). Legend: STG, superior temporal gyrus; IPL,
inferior parietal lobule; IPS, intraparietal sulcus; SPL, superior parietal lobule; TPJ, temporoparietal junction;
MNI, Montreal Neurological Institute

region MNI peak # voxels Z mean effect size
(x,y,z) 27 mm3 controls (s.d.) case HH case NV

left STG -63,-54,0 148 5.41 4.08 (1.90) 2.69 3.39
left IPL -48,-48,33 164 4.59 4.33 (3.57) 5.82 7.25
left IPS -33,-60,48 103 3.82 5.57 (4.00) 5.85 15.25
medial SPL 3,-63,51 209 4.48 6.85 (5.15) 6.62 5.58
right TPJ 57,-45,18 481 4.83 4.88 (2.84) 4.18 4.61

in this posterior IPS focus was higher for right-sided targets than left-sided targets even under

double stimulation conditions (t15=2.35, P=0.03; Fig. 6D), confirming the presence of an at-

tentional effect within this visually responsive region (Yantis et al., 2002; Vandenberghe et al.,

2005; Silver and Kastner, 2009; Bressler and Silver, 2010). In NV, the contrast invalid/single mi-

nus valid/single yielded significantly higher activity in left IPS compared to controls (t15=2.35,

P=0.02; Fig. 6C; Table 3).

HH, NV, 2 IPL cases and 62 controls also took part in a resting-state fMRI study. The

structural lesion of patient HH exclusively mapped onto the dorsal attention network as defined

in healthy controls (lesion fraction 58%; Fig. 7B). In NV (day 4), the principal overlap was

also with the dorsal attention network (70% of her structural lesion; Fig. 7B) and, through its

extension into SPL, with what is called the ventral attention network (which also includes an

SPL component) (lesion fraction 6%; Fig. 7A) (Fox et al., 2006; Mantini et al., 2009). The main

components however of the ventral attention network are IPL and specifically TPJ. The IPL

patients’ lesion overlapped mainly with the ventral attentional network (lesion fraction 27%;

Fig. 7A) and with the dorsal attentional network (lesion fraction 12%; Fig. 7B).

To evaluate functional changes of the RSNs in HH and NV, we assessed whether they could

be identified in these patients and whether they corresponded in their topology to the RSNs

in controls. Two IPL cases also participated as positive patient controls. The correspondence

was estimated through spatial correlation across all voxels that were structurally intact in the

individual patient. The correspondence between the ventral attention network in HH and NV

and the ventral attention network in the group of controls (r=0.39 and r=0.38, respectively) lay

well within the normal range of spatial correlations observed in healthy subjects (HH compared

to controls: probability that a healthy control shows the same or a lower spatial correlation:
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Figure 6 – Task-related fMRI (A) T-map, thresholded at voxel-level uncorrected P<0.001, cluster-level
FWE-corrected P<0.05, obtained in 16 healthy controls corresponding to the contrast of invalid/single minus
valid/single trials. (B) T-map obtained in healthy controls for the contrast of right-sided minus left-sided target
trials. Anatomical location of HH’s lesion is marked with a black outline. (C) Effect size, defined as the weighted
sum of β-values, for case HH (in blue), case NV (in green) and controls (in black) in the left STG, IPL and IPS,
the medial SPL and the right TPJ. Error bars represent s.e.m. across controls. (D) Time-activity curve in
healthy controls. Average over 16 controls in the area of overlap (6 voxels) between the structural lesion of HH
and the activity map shown in (D). Error bars represent s.e.m. across controls. Legend: blue: valid/single; red:
invalid/single; green: valid/double; solid: left-sided target; dotted line: right-sided target.
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Figure 7 – Topology of RSNs in patients and healthy controls (A-B) The ventral and dorsal attention
networks in 62 healthy controls are represented on fiducial cortical surfaces. The border of the lesions in HH
(blue), NV (green) and 2 IPL cases (AN in black, PS in white) are superimposed on the surfaces. (C-D) For each
of the RSNs, the spatial correlation of the best-matching IC in each patient with the group RSN, is compared
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described by estimating its density in a non-parametric way, shown by the black curve (Bowman and Azzalini,
1997). Pathological correlations are those in the lower 5% of the distribution. The relative threshold for pathology
is indicated by a red line.
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P=0.29; NV compared to controls: P=0.25; Fig. 7C). In the IPL patients, it was significantly

