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Using selective attention, we prioritize behaviorally relevant information out of all surrounding stimulation. Attention can be oriented intentionally to spatial and/or non-spatial properties (feature-based attention). When comparing spatial and feature-based attention, previous studies identified a common fronto-parietal network, although some reported specific activation for spatial attention and few found higher activation for feature-based attention. Most studies examining differences between attention types investigated the cueing epoch. We examined reorienting processing (after invalid cueing) and correctly focused attention (after valid cueing) for spatial and feature-based orienting using fMRI in two human samples with 40 participants overall and identical stimuli, stimulus probabilities, and timing for all conditions. A fronto-parietal network including parts of the ventral orienting network was activated for reorienting and focused attention for both attention types. Common activity over validities and attention types was located in bilateral IPL/SMG, bilateral IFG/insula, and the cerebellum. A network of mainly posterior areas showed higher activity for spatial compared to feature-based orienting. Conversely, no specialized areas for spatial focused attention or for feature-based attention (reorienting/focusing) was observed. The posterior clusters specialized for spatial reorienting showed overlapping activity with clusters involved in common spatial and feature-based reorienting as well as focused attention over attention types. Therefore, the results hint at a superordinate fronto-parietal network for both attention types during reorienting and focusing, with a spatial specialization of posterior sub-regions.
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INTRODUCTION

Being constantly confronted with multiple streams of information, we have to prioritize the most relevant input to be able act adequately and effectively. Through selective direction of attention we can focus intentionally on specific aspects of our environment, e.g., a certain position in space (spatial attention) or a specific feature like a particular color (feature-based attention). Cueing a location or feature correctly (valid cue; attentional focusing) leads to a performance improvement for a subsequently presented stimulus. In contrast, incorrect cueing (invalid cue) leads to a performance decline because reorienting is required to the unexpected target stimulus (Allport, 1971; Posner, 1980; Posner and Presti, 1987). This cueing effect (difference between valid and invalid trials) is also visible in attention-dependent activity modulations of neurons in early visual areas (Moran and Desimone, 1985; Treue and Maunsell, 1996; Roelfsema et al., 1998) as well as in increased activity modulations in early visual areas shown with fMRI (functional magnetic resonance imaging; O'Craven et al., 1999; Kastner and Ungerleider, 2000).

On a whole-brain level, attentional focusing usually activates a dorsal fronto-parietal network [including the frontal eye fields (FEF), superior parietal lobules (SPL), and intraparietal sulcus (IPS); see Hopfinger et al., 2000; Corbetta and Shulman, 2002]. In contrast, reorienting is commonly associated with activation in a right-lateralized ventral fronto-parietal network comprising the temporoparietal junction (TPJ) and ventral frontal areas (Corbetta and Shulman, 2002; Petersen and Posner, 2012). Nevertheless, an interaction between both networks seems to be evident (Vossel et al., 2014) and activation in both networks is reported for both reorienting and selective attention (see Kincade et al., 2005; Doricchi et al., 2010).

While the dorsal fronto-parietal network has mainly been found during spatial attention (Yantis et al., 2002), it also appears to be involved in feature-based attention (Liu et al., 2003). When comparing spatial and feature-based attention with fMRI, there are two main findings: First, concordant clusters in frontal (Giesbrecht et al., 2003; Egner et al., 2008) and parietal areas are reported (Wojciulik and Kanwisher, 1999; Vandenberghe et al., 2001; Greenberg et al., 2010). Second, concerning differences between spatial and non-spatial attention some studies reported areas with higher activation for spatial attention but no specific regions showing increased activation for feature-based attention (e.g., Egner et al., 2008). Nevertheless, there are also studies reporting increased activation during non-spatial compared to spatial cueing (Giesbrecht et al., 2003; Zanto et al., 2010). For example, Giesbrecht et al. (2003) found higher activation in posterior inferior temporal cortices and ventral extrastriate cortex for color cues compared to spatial cues. Additionally, a study by Greenberg et al. (2010) reported frontal and parietal areas to be involved in spatial as well as feature-based attention but with differing spatiotemporal activity patterns in posterior parietal cortex.

Most of those studies comparing spatial and non-spatial attention focused on the cueing period where attention had to be maintained on a specific feature (e.g., Vandenberghe et al., 2001; Giesbrecht et al., 2003; Slagter et al., 2007; Egner et al., 2008; Zanto et al., 2010). By contrast, brain activation during attentional reorienting (target presentation after invalid cueing), or focusing (target presentation after valid cueing) is less well-investigated. Those conditions can be compared to each other and to periods with no attentional orienting (target presentation on neutral trials) to characterize brain regions primarily involved in attentional reorienting or in focused attention per-se. Thus, it can be examined whether comparable brain regions process different types of attention (spatial/feature-based attention). Here, instead of focusing on the cue period like the majority of studies comparing spatial and feature-based attention, we focused on target presentation, allowing for an investigation of similarities during different attentional mechanisms like reorienting and focusing.

Many studies comparing spatial and feature-based attention did not use identical stimulation and timing between tasks, impeding proper comparisons between both tasks (see Carrasco, 2011 for a review; but see for example Greenberg et al., 2010). Furthermore, in cueing tasks invalid conditions usually have a lower probability than valid conditions, leading to differences in stimulus frequency between those conditions that are compared with each other. Indeed, the use of differing probabilities affects neuronal processing, as infrequent events violate participants' expectations (Kim, 2014 for a meta-analysis of the oddball effect). This expectation violation leads to increased reaction times RTs and distinct ERP components (Squires et al., 1975) and is also visible in altered activation obtained with imaging methods. For example, Vossel et al. (2006) found increased activation in a right fronto-parietal network when cue validity was increased from 60 to 90%. Furthermore, Corbetta and Shulman (2002) came to the conclusion that the detection of low-frequency events involves a ventral, mainly right-hemispheric fronto-parietal network comprising right TPJ and ventral frontal cortex [including inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and frontal operculum]. As mentioned above, exactly these regions were also reported to be involved in attentional reorienting. Therefore, Macaluso and Doricchi, 2013) emphasized that it is important to distinguish possible effects caused by differing stimulus probabilities from attention effects evoked by selective attention and reorienting per-se. In the present studies we used equiprobable cueing conditions and the same timing and identical stimulation for both studies to examine reorienting independent of design parameters or violations of expectation. Consequently, cue reliability was rather low in this experiment (50% of the informative cues). Nevertheless, participants' compliance was achieved by stressing the need to follow the cue information and to direct attention according to the instruction. This approach has proven successful as reflected in the obtained behavioral data.

