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The ability to select, within the complexity of sensory input, the information most relevant
for our purposes is influenced by both internal settings (i.e., top-down control) and salient
features of external stimuli (i.e., bottom-up control). We here investigated using fMRI the
neural underpinning of the interaction of top-down and bottom-up processes, as well as
their effects on extrastriate areas processing visual stimuli in a category-selective fashion.
We presented photos of bodies or buildings embedded into frequency-matched visual
noise to the subjects. Stimulus saliency changed gradually due to an altered degree to
which photos stood-out in relation to the surrounding noise (hence generating stronger
bottom-up control signals). Top-down settings were manipulated via instruction: par-
ticipants were asked to attend one stimulus category (i.e., ‘‘is there a body?’’ or ‘‘is there
a building?’’). Highly salient stimuli that were inconsistent with participants’ attentional
top-down template activated the inferior frontal junction and dorsal parietal regions bilat-
erally. Stimuli consistent with participants’ current attentional set additionally activated
insular cortex and the parietal operculum. Furthermore, the extrastriate body area (EBA)
exhibited increased neural activity when attention was directed to bodies. However, the
latter effect was found only when stimuli were presented at intermediate saliency levels,
thus suggesting a top-down modulation of this region only in the presence of weak bot-
tom-up signals. Taken together, our results highlight the role of the inferior frontal junction
and posterior parietal regions in integrating bottom-up and top-down attentional control
signals.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Visual perception is fast and seemingly effortless. However, the ease and speed with which we see the world obscures the
fact that perception requires active processing and is based on complex calculations and analyses. Given that the human
brain disposes of only limited processing resources at any specific moment, it is of foremost importance to assign these
resources to the currently most relevant information and to avoid wasting valuable processing capacity on irrelevant or
unimportant input. The process of discriminating relevant from irrelevant information is commonly referred to as selective
visual attention. In order to distribute efficiently processing resources the brain needs to decide which information is impor-
tant and ought to be processed preferably. The processes involved in controlling attentional selection are often classified as

http://crossmark.crossref.org/dialog/?doi=10.1016/j.concog.2015.02.006&domain=pdf
http://dx.doi.org/10.1016/j.concog.2015.02.006
http://dx.doi.org/10.1016/j.concog.2015.02.006
http://www.sciencedirect.com/science/journal/10538100
http://www.elsevier.com/locate/concog


C. Corradi-Dell’Acqua et al. / Consciousness and Cognition 35 (2015) 330–341 331
either top-down or bottom-up. While the former refers to attentional selection mainly driven by intentions and internal set-
tings of an observer, the latter is supposed to be determined by the features of the visual stimulus. Particularly, bottom-up
selection is assumed to be largely based on perceptual salience, with stimuli having a greater chance of being selected the
more they stand-out with respect to the background. Since an efficient allocation of attentional resource requires a smooth
interplay between bottom-up and top-down mechanisms, the two need to interact constantly.

From the perspective of top-down control, this interaction requires incorporating different bottom-up signals in situations
where these may or may not fit current goals. For example, when bottom-up and top-down signals converge, a stimulus rele-
vant for the participant’s intention can be selected fast and easily when highly salient, with irrelevant information being dis-
carded efficiently when conveyed by a weak bottom-up signal, as induced by low salient stimuli. However, when bottom-up
and top-down signals convey conflicting information, one system needs to dominate the other. For instance, a highly salient
bottom-up signal that is inconsistent with one’s current attentional set has to be suppressed by top-down mechanisms when
trying to avoid distraction.

It has been suggested that the top-down and bottom-up processes rely on differential neural networks (Corbetta, Kincade,
Ollinger, McAvoy, & Shulman, 2000; Corbetta, Patel, & Shulman, 2008; Corbetta, Shulman, et al., 2002). While top-down
attention is commonly assigned to bilateral superior parietal and superior frontal brain regions (i.e., the dorsal attention net-
work), bottom-up processing is often related to inferior parietal cortex as well as the inferior frontal junction (IFJ) and ante-
rior insula (i.e., the ventral attention network).