decreased (AN: r=0.29, P=0.02; PS: r=0.31, P=0.04). The topology of the dorsal attention

network was preserved in HH and the IPL patients (P>0.14) but altered in NV (r=0.28, P=0.03;

Fig. 7D). We also investigated by seed-based connectivity the strength of the main functional

connections of TPJ in HH and NV (Fig. 8A)(Carter et al., 2010). Interhemispheric seed-based

connectivity between left and right TPJ, and intrahemispheric connectivity between right TPJ

and IFG were within the normal range for HH (t61=0.25, P=0.40 and t61=-0.19, P=0.42,

respectively) and NV (t61=0.33, P=0.37 and t61=0.77, P=0.22, respectively; Fig. 8B).

Discussion

Isolated IPS lesions are extremely rare but can be highly informative as a critical test for

how essential the role of IPS is in spatially selective attention. A long-standing discrepancy

exists between functional imaging data in healthy controls and lesion mapping studies of spatial

attention in this respect. The former highlight the contribution of superior parietal cortex to

spatial attention (Corbetta et al., 1993; Nobre et al., 1997; Gitelman et al., 1999; Molenberghs

et al., 2007, 2008; Mevorach et al., 2009), along with TPJ under specific circumstances (Corbetta

et al., 2000; Downar et al., 2000; Vossel et al., 2009), while the latter almost invariably point to
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IPL and TPJ as the critical parietal nodes (Vallar and Perani, 1986; Mort et al., 2003; Karnath

et al., 2004). In the present study, isolated lesions of the posterior and the horizontal segment

of the IPS (Fig. 1A-D) resulted in deficits of spatially selective attention (Fig. 4A,B). According

to advanced functional imaging techniques (Fox et al., 2006; Mantini et al., 2009; Carter et al.,

2010), the attentional deficits in HH could not be attributed to secondary functional effects

occurring at a distance in IPL or TPJ (Fig. 6, 7, 8): The IPS lesion in HH did not alter

the task-related activation in TPJ (Fig. 6C) nor the intra- and interhemispheric functional

connectivity of TPJ (Carter et al., 2010) (Fig. 8B), and did not affect the topology of the

ventral attention network (Fox et al., 2006) (Fig. 7C).

An unusually focal lesion in the posterior segment of the IPS (Fig. 1A,B) was sufficient to

cause a significant behavioral deficit in spatial attention (Fig. 4A). The deficit occurred only

when the need for spatially selective attention was high. HH performed within the normal range

when a contralesional target on the cued location was presented without competing distracter

(Table 2A,B). The high performance levels during valid/single trials rule out sensory factors

as an explanation. The attentional deficit was strongly lateralized. The strict laterality of the

deficit excludes non-spatial attentional processes, such as oddball detection, as an explanation.

At first sight the lateralization of the attentional deficit following a left-sided lesion differs

from what one would predict based on the theory of right hemispheric dominance of visual

attention (Weintraub and Mesulam, 1988). This theory accounts for the higher prevalence of

clinical neglect following right-hemispheric lesions. HH had only mild signs of clinical neglect

at initial testing. The right hemispheric dominance for spatial attention may possibly be less

pronounced in the posterior part of IPS or may mainly hold for more severe degrees of clinical

neglect (Mesulam, 2002). By and large, the contralateral retinotopic representations in IPS0-1

are symmetrical between left and right IPS (Silver et al., 2005) and more prominent than in more

anterior parts of IPS (Silver et al., 2005; Swisher et al., 2007). The symmetrical representation

in posterior IPS may therefore explain why HH’s left-sided lesion provided a clearly lateralized

spatial attention deficit.