While past studies indeed investigated the influence of cue validity frequency with respect to spatial attention, none of these studies directly manipulated attention to features as an independent variable. The present results therefore add to existing knowledge about attentional mechanisms by introducing informative as well as uninformative (neutral) feature cues in order to examine whether feature cues would lead to comparable attention effects as spatial cues.

In the present studies, spatial and feature-based attention was manipulated in separate task designs using distinct samples to avoid several side effects. In particular, a design with intermixed spatial and feature-based trials would have provoked more universal task processing strategies eliciting activity in the fronto-parietal network (Shulman et al., 2002; Slagter et al., 2006; Stoppel et al., 2013). These effects would not be separable from attention effects in areas that are in the focus of the present study. Moreover, mixed designs have been shown to elicit a general switching mode causing shifting costs irrespective of the order of the tasks and largely unaffected by practice (Kleinsorge et al., 2004). Instead, in the present task participants were expected to be engaged in the corresponding task set (either spatial or feature-based attention) during the completion of the task. Finally, completing the same basic attention task first with spatial and then with feature-based attention (or vice versa) probably would produce learning effects that might be carried over from the first to the second type of orienting and thus influence the processing of the subsequently processed orienting type unpredictably.

Therefore, we used different participant samples for both tasks. Of course, this decision decreases the similarity between both data sets but in turn increases the possible generalization of concordant activations for both tasks because they constitute similarities over different participants.

Hence, our research question centered on the issue whether there is a common underlying mechanism for spatial and feature-based reorienting and focused attention (visible over distinct samples) when using tasks with comparable stimulation, timing, and stimulus probabilities. Furthermore, possible differences between spatial and feature-based processing during reorienting and focused attention were examined. Parts of the behavioral and fMRI data (spatial study) are also described elsewhere (see Siemann et al., 2016), with a focus on the results of the flanker task. Therefore, in the present paper the factor “flanker congruency” was ignored in the analyses of the MR data by pooling over congruent and incongruent flanker stimuli. The present manuscript can be considered as independent of the aforementioned publication due to other analyses, additional data (feature-based study) and a completely different focus leading to different conclusions. To our knowledge, no previous study used both, identical stimulation and timing between spatial and feature-based attention types while simultaneously examining cue validity with equal stimulus frequencies.

Based on findings in the literature, we hypothesized a graded attention effect of invalid > neutral > valid for RTs. On a neuronal level, we expected a common ventral fronto-parietal network to be involved in reorienting processing after invalid cueing for both tasks and mainly dorsal fronto-parietal areas to show common activities over tasks for focused attention after valid cueing. Concerning differences between both tasks we anticipated enhanced activity for spatial compared to feature-based attention in parts of the fronto-parietal network, whereas feature-based attention was expected to show only minor signal increases located in ventral visual or frontal areas when contrasted to spatial attention.

Summarized, we raised three issues. We wanted to:

(1) Find areas activated for reorienting (invalid > neutral) common to both tasks (activity mainly expected in ventral fronto-parietal network),

(2) Examine common regions activated by focused attention (valid > neutral) for both tasks (activity mainly expected in dorsal fronto-parietal areas), and

(3) Assess differences between spatial and feature-based attention for reorienting as well as for focused attention (enhanced activity for spatial attention expected in fronto-parietal areas, enhanced activity for feature-based attention rather low, expected in ventral visual or frontal regions).

Briefly, we found mainly ventral, but also dorsal fronto-parietal structures to be involved for both attention types. Activities for reorienting as well as focused attention showed high similarities for both tasks despite the fact that different participant samples were used. Differences between tasks were only found for spatial vs. feature-based reorienting. These clusters were mainly located in posterior areas. Some of these clusters were also visible for reorienting and focused attention conjunct over both tasks. Therefore, similar structures seem to be involved in reorienting and focusing, with and a specialization for spatially directed reorienting for a subset of these regions.

EXPERIMENTAL PROCEDURES

Participants

Overall 41 healthy participants took part in the experiments, all with normal or corrected-to normal vision and no history of psychiatric or neurological disorders, or medication affecting the central nervous system or substance abuse. All participants were right-handed with a median laterality quotient of 100% (range = 77–100%) according to the Edinburgh Inventory by Oldfield (1971). Each volunteer attended three sessions (training session, and an EEG- or fMRI session in a counterbalanced order). The present study focuses on the fMRI sessions where participants completed a flanker task either with spatial or feature-based cueing (each individual only participated in one of the studies; spatial study: n = 20, mean age = 25.6 ± 4.7 years; feature-based study: n = 21, 24.9 ± 3.0 years, 10 male each). One data set of the spatial study had to be excluded due to low behavioral performance (mean error rate: 27.8%, standard deviation SD: 6.3; mean error rate averaged over all other participants: 4.0%, SD: 4.2).

All participants received either 30€ or course credit and gave informed and written consent before the measurements. The study protocol was designed and performed according to the Helsinki Declaration of the World Medial Association (Rickham, 1964) and approved by the local ethics committee of the University of Bremen.

Stimuli and Task

We introduced a Posner-like cueing task (Posner, 1980) presenting location or color cues (depending on spatial or feature-based attention task) combined with an Eriksen flanker task (Eriksen and Eriksen, 1974). The basic design and task procedure were identical between studies. For each study two flanker congruency levels (congruent/incongruent) were combined with three cueing validity levels (valid, neutral, invalid), resulting in six conditions presented with equal frequencies (congruency: 50%; overall validity: 33.33%). Informative cueing had a frequency of 50% as in half of all cases the cueing was correct (valid) and in the other half of trials the cueing was misleading (invalid). Neutral cueing was identical in both studies and uninformative concerning the location and color of the upcoming target stimulus. Congruency sequence effects (Gratton et al., 1992) were controlled for by using the same pseudo-randomized stimulus sequences for all participants where six single conditions followed each of the other six experimental conditions equally often throughout runs. Careful balancing of stimuli and experimental conditions prevented any confound between cue validity, attentional orienting, and stimulus presentation. All stimuli appeared equally often at each of the possible locations/in each of the colors to ensure that differences between compared conditions are only caused by the internal orienting of attention (or lack of orienting in the neutral condition). The same basic design with identical order of presentation of all stimuli ensured maximal comparability between tasks. The only difference in presented stimulation between tasks was the identity of the cue word. Stimuli were presented in five runs with short breaks in between. Each run consisted of 72 trials (12 per condition, resulting in 60 trials per condition).

A separate training session was completed before the experiments to familiarize with the task. Participants were instructed to follow the cued attribute (location or color) despite the relatively low frequency of valid cues. They were instructed to maintain fixation on the fixation point in the center of the screen throughout the experiment. In the spatial task volunteers were expected to orient attention covertly to the cued location, and in the feature-based task they were instructed to expect the target stimulus in the cued color.