We here investigated the neural mechanisms underlying increased information exchange between bottom-up and top-
down control. The increased information exchanged was brought about by showing pictures of bodies and buildings embedded
into noise patterns of matched spatial frequency (Fig. 1). This setting enabled us to vary independently the strength of both top-
down and bottom-up signals, not only by asking participants to focus on one stimulus category at a time (i.e., ‘‘is there a body?’’
vs. ‘‘is there a building?’’), but also by manipulating parametrically the degree to which each stimulus was salient. This
experimental design thereby allowed us to identify how signals emerging from the two control systems are integrated.

In particular, we focused on two extrastriate areas: (i) the extrastriate body area (EBA), located bilaterally in the posterior
portion of the middle temporal gyrus, (Downing, Jiang, Shuman, & Kanwisher, 2001; Peelen & Downing, 2007) known to pro-
cess human bodies in a category-selective fashion, and (ii) the parahippocampal place area (PPA, Epstein & Kanwisher, 1998),
located in the posterior portion of the parahippocampal gyrus bilaterally, known to respond preferentially to scenes and
buildings. As selective attention enhances activity in visual brain regions coding attended features (see Maunsell & Treue,
2006 for a review), we expected the activity of EBA and PPA to be augmented whenever participants directed their attention
towards the regions’ preferred category. Note that such augmented activity is not held to occur independently of the current
visual input, but rather to be integrated with bottom-up information (Reynolds, Pasternak, & Desimone, 2000).

Finally, when stimulus salience was high but incompatible with an active top-down setting – e.g. participants saw a sali-
ent body whilst looking for houses – we expected to find increased neural activity in brain regions concerned with counter-
acting bottom-up signals or top-down settings. Potential target regions include the IFJ, corresponding to the posterior end of
the inferior frontal gyrus, and parietal cortex (Corbetta et al., 2002, 2008). Both regions have been suggested to act as an
interface between the dorsal and ventral attention systems or alternatively to serve as a circuit breaker, interrupting ongoing
processes in the dorsal attention system based on bottom-up signals.
Fig. 1. (a) The three human bodies and the three buildings used for the present experiment. (b) The saliency of each kind of stimulus was modulated by
creating intermediate images containing x% of the stimulus and 100 � x% of noise, where x could be either 5%, 9%, 13%, 17%, 21% or 25%.
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2. Materials and methods

2.1. Participants

Eighteen subjects (five females) aged between 18 and 52 years (average age 28 years) took part in the study. None of the
participants had any history of neurological or psychiatric illness. Written informed consent was obtained from all subjects,
who were naïve to the purpose of the experiment. The study was approved by Ethics Committee of the University Hospital of
Cologne and conducted in accordance with the Declaration of Helsinki.

2.2. Stimuli

Stimuli were presented using Presentation 9.0 (Neurobehavioral Systems, CA, USA) via VisuaStim (TM) Goggles
(Resonance Technology, CA, USA) with the display subtending 30� � 22.5� (horizontal � vertical) of visual angle.

The stimuli could be either one of three human bodies (see Fig. 1a top) or one of three buildings (see Fig. 1a bottom). All
images of human bodies were headless and positioned with their front towards the observer. All buildings had their frontal
side facing the observer. Both kinds of stimuli were displayed on a grey background, were 8-bit black and white and
11.0� � 8.9� (horizontal � vertical) of visual angle in size.

The saliency of each stimulus was modulated by creating intermediate images containing x% of the stimulus and 100 � x%
of noise using linear interpolation. For each stimulus, six levels of saliency were created (namely, 5%, 9%, 13%, 17%, 21%, 25% –
see Fig. 1). The noise was, at each trial, randomly chosen from four noise patterns previously generated using Fourier tech-
niques (Rainer, Augath, Trinath, & Logothetis, 2001; Rainer, Lee, & Logothetis, 2004): first, we created an image which was
the average of all the three bodies and all the three buildings. Second, we transformed this average image into amplitude and
phase components using the Fourier transform. We then generated the noise patterns by inverse Fourier transform of the
amplitude spectrum with random phase spectra (each phase value was chosen at random from the interval [�p,p]). This
procedure insured that each of the noise patterns had a spatial frequency equal to the average of all stimuli.