In the intact brain this posterior IPS segment contains multiple retinotopically organized

areas, including V7 (Tootell et al., 1998) or IPS0 (Silver et al., 2005) which forms a ‘map cluster’

with IPS1 sharing a common foveal representation (Swisher et al., 2007; Wandell et al., 2007;

Silver and Kastner, 2009). These areas are sensitive to the direction of attention (Fig. 6D)

(Yantis et al., 2002; Vandenberghe et al., 2005; Silver and Kastner, 2009; Bressler and Silver,

2010). Which exact retinotopic area HH’s lesion mapped onto was not tested directly because of
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the high demands to the patient of reliable retinotopic mapping in parietal cortex. It remains a

topic for further investigation how the laterality of the spatial deficit is affected by the reference

frame, retinotopic or nonretinotopic (Vandenberghe and Gillebert, 2009).

The main lesion in our second case, NV, at day 4 lay in the right IPS, but NV also had a

concomitant smaller and strictly asymptomatic lesion in the left postcentral gyrus (Suppl. Fig.

1). It is most unlikely that this lesion contributed to the behavioral deficit in NV: her symptoms

were strictly left lateralized, this region has not been implicated in attentional processing before

and in fact, did not overlap with any of the activity maps obtained in the task-related fMRI

experiment or with the RSNs. The right-hemispheric IPS lesion in NV co-localized with the

area of overlap between VLSM maps in patients suffering from selective attention deficits and

foci activated in healthy volunteers when subjects have to select between competing stimuli

(Vandenberghe et al., 2005; Molenberghs et al., 2008). The increased competition effect for

contralesional targets in NV is in line with transcranial magnetic stimulation studies, which

showed that stimulation of the posterior parietal cortex can induce attentional deficits in healthy

subjects in the visual field contralateral to the stimulation site under conditions of bilateral

simultaneous stimulation (Pascual-Leone et al., 1994; Hung et al., 2005; Koch et al., 2005;

Battelli et al., 2009). According to the MNI coordinates, the stimulation site used by Battelli

et al. (2009) was centered within the middle segment of the IPS (x=25, y=-64, z=51) and

corresponded to NV’s lesion site. This IPS segment contains the putative homologue of area

LIP, one of the key areas in the spatial attention network in monkeys (Gottlieb et al., 1998;

Sereno et al., 2001; Vandenberghe and Gillebert, 2009).

NV’s lesion extended into the SPL (Fig. 1C,D). Her attentional deficit therefore can be partly

due to the role of SPL in spatial shifting (Vandenberghe et al., 2001; Yantis et al., 2002). The

SPL extension in NV overlapped with one of the activity foci obtained when invalid versus valid

cueing trials were contrasted in healthy volunteers (Fig. 6A). Unlike HH in whom the attentional

deficit was strictly lateralized to contralesional targets, NV demonstrated a bilateral deficit in

spatial shifting, as one would predict from the bilateral activation of SPL in shifting paradigms

(Vandenberghe et al., 2001; Yantis et al., 2002; Molenberghs et al., 2007).

At day 107, the lesion had significantly diminished and this structural recovery was asso-

ciated with a normalization of the behavioral parameters (Fig. 4B). We however still observed

a relative hyperactivity in the contralesional IPS (Fig. 6C). Increased activity in the contrale-

sional IPS therefore does not appear to be limited to the phase preceding neglect recovery

(Corbetta et al., 2005; Corbetta, 2010) but may persist even when the attentional deficits have
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fully recovered.

Our IPL cases were only mildly impaired on conventional tests for neglect. We included

patients only with lesions restricted to parietal cortex and excluded patients with large middle

cerebral artery infarctions (Verdon et al., 2010) or patients who were neurologically so impaired

that they were unable to sit autonomously in front of a computer and perform a computerized

test. Lesion overlap, lesion subtraction and VLSM studies revealing the role of IPL in neglect

(Vallar and Perani, 1986; Mort et al., 2003; Karnath et al., 2004; Bays et al., 2010; Karnath

et al., 2010) do not allow one to infer the prevalence of neglect following lesions restricted to

IPL. In these studies, larger lesions extending beyond the area of overlap also contribute to the

overlap.