We chose the letters “H” and “S” as target stimuli flanked by two either identical (congruent task condition) or different (incongruent task condition) letters on each side. Stimuli were presented above or below fixation (2.4° from fixation point to center of stimulus). Congruent flanker stimuli consisted of five identical letters (HHHHH, SSSSS; Arial, upper case, overall 8.45° × 1.88° and 7.8° × 1.93°, respectively) and incongruent flankers were flanked by the other letter (SSHSS, HHSHH; overall 8.01° × 1.93° and 8.28° × 1.93°). Participants responded with a button press to the identity of the central target letter (H or S) using the right index and middle fingers (counterbalanced across participants).

The trial sequence is depicted in Figure 1. Each trial started with the presentation of a cue word in white font color on a black screen (800 ms; Arial, lower case). In the spatial task, the cue words “above” (“oben;” 3.39° × 1.25°) or “below” (“unten;” 3.75° × 1.2°) indicated a covert attention shift to the corresponding location. In the feature-based task, the cue words “green” (“grün;” 3.1° × 1.25°) and “red” (“rot;” 1.3° × 1.2°) were expected to focus attention on the respective color. The neutral cue “xxxx” (3.2° × 0.9°) was the same in both tasks. A smoothed fixation point (1.23° × 1.23°) was presented during the jittered interstimulus interval (ISI; 1,400 ± 200 ms) followed by the target letter with either congruent or incongruent flankers in red or in green above or below fixation (1,000 ms; 2.4° from fixation). Trials terminated with a smoothed fixation point presented for a jittered intertrial interval (ITI, 1,500 ± 200 ms).
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FIGURE 1. Trial sequence. The cue was followed by an interstimulus interval (ISI) where attention had to be directed to the cued feature. Afterwards the Flanker stimulus appeared and participants responded to the identity of the central target letter. An intertrial interval (ITI) with a fixation point separated the trials from each other. The neutral condition was identical in both studies. Spatial cueing indicated the to-be-attended stimulus position (above/below). Feature-based cueing indicated the to-be-attended stimulus color (red/green). Flanker stimuli could either be congruent (HHHHH; SSSSS) or incongruent (HHSHH; SSHSS) with equal probabilities.



Data Acquisition and Data Analysis

During the training session participants sat in a dimly lit room on a height adjustable chair with their heads on a chin and forehead rest in front of a 19-inch computer monitor (Belnea 1970 S1; distance 55 cm). For stimulus presentation we used Presentation® software (Neurobehavioral Systems; http://www.neurobs.com/). An in-house developed (MRI compatible) eye tracking device allowed monitoring of eye movements to ensure fixation on the central fixation point throughout the whole experiment.

A repeated-measures ANOVA was conducted on RTs using the within-subjects factors validity (valid, neutral, invalid) and Flanker congruency (congruent, incongruent) and the between-subjects factor task (spatial, feature-based attention). Paired as well as unpaired t-tests were used for post-hoc comparisons depending on the respective contrast. As the error rate data did not follow a normal distribution (according to Kolmogorov–Smirnov tests), non-parametric U-tests were conducted to compare data across studies.

fMRI Data

Functional and structural MRI data were obtained from a 3-T Siemens Skyra® whole body system equipped with a 20 channel head coil for image acquisition. Participants lay on a scanner couch inside the MR scanner and stimuli were projected via a mirror attached to the head coil (distance to projection area: 140 cm). Changes in blood oxygenation level-dependent (BOLD) T2*-weighted MR signals were measured by a gradient echo-planar imaging (EPI) sequence (TR = 2,210 ms, TE = 30 ms, flip-angle = 81°, matrix = 64*64, FOV = 192*192, voxel size = 27 mm3, 41 slices, no gap, ascending acquisition order, 163 volumes per run). Additionally, a T1-weighted structural image was acquired (MPRAGE; 176 slices; TR = 1,900 ms, TE = 2.07 ms, TI = 900 ms, voxel size = 1 mm3, flip angle = 9°). Image analysis was performed using the Statistical Parametric Mapping software package (SPM 8; Wellcome Department of Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm/ software/). fMRI data were spatially realigned (10th volume of the first run) using a six parameter rigid-body transformation (4th degree B-Spline interpolation) and slice-time corrected to the middle slice in time. Structural MRI data were reoriented, segmented, and used for co-registration of the functional data. Both structural and functional images were normalized to the standard MNI space (4th degree B-Spline, including standard resampling to 2 mm3 isotropic voxels for the functional data). fMRI data were smoothed spatially (8 mm Gaussian kernel, full-width, half-maximum; FWHM), serial autocorrelations were corrected by an AR(1) model, and a standard high-pass filter of 128 s was used to remove low frequency drifts.

For further details on the SPM data analysis please see Siemann et al. (2016). The correct trials of all six experimental conditions, the cue period, and the ISI were used as separate regressors, being modeled as events using the canonical hemodynamic response function (Della-Maggiore et al., 2002) for each study (spatial/feature-based) and used for a fixed-effects analysis on individual data. The ISI was defined as a separate epoch because it refers to the interval between cue and stimulus with either spatial or feature-based attentional focusing. Therefore, it was not classified as a typical baseline epoch that might not be defined as an regressor. Six motion parameters (three translations and three rotations) were modeled separately as regressors of no interest to account for motion artifacts. Individual contrasts were included in multi-subject random effects analyses (Holmes and Friston, 1998) to account for inter-subject variance. The data were analyzed in a full factorial design on a second level using an ANOVA with the between-factor task (spatial/feature-based) and the within-subjects factors validity (valid, neutral, invalid) and Flanker congruency (congruent, incongruent). Post-hoc paired t-tests were performed on the reorienting contrast (invalid > neutral) separately for both tasks as well as on the focused attention contrast (valid > neutral) separately for both tasks to evaluate distinct effects for both tasks. These direct contrasts were carried out on a whole brain level using a family-wise-error correction (FWE) with a threshold of p ≤ 0.05 and a cluster extent threshold of k ≥ 20 voxels.

Afterwards, two conjunctions were computed to assess activity common to both tasks, one for the reorienting contrast, and one for the focused attention contrast. As the observed clusters were partly overlapping for reorienting and focused attention, a conjunction (conjunction null according to Nichols et al., 2005) was computed to determine brain areas showing activation in each of the four contrasts (common activity for spatial as well as for feature-based reorienting and for spatial and feature-based focused attention). The conjunction contrasts were carried out with a threshold of p ≤ 0.001 (uncorrected) and a cluster extent threshold of k ≥ 20 voxels. This more liberal threshold was chosen because these conjunctions constitute comparisons over two different data sets and we did not want to eliminate common clusters that might not have shown up with a rather strict correction. Moreover, this threshold is in conformity with the already published results on another aspect of the spatial study (Siemann et al., 2016).