2.3. Experimental set-up

Participants lay supine with their head fixated by firm foam pads and each hand placed on a MRI-compatible response
device (Lumitouch, Lightwave Medical Industries, CST Coldswitch Technologies, Richmond, CA, USA) for manual responses.

The experiment consisted of 12 blocks of about 2.3 min each (see Fig. 2a). Each block began with the presentation of a
brief (1500 ms) instruction describing which kind of stimulus subjects were required to attend (see Fig. 2b). In case the
instruction stated ‘‘BODY’’ participants were required to press as fast as possible the key corresponding to the right hand
whenever they observed a body in any of the upcoming stimuli, and to press the key corresponding to the left hand in all
other cases. If the instruction was ‘‘BUILDINGS’’ participants were required to press as fast as possible the key corresponding
to the right hand whenever they could detect a building in any of the upcoming stimuli, and to press the key corresponding
to the left hand in all other cases (50% of the participants had a response matching which was opposite to the one described).
Fig. 2. Hierarchical organization of the Experiment. (A) The overall experiment was composed by 12 blocks: 6 blocks in which participants were instructed
to attend to bodies were intermingled with 6 blocks in which participants were instructed to attend to buildings. (B) Each block was introduced by
instructions (1500 ms) informing the subjects about which kind of stimulus they had to attend to, followed by 35 trials. (C) Each trial was composed of a
stimulus (see Fig. 1) which appeared on the video display for about 500 ms, and was followed by an inter-trial-interval whose average duration was
3500 ms.
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For each experimental trial, the stimulus was presented for 500 ms, followed by an inter-trial-interval ranging from 2700 ms
to 4300 ms with incremental steps of 400 ms (see Fig. 2c).

This constituted a 2 � 2 � 6 design with the factors STIMULI (bodies vs. buildings), TASK (attend to bodies vs. attend to
buildings) and SALIENCY (5%, 9%, 13%, 17%, 21%, 25%). The factor TASK was delivered in alternating blocks of 35 trials each: 6
blocks in which participants had to attend to bodies were intermingled with 6 blocks in which participants had to attend to
buildings (see Fig. 2a). For each kind of task, 180 experimental trials of interest were presented across the 6 blocks, corre-
sponding to 6 stimuli (three bodies and three buildings) ⁄ 6 saliency levels ⁄ 5 repetitions. In addition, for each task, 30 trials
of no interest were also included: these comprehended 6 ‘‘null events’’ (in which an empty screen replaced the stimuli), and
24 confound trials (in which the stimulus rather than being a body or a building was an average image in which one of the
three bodies and one of the three buildings were superimposed and presented at a random saliency level ranging between 5%
and 25% – see Fig. 1-3). The whole experiment lasted approximately 28 min.

Please note that, prior to the scanning session, participants were instructed about the experimental set-up, and specifical-
ly that stimuli could depict a body, a building or both. As consequence, they were also explicitly told that, due to the putative
presence of both a body and a building in the same image, the presence of a building was not necessarily informative of the
absence of a body, and vice versa. These instructions were expected to encourage participants at looking for the presence/
absence of the target stimulus, rather than at employing alternative strategies grounded on the detection of the irrelevant
stimulus.

2.4. Behavioural data processing

We used signal detection methods to compute d0 as a measure of participants’ sensitivity (Green, Swets, et al., 1966;
Macmillan & Creelman, 2004). Thus, for each subject, each task, and each saliency level, d0 was computed and fed into a 2
(TASK) � 6 (SALIENCY) Repeated Measures Analysis of Variance (ANOVA). We also calculated, for each subject, task, stimu-
lus, and saliency level, the median Reaction Times (RTs) of the correct responses (that is, Hits and Correct Rejections). The
resulting RTs values were then used in a 2 (STIMULI) � 2 (TASK) � 6 (SALIENCY) Repeated Measures ANOVA. As in both ANO-
VAs factor SALIENCY had more than two levels, for each effect associated with it a Mauchly’s W test (Mauchly, 1940) was
performed to assess violations of the sphericity assumption. Significant violations were addressed applying the Greenhouse–
Geisser’s correction (Greenhouse & Geisser, 1959). For both ANOVAs, the Partial Eta Square (gp

2) value was calculated as an
estimate