The lesions of all our IPL cases were in the right hemisphere due to the concomitant language

comprehension deficits associated with left IPL lesions. Our data do therefore not allow any

conclusions about the role of the left IPL in attentional processing.

How does our experimental paradigm relate to the clinical syndromes of visual extinction

and neglect? In the clinical test for visual extinction (Bender, 1952) subjects have to divide

spatial attention and detect stimuli whereas in our study subjects had to orient attention based

on a prior spatial cue and discriminate the orientation of a grating. In a previous (Molenberghs

et al., 2008) and the current study (Suppl. Table 1), all patients with visual extinction had a

deficit on our competition paradigm. A deficit on the competition paradigm, however, can occur

without clinical visual extinction, at least in the chronic stage (Suppl. Table 1). Most probably,

the competition paradigm is more sensitive than the clinical visual extinction test, as is the

case for the invalidity paradigm compared to conventional clinical neglect tests (Table 1, Suppl.

Table 1) (Posner et al., 1984; Egly et al., 1994; Friedrich et al., 1998). This higher sensitivity

may be conferred by the standardized procedure and strict experimental control, short and fixed

presentation duration and the large number of trials of each type presented in random order.

In contrast with Friedrich et al. (1998), our superior parietal patients showed clear atten-

tional deficits during invalid spatial cueing trials and no quantitative difference compared to the

IPL group (Fig. 4C). At the individual level, 3 of the IPL cases (Fig. 5A,C,D) showed a pattern

of performance for contralesional targets that was highly similar to that of the IPS cases, both

for the invalidity and the competition effect (Fig. 4A,B). Close inspection of the raw data that

are available from the superior parietal group in the Friedrich et al. (1998) study in effect re-

veals an increase of the invalidity effect also in the superior parietal group. Furthermore, in that

study the IPL group globally showed longer response times than the superior parietal group
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during contralesional orienting even during single valid trials. A global difference in reaction

times may have proportionally amplified the invalidity effect in the IPL group. In our study

reaction times were matched between the IPL and the IPS group (Suppl. Table 2). Friedrich

et al. (1998) focused on the comparison between contra- and ipsilesional orienting, while in one

of our superior parietal cases, NV, the invalidity effect was increased in both directions. Such

a bilateral effect would have escaped the type of analysis reported by Friedrich et al. (1998).

Previous imaging studies in healthy subjects and patients have led to functional-anatomical

models where superior and inferior parietal regions fulfill different roles in spatially selective

attention (Corbetta et al., 2008; Vandenberghe and Gillebert, 2009; Riddoch et al., 2010). The

principal functional difference between the superior and the inferior parietal lesion patients in

our study was the strict laterality of the deficit following lesions of the posterior segment of IPS

(Fig. 4A) compared to more anterior IPS (Fig. 4B) and TPJ lesions where in some cases the

invalidity effect tended to be increased also for ipsilesional targets (Fig. 4C, 5).

For the first time we provide lesion-based evidence that lesions of this posterior IPS segment

can cause lateralized spatial-attentional deficits. Our data show that right-sided IPL lesions are

not necessary to create a lateralized attentional defect following parietal damage, in contrast

to what previous models of spatial attention would predict (Corbetta and Shulman, 2002). Of

course, different experimental paradigms may reveal functional dissociations between IPS and

IPL cases and the laterality of spatial attentional deficits following left-sided lesions may differ

depending on the location of the IPS lesion along the anterior-posterior axis. This is a subject

for future investigation. At present, this detailed study of the consequences of superior parietal

lesions provides unequivocal evidence that the superior parietal cortex critically contributes to

spatial orienting of attention independently of IPL/TPJ.
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