To examine differences between attention types, unpaired t-tests with the two samples as independent groups were run on the reorienting contrast (invalid > neutral) for spatial > feature and also for feature > spatial tasks. The same procedure was also applied to the focused attention contrast (valid > neutral). All four contrasts were also computed p <0.001 (uncorrected, k ≥ 20 voxels) as they also constitute comparisons between different samples.

Anatomical assignments of activated regions were determined using the “Automated Anatomical Labeling” tool (AAL, Tzourio-Mazoyer et al., 2002), the Talairach Atlas (Talairach and Tournoux, 1988), and the “Talairach Daemon Client” software (http://www.talairach.org/daemon.html). For comparison with the Talairach space, peak coordinates of activated brain regions were converted using the MATLAB script “mni2tal.m” (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). To investigate whether the current clusters contain activation in the putative area FEF, the observed coordinates were compared to FEF coordinates provided by Paus (1996) and by Amiez and Petrides (2009). For that purpose the corresponding contrast was displayed in MRICron (Rorden and Brett, 2000) and it was checked whether the FEF coordinates provided by the above-mentioned publications coincided within the activated clusters. If this was the case the cluster was assumed to contain putative FEF activation. Overlaps between different contrasts were also confirmed with a visual inspection of both contrasts simultaneously in MRICron.

RESULTS

Behavioral Data

A repeated-measures ANOVA was conducted on RTs with validity (valid, invalid, neutral) and Flanker congruency (congruent, incongruent) as within-subjects factors and task (spatial, feature-based study) as between-subjects factor. Corresponding RT bar charts are depicted in Figure 2 and mean RT-values of all conditions are provided in Table 1 (left side). A significant main effect of validity [F(2, 76) = 25.9; p <0.001] yielded lowest RTs for the valid condition and highest RTs for the invalid condition (mean ± SD: valid: 580 ± 70 ms; invalid: 607 ± 75 ms; mean neutral: 596 ± 74 ms). The flanker main effect was also significant [F(1, 38) = 97.0; p <0.001] with higher RTs in the incongruent condition (incongruent: 610 ± 70 ms; congruent: 578 ± 75 ms). There were no other significant interactions or task effects [mean ± SD: spatial study: 587 ± 72 ms; feature-based study: 602 ± 72 ms; main effect of task: F(1, 38) = 0.45; p = 0.51]. In order to examine differences between validity conditions, data from both studies were pooled and analyzed with paired post-hoc t-tests. The t-tests yielded significant differences between all validity conditions [valid vs. invalid: t(39) = −6.8; p <0.001; invalid vs. neutral: t(39) = 2.9; p = 0.007; valid vs. neutral: t(39) = −4.3; p <0.001].
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FIGURE 2. Behavioral data. Reaction times (ms) for valid, invalid, and neutral conditions in the spatial study (solid colored bars) and the feature-based study (patterned bars).




Table 1. Behavioral data.
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Error Rates

Percentage error rates were examined to ensure a comparable difficulty level across tasks. Mean error rates for all conditions are depicted in Table 1 (right side). As the data were not normally distributed (Kolmogorov–Smirnov test), non-parametric U-tests were conducted to compare the error rates of the six experimental conditions across tasks. Only the U-test for the comparison of the invalid congruent condition yielded a significant result (Z = −3.8; p <0.001), indicating higher error rates in this condition in the feature-based data compared to the spatial data.

fMRI Data

Reorienting

At first, activation for the reorienting contrast (invalid >neutral) with spatial attention is described, then the same contrast under feature-based attention, and afterwards the conjunction of both contrasts is presented to show areas involved in reorienting irrespective of attention type.

Contrasting invalid and neutral conditions for spatial attention (FWE-corrected, p < 0.05, k ≥ 20 voxels) yielded clusters in bilateral supramarginal gyrus SMG (left-hemispheric with a subpeak superior temporal, right-hemispheric with the main peak label in IPL). Further bilateral clusters were found in bilateral MFG and in bilateral SFG. The cluster in left MFG reflected involvement of putative area FEF and both clusters in SFG contained activity in left and right supplementary motor area SMA (according to the “AAL” tool, Tzourio-Mazoyer et al., 2002). Another set of bilateral clusters was visible in IFG. Although only the subpeak of the right-hemispheric cluster was located in IFG (main peak label: superior temporal gyrus STG), according to AAL both clusters might mostly contain activity in opercular parts of the IFG and in the insula. Two further clusters were located in left and right MFG. According to AAL, the right-hemispheric cluster might solely contain activity in pars orbitalis of the IFG. Another cluster was found with a peak label in left precuneus and a subpeak in SPL, spanning activity over of both hemispheres. The last cluster yielded a peak label in right superior occipital gyrus and a subpeak in right precuneus. According to AAL, the activity might be located mainly in MOG. Coordinates (MNI) for this contrast and the corresponding reorienting contrast for feature-based attention are listed in Table 2. Activated clusters are depicted in blue in Figure 3.


Table 2. fMRI activations for reorienting separately for attention type.
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FIGURE 3. Reorienting for spatial and feature-based attention. Overlay of activated clusters for the reorienting contrast (invalid > neutral) are shown in blue for spatial attention, in red for feature-based attention (both with FWE-correction, p < 0.05, k ≥ 20) and the conjunction over both attention types is shown in green (uncorrected, p < 0.001, k ≥ 20). IFG, inferior frontal gyrus; IPL, inferior parietal lobule; MFG, middle frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; Prec, precuneus; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, supramarginal gyrus; SPL, superior parietal lobule; STG, superior temporal gyrus; R, right hemisphere; A, anterior; P, posterior.



When looking at the same contrast (invalid >neutral, FWE-corrected, p < 0.05, k ≥ 20 voxels) for feature-based attention, a pattern with more inferior clusters was found. The broadest cluster was located in cerebellum. Further activation was visible in lingual gyrus spanning activity in both hemispheres. Another cluster with a peak label in postcentral gyrus yielded activity mainly in SMG (according to AAL). Two clusters with peaks in right IPL also showed activity in SMG. The last cluster was located in right insula (see Table 2 for corresponding coordinates and red clusters in Figure 3).

The conjunction over both attention types for reorienting (invalid > neutral, conjunction over spatial and feature-based tasks, uncorrected, p < 0.001, k ≥ 20 voxels) showed bilateral clusters in IPL/SMG as well as bilateral insular clusters. One further cluster was located in left cerebellum and another in right precuneus with a subpeak in MTG (activation mainly in MOG according to AAL). Another cluster was found in right MFG. The coordinates for the conjunction over attention types for reorienting, as well as the conjunction over attention types for focused attention are found in Table 3. Activated clusters are shown in green in Figure 3.


Table 3. Common fMRI activations for reorienting and for focused attention over attention types.
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Focused Attention

Comparable to the activations for reorienting, activated clusters for focused attention are presented first for the spatial task, afterwards for the feature-based task and in the end a conjunction is described over both tasks to reveal common activation.

The focused attention contrast (valid > neutral, FWE-corrected, p < 0.05, k ≥ 20 voxels) for spatial attention resulted in activity in bilateral SMG. Another posterior cluster was located in left precuneus (with subpeaks in left and right SPL). Further clusters were found in left SFG and right IFG (including activity in opercular parts of IFG). Corresponding coordinates for the focused attention contrast for spatial attention as well as feature-based attention are visible in Table 4 and clusters in blue in Figure 4.


Table 4. fMRI activations for focused attention separately for attention types.
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FIGURE 4. Focused attention for spatial and feature-based attention. Overlay of activated clusters for the focused attention contrast (valid > neutral) are shown in blue for spatial attention, in red for feature-based attention (both with FWE-correction, p < 0.05, k ≥ 20) and the conjunction over both attention types is shown in green (uncorrected, p < 0.001, k ≥ 20). IFG, inferior frontal gyrus; IPL, inferior parietal lobule; MFG, middle frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; Prec, precuneus; SFG, superior frontal gyrus; SMG, supramarginal gyrus; SPL, superior parietal lobule; STG, superior temporal gyrus; R, right hemisphere; A, anterior; P, posterior.



When examining focused attention (valid > neutral, FWE-corrected, p < 0.05, k ≥ 20 voxels) for feature-based attention, a large cluster was visible in right lingual gyrus, spanning activation in bilateral fusiform and lingual gyri, as well as large portions of the cluster in the cerebellum (according to AAL). The cluster with the main peak label in left cuneus might contain mainly activity in MOG (according to AAL). Bilateral clusters were found in IPL/SMG including activity in STG, as well as in insula (including activation in opercular parts of IFG). Another cluster with the main peak label in precuneus and a subpeak in MTG seemed to represent mainly activity in right MOG (see corresponding coordinates for this contrast in Table 4 and red clusters in Figure 4).

The conjunction contrast for focused attention (valid > neutral, conjunction over spatial and feature-based tasks, uncorrected, p < 0.001, k ≥ 20 voxels) yielded a large cluster in right IPL/SMG, as well as two smaller clusters in left IPL/SMG that might be regarded as bilateral to the right-hemispheric cluster. Further activation was visible in cerebellum and a different cluster with a peak label in right precentral gyrus (including activation in opercular parts of IFG and in right insula). Left insula also showed activation. Two posterior clusters might be regarded as bilateral although their peak labels differ: One was located in left SPL and the other in right precuneus. According to AAL, both clusters might mainly include activity in SPL as well as precuneus. Three further clusters showed activity in right MFG, one of them including activity in right SMA according to AAL. Two bilateral clusters with peak labels in MTG seem to contain almost exclusively activation in MOG (see coordinates in Table 3 and green clusters in Figure 4).

Common Activity for Reorienting and Focused Attention over Tasks

As activated clusters for reorienting and focused attention showed several comparable clusters (see Figure 5), we computed a conjunction null (uncorrected, p < 0.001, k ≥ 20 voxels) showing only clusters that are activated in each of the single contrasts. This conjunction null yielded similarities for reorienting and focused attention under spatial and feature-based attention (used contrasts: “invalid > neutral for spatial attention,” “invalid > neutral for feature-based attention,” “valid > neutral for spatial attention,” “valid > neutral for feature-based attention”). The conjunction resulted in bilateral clusters in IPL/SMG, another cluster in left cerebellum, and almost bilateral clusters with activity in insular cortex. The peak label of the right-hemispheric cluster was located in STG, but according to AAL it might correspond mainly to inferior frontal (pars opercularis, rolandic operculum) and insular cortex. The coordinates for this contrast are listed in Table 5 and clusters are shown in Figure 6.
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FIGURE 5. Common activations for different validities and attention types. Overlay of activated clusters for reorienting over attention types (conjunction) in red and focused attention over attention types (conjunction) in blue (both uncorrected, p < 0.001, k ≥ 20). IFG, inferior frontal gyrus; IPL, inferior parietal lobule; MFG, middle frontal gyrus; SFG, superior frontal gyrus; SMG, supramarginal gyrus; R, right hemisphere; A, anterior; P, posterior.




Table 5. Common fMRI activations for reorienting and focused attention over attention types.
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FIGURE 6. Regions active for spatial and feature-based reorienting and focusing. Overlay of activated clusters for reorienting over attention types (conjunction) in red and focused attention over attention types (conjunction) in blue (both uncorrected, p < 0.001, k ≥ 20). IFG, inferior frontal gyrus; IPL, inferior parietal lobule; SMG, supramarginal gyrus; STG, superior temporal gyrus; R, right hemisphere; A, anterior; P, posterior.



Differences between Attention Types

Reorienting

When examining differences between attention types for reorienting (invalid > valid) with a two-sample t-test (uncorrected, p < 0.001, k ≥ 20 voxels), we observed one cluster spanning bilateral precuneus (BA 7), another cluster in left STG (BA 22) and a cluster in right middle temporal gyrus MTG (BA 39) that might include mainly activity in MOG (according to AAL). Another cluster was located in left STG (BA 39) and might contain mainly activity in MTG (according to AAL). A cluster in left parietal lobe was classified as “sub-gyral” and the only frontal cluster was observed in left MFG (BA 6). This cluster reflected involvement of putative area FEF. The corresponding coordinates for these clusters can be found in Table 6 and clusters are shown in Figure 7. The opposite contrast (invalid > valid for feature> spatial) did not produce any activated clusters with the given threshold (uncorrected, p < 0.001, k ≥ 20 voxels).


Table 6. fMRI activations for reorienting with spatial compared to feature-based attention.
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FIGURE 7. Spatial compared to feature-based reorienting. Overlay of activated clusters for a t-test showing higher activity for spatial compared to feature-based attention in the reorienting contrast (invalid > neutral, uncorrected, p < 0.05, k ≥ 20). FEF, frontal eye field; MFG, middle frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; STG, superior temporal gyrus; R, right hemisphere; A, anterior; P, posterior.



Focused Attention

For the focused attention contrast (valid > neutral) there were also no visible clusters with the given threshold, neither for the spatial > feature two-sample t-test, nor for the opposite t-test (feature > spatial, each uncorrected, p < 0.001, k ≥ 20 voxels).

As similarities between these clusters and the already described conjunctions for reorienting and focused attention over tasks were obvious, we checked these contrasts for overlapping clusters. Visually comparing the clusters in MRICron (Rorden and Brett, 2000) confirmed different overlaps. The conjunction for reorienting over attention types showed activity in left IPL/SMG overlapping with activity from the left STG cluster for spatial > feature-based attention during reorienting. Furthermore, there was overlapping activity in right precuneus for both contrasts and a large overlap in right MTG/MOG.

When looking at the conjunction for focused attention over attention types, overlaps with the contrast showing higher activity for spatial > feature-based attention during reorienting were observed in left IPL/SMG with the same STG cluster for spatial > feature-based attention during reorienting that was described before (as overlapping with the conjunction for reorienting). Two areas with overlaps were found in left and right precuneus, near the both peaks of the large precuneus cluster fron the spatial vs. feature-based attention contrast for reorienting. Another large overlap was located in right MTG/MOG.

Summarized, brain areas in left IPL/SMG, bilateral precuneus, and right MTG/MOG seem to be involved in reorienting and focused attention for spatial and for feature-based attention and these regions additionally do show higher activity for spatial attention when compared to feature-based attention during reorienting.

DISCUSSION

The reaction time analysis yielded main effects of validity and flanker as expected, confirming that the experimental design with equal probabilities for all conditions proved successful. Percentage error rates confirmed similar difficulty levels for both tasks, only the invalid congruent condition revealed higher error rates for feature-based data compared to spatial data. Thus, for five of six experimental conditions a comparable task difficulty in both tasks was ensured, indicating that differences in activation between both data sets might not originate from differing levels of difficulty.

In the following we will initially discuss brain activity separately and common to both attention types (spatial, feature-based) for reorienting and then for focused attention. Thereafter, we will focus on common activations across task condition (reorienting, focused attention) and attention types. In the end, we will discuss differences between attention types.

Reorienting (invalid > neutral) for spatial attention was associated with signal increases in structures of the dorsal fronto-parietal network (see Corbetta and Shulman, 2002), including MFG/FEF, SFG (including activity in SMA), precuneus/SPL, as well as in parts of the ventral orienting network (bilateral insula, bilateral IPL/SMG). This pattern of results showed a good correspondence to the clusters reported by Doricchi et al. (2010) for their comparison of invalid vs. neutral conditions in a spatial cueing task (e.g., activity in right MFG, bilateral precuneus/SPL, bilateral insula, right IFG, and bilateral TPJ). Reorienting for feature-based attention yielded a pattern with more ventral clusters (bilateral lingual gyrus, IPL/SMG, right insula, and cerebellum) and mostly activity in the ventral orienting network. These clusters were not so well in correspondence with the activations described by Doricchi et al. (2010). This is probably the case because they used a spatial rather than feature-based cueing task.

Common activated regions for spatial and feature-based reorienting consisted almost exclusively of parts of the ventral orienting network (bilateral IPL/SMG, bilateral insula), but one cluster was located in right MFG and another with a peak in right precuneus but presumably mainly activity in MOG. This pattern confirms our first hypothesis that parts of the ventral orienting network are involved in reorienting processing for both attention types. Nevertheless, also parts of the dorsal fronto-parietal network were engaged in reorienting, mainly for the spatial task.

The focused attention contrast (valid >neutral) also showed a more dorsal activation pattern for the spatial task and more ventral clusters for feature-based attention, comparable to the contrasts for reorienting. For focused attention in the spatial task parts of the dorsal fronto-parietal network were activated (left precuneus/SPL, left SFG). Activity in the ventral orienting network was also observed, in bilateral SMG and right IFG. Focused attention for feature-based attention yielded activity in lingual/fusiform gyri (and cerebellum), left MOG, bilateral IPL/SMG, bilateral insula, and right precuneus/MTG/MOG. When compared to the clusters described by Doricchi et al. (2010) for their “valid > neutral” contrast, the cluster in left SFG found in our spatial attention task resembled their cluster in left FEF and the cluster in left IPL/SMG was located close to their cluster in left TPJ. For our feature-based task, only the cluster in left insula resembled the location of their cluster in left IFG. As already mentioned, they used a spatial task, this might explain that only one cluster of our feature-based task was roughly comparable to their activation.

Despite the more ventral activity pattern of the feature-based task for focused attention, the conjunction (focused attention over attention types) also showed activity in left SPL and right precuneus, as well as three clusters in right MFG (one including activity in right SMA). Further clusters were found in the ventral orienting network: in bilateral IPL/SMG, left insula and right IFG/insula. Clusters in bilateral MTG/MOG and the cerebellum were also visible. Thus, our hypothesis to observe mainly activity in the dorsal fronto-parietal network for focused attention was not confirmed as there was more activity in regions assigned to the ventral orienting network. We have to note that we used equal stimulus probabilities to prevent any influences of different probabilities on neuronal processing. This might have influenced the results and reduced the comparability to other studies.

When looking at the clusters for reorienting and focused attention, a similarity in activated brain regions is obvious. The conjunction null, yielding only regions active for reorienting as well as focused attention in both tasks, showed clusters in bilateral IPL/SMG, bilateral IFG/insula, and left cerebellum. Doricchi et al. (2010) report overlapping activity in left TPJ for invalid compared to neutral and valid vs. neutral conditions. In our conjunction over both comparisons (invalid > neutral, valid > neutral) and both tasks we observed bilateral clusters in IPL/SMG. Other studies examining different attention types also reported overlapping activation in fronto-parietal areas (e.g., FEF, pre-SMA, IFG and anterior insula, bilateral IPS, and SPL; Giesbrecht et al., 2003; Egner et al., 2008; Greenberg et al., 2010). For example, in a conjunction analysis over spatial and feature-based cue information, Egner et al. (2008) observed activity e.g., in bilateral IFG/anterior insula, bilateral IPS, FEF, and left pre-SMA/ACC. Another study (Greenberg et al., 2010) reported overlapping activity for location and color processing in response to shift vs. hold cues in bilateral medial/SFG, left MFG/IFG, left middle occipital gyrus MOG, and bilateral medial SPL/precuneus. However, these studies found activity in several regions of the dorsal fronto-parietal network whereas the areas activated by spatial as well as feature-based attention in our tasks were mainly located in the ventral orienting network. Nevertheless, areas of the ventral orienting network also found in their pattern of results for the cueing epoch are in good correspondence with the present areas activated for reorienting and focused attention when integrating data over both tasks (bilateral IFG/insula, bilateral IPL). Most other studies (e.g., Egner et al., 2008) examined the cue period. Compared to these findings, it might be concluded that these parts of the network are probably activated jointly for spatial and non-spatial attention irrespective of task phase. This might lead to the conclusion that regions in bilateral IFG/insula and bilateral IPL are only involved during spatial as well as feature-based attention but also during different task phases, namely target presentation (including reorienting with invalid cueing and focused attention with valid cueing) and attentional build-up during the cueing period (as shown by other studies).

Summarized, two bilateral regions of the ventral orienting network (IPL/SMG, IFG/insula), as well as the cerebellum were involved when reorienting and focused attention were processed in both tasks. Thus, the activated clusters for reorienting and attentional focusing during spatial and feature-based attention in the present data suggest that the observed ventral fronto-parietal regions are not specialized for reorienting processes but more generally involved in spatial as well as feature-based directed attention with or without reorienting. These regions might even be involved in attentional processing irrespective of task phase as we found them for the target epoch whereas other authors (e.g., Egner et al., 2008) describe their activity during the cueing epoch.

Regarding differences between tasks, only the comparison for reorienting showed increased activity for the spatial task compared to the feature-based task. Clusters were located in bilateral precuneus, left STG/MTG, right MTG/MOG, parietal lobe and in putative FEF (BA 6). Compared to results of former studies, these areas are in good correspondence for comparisons between different types of attention. For example, Giesbrecht et al. (2003) found activity in right precuneus, left MTG, right IPL, left SPL, and left SFG for location vs. color conditions under peripheral stimulation. These clusters were located in the neighborhood of our clusters in precuneus, left STG, right MTG, parietal lobe and left putative FEF. Another study (Greenberg et al., 2010) also reported activity in bilateral precuneus and right MOG whereas Egner et al. (2008) observed increased activity for spatial cue information in right precuneus and left MFG (BA 6). Indeed, in contrast to our results the last-mentioned observation did not result from direct contrasts between spatial and feature-based attention conditions.

Summarized, our pattern of activation for spatial compared to feature-based reorienting corresponds to regions already reported to show differences between attention types.

For focused attention no suprathreshold clusters yielded higher activity for spatial compared to feature-based attention. However, this assures that there were no simple baseline differences between both participant groups that might have caused differences across all conditions and thus lead to the afore-mentioned differences for reorienting. Apparently, differences between attention types are more pronounced for reorienting than for focused attention. Either there are no actual differences between spatial and feature-based focused attention, the differences were to subtle to detect with the present tasks/data sets, or there are interindividual differences between participants that might have impeded the detection of common differences over participants.

Furthermore, with the given threshold we did not observe specific activation patterns for feature-based compared to spatial attention, neither for reorienting, nor for focused attention. This finding is consistent with data from previous studies comparing both types of attention (see Egner et al., 2008) where no specific network for feature-based attention could be observed.

Interestingly, there was overlapping activity when comparing these clusters showing higher activity for spatial reorienting to the clusters obtained in the conjunctions over tasks for reorienting and for focused attention. These overlaps were located in left IPL/SMG, bilateral precuneus, and right MTG/MOG. This means that these regions are activated in reorienting and focused attention during both tasks but also show an even higher activation when spatial reorienting is performed compared to feature-based reorienting. Indeed, apart from the right MTG/MOG activations, the other clusters showed rather small overlaps. We therefore speculate that different subparts within these regions might be specialized in a different way: on the one hand for selective attention (valid and invalid compared to neutral conditions) and on the other hand for spatial reorienting (compared to feature-based reorienting). These results are in accordance with results from Greenberg et al. (2010) who reported common domain-independent signals in posterior parietal and prefrontal cortex for spatial and non-spatial attention shifts but differing spatiotemporal activity patterns in posterior parietal cortex (but not in frontal areas) that were interpreted as reflecting domain-specificity. The finding of enhanced activity levels when dealing with spatial tasks compared to feature-based attention is corroborated by findings in the literature (Yantis et al., 2002; Giesbrecht et al., 2003; Stoppel et al., 2007). As mentioned before, different subregions of these areas might be specialized for one or another aspect.

CONCLUSION

In summary, the expected pattern in the behavioral data (invalid > neutral > valid RTs) confirmed that attentional orienting was performed as requested despite equal stimulus probabilities for all conditions. Task difficulty was comparable for both tasks and both tasks were conducted with identical stimulation. A fronto-parietal network reported to be involved in attention tasks and including parts of the ventral orienting network was found to be activated for reorienting as well as focused attention for spatial and feature-based attention. The observed fronto-parietal network might be involved in different task epochs, i.e., target processing as in the present study or cueing epoch as analyzed in many other studies examining common spatial and feature-based activation. When directly assessing common activation for reorienting and focused attention of both tasks, clusters in bilateral IPL/SMG, bilateral IFG/insula, and cerebellum were detected.

Higher activity for spatial compared to feature-based reorienting was visible mainly in posterior areas (bilateral precuneus, left STG/MTG, right MTG/MOG, parietal lobe, FEF). For focused attention no task differences were found. Similarly, feature-based attention compared to spatial attention showed no task-specific network, neither for focused attention nor for reorienting. Interestingly, posterior clusters in left IPL/SMG, bilateral precuneus, and right MTG/MOG were active for reorienting and focused attention over task types and additionally showed increased activity during spatial compared to feature-based reorienting. Potentially, different subregions of the first-mentioned both regions might be involved in different aspects of task processing (reorienting, focused attention) and specialized for feature-based reorienting.
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Reorienting (Feature-based task)

Clustersize  t-value  Peak coordinate (MNI)

52 5.47 62 -32 36
40 5.40 56 44 22
67 5.49 64 -26 22
384 676 -28  -66  -26

559 12 64 -2

518 -32 -60 -2
67 558 6 -78 -2
a7 536 40 6 2

MNI coordinates of significant activation peaks for recrienting (invalid > neutra) for the spatial task (eft column) and for the feature-based task (fight column; both FWE-corrected, p <
0.05; k > 20 voxels). Anatomical classifications of the clusters are fsted on the left. BA, Brodmann Avea; IFG, inferior frontal gyrus; IPL, inferor parietal lobul; L, loft hemisphere; LG,
ingual gyrus; MFG, middle frontal gyrus; R, right hemisphere; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG, supramarginal gyrus; SOG, superior occipital gyrus;
SPL. superior parietal lobule: STG, superior terporal gyrus.
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RTs [ms] + SD Error rates[%] & SD

Condition Congruent Incongruent Congruent Incongruent
Spatial study N = 19 Valid 5483 £708 6833 744 37%4 55%58
Neutral 5701 £758 6056 4 76.7 31438 42433
Invalic 583.3 £ 744 6226 + 67.9 2729 4647
Feature-based study N = 21 Valid 577 £736 605.4 + 638 3743 44428
Neutral 591.1 £ 754 616.4 £ 713 3825 46433
Invalid 598.7 + 849 62254758 8347 484089

Summary of the mean reaction times (RTs, lefi) and percentage error rates (igh) for the six conditions of the spatial study (top) and the feature-based study (bottom) with standara
deviations (SD).
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Spatial attention>feature-based attention
(reorienting)

Anatomical region  Side  Cluster  t-value Peak coordinate (MNI)
(BA) size

Precuneus (BA 7) L 968 526 10 -55 56
Precuneus (BA 7) L 4.87 -8 —48 50
Precuneus (BA 7) R 486 10 -54 5t
STG (BA22) L 102 52 -61 —44 19
MTG (B4 39) R 222 459 40 -73 26
STG (BA 39) L 101 439 —46 -59 18
Sub-gyral BA40) L 27 418 -84 -4t 33
MFG (BAG) L 74 379 28 © 46
MFG (BA6) L 358 -3 -1 53

MNI coordinates of signifcant activation peaks for spatial compared to feature-based
attention for the reorienting contrast (invald > noutra) (o < 0.001; k = 20 voxels).
Anatomical dlassifications of the clusters are istod on the loft, BA, Brodmann Area; L, lft
hemisphere; MFG, mide frontal gyrus; MTG, midle temporal gyrus; R, right hemisphere;
STG superior temporsl qyrus.
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Attention (reorienting/focused; conjunction over
attention types)

Anatomical region  Side  Cluster t-value Peak coordinate (MNI)
(BA) size

IPL (BA 40/SMG R 582 495 59 33 37
SMG (BA 40) 477 59 -89 30
IPL (BA 40) a1 s7 -4t “
Declive L 200 46 82 59 19
STG (BA 22/FIO R 344 436 55 12 1
STG (BA22) R 408 48 12 -2
IPL (BA 40/SMG L 131 418 59 —41 26
insula L 29 38 -42 6 o

MNI coordinates of the activation peaks for the conjunction null over 4 contrests inclucing
spatial/feature-based reorienting (ivalid > neutra) as well as spatiafeature-based
focused attention (valid > neutral) (> < 0.007; k 20 voxels). Anatomical classifications
of the clusters are listed on the left. BA, Brodmann Area; FIO, frontal inferior operculum;
IPL, inferir parietallobule; L, left hemisphers; R, right hemisphere; SMG, supramarginal
avrus: STG. superior lemporal gyivs.
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Focused attention (spatial task) Focused attention (feature-based task)

Anatomical region (BA) ~ Side  Clustersize  t-value  Peak coordinate (MNI)  Side  Clustersize  t-value  Peak coordinate (MNI)

SMG (BA 40)/IPL (BA 40) L 265 6.81 -57 —45 32 L 533 6.45 =57 -30 24
TIG (BA 42) 57 17 16
Insula (BA 13) -2 28 16
Precuneus (BA 7) L 359 611 -8 -8 6

SPL(BAT) 5.42 14 -85 62

SPL (BA) 514 20 59 60

SMG/IPL (BA 40) R 147 596 s & 8 R 673 635 61 30 2
IPL (BA 40) 5.43 61 -3 % 50 -31 ES
SMA (BA 40) 59 -39 30
SFG (BA 6/PCG L 70 54 -18 1 64

MFG (BA6) 520 80 -1 s7

IFG (BA 45)/SMG/insula R 37 5.34 57 14 1 R 193 622 40 6 2

STG (BA22) 55 10 3

LG (BA 18) R 3074 798 [ 0

Decive 697 -2 -65  -14
Decive 688 24 68 17
Cuneus/MOG (BA 18) L 270 707 24 -8 21
Insula (BA 13) L 156 6.24 —a2 -4 6

Precuneus (B 19) R 460 6.19 0 -74 31
MTG (BA 19) 611 8 75 2

MNI coordinates of significant activation poaks for focused attontion (vaiid > neutral for tho spatial task (left column) and for the feature-based task (fight column; both PWE-corrected,
p < 0.05; k > 20 voxels). Anatomical classifications of th clusters are listed on the left. BA, Brodmann Area; IFG, inferior frontal gyrus; IPL, inferior parietal lobuie; L, left hemisphere;
LG, lingual gyrus; MFG, middie frontal gyrus; MTG, middle temporal gyrus; PCG, procental gyrus; R, right hemisphere; SFG, superior frontal gyrus; SMA, supplementary motor area;
SMG, supramarainal gyrus: SPL. superior parietal lobule; STG, superior temporal avrus: TTG, transverse temporal ayrus.
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Reorienting (conjunction over attention types) Focused attention (conjunction over attention types)

Anatomical region (BA) Side  Cluster size  t-value Peak coordinate (MNI) Side  Clustersize t-value Peak coordinate (MNI)
IPL (BA 40y/SMG R 968 5.09 59 -33 35 R 676 5.47 57 -35 33
IPL (BA 40) 4.79 57 -39 26 417 57 -41 a1
IPL (BA 40) 452 6 -3 2

Insula (BA 13)/FIO/PCG (BA44) R 591 4.76 44 8 0 R 414 5 56 12 3
STG (BA22) 43 55 12 1

IFG (BA47) 4.05 51 19 1

Declive/culmen L 216 46 -2 50 19 L 350 489 -3 57 21
Decive 426 -0 -57 -2 349 -2 69 15
Precuneus (BA 19/MOG R 202 a5 - 31 R 2 3, 4 18 2
MTG (BA 39) 411 42 ~73 24

IPL (BA 40/SMG L 143 418 -50 41 2 L 179 448 57 89 2
Precuneus (BA 7) R 2 383 10 -6t 58 R 2 379 2 -6t 58
insula L 29 38 -a2 6 0 L 75 397 a2 6 o
MFG (BA 10YSFG R 4 360 2 55 19 R 20 352 2 53 19
SPL (BA 7/precuneus L 2 4 -0 59 60
MFG (BA 6/SFG R 70 3% 80 1 61
Insula (BA 6)/SFG/PCG L 2 3% -8 -3 63
SFG (BA 40/SMG/PoCG L 43 387 -53 24 31
IPL (BA 6/SMA/SFG R 2 379 16 11 60
MTG (BA 19/MOG R 2 a9 2 -6 58

MNI coordinates of significant activation peaks for reorienting (invalid > neutral;eft column) and for focused attention (valid > neutra: right column) conjunct over attention types (spatial
feature-based; p < 0.001; k 20 voxels). Anatomical classifications of the clusters are lsted on the left. BA, Brodmann Area; FIO), frontal inferior operculum; IFG, inferor frontal gyrus;
IPL, inferior paristal lobue; L, left hemisphere; MG, middle frontal gyrus; MTG, middle temporal gyrus; PCG, precentral gyrus; PoCG, postoentral gyrus; R, right hemisphers; SFG,
superior frontel ayrus: SFG, superior frontal ayrus: SPL. superior parietal lobule: STG, superior temporal gyrus.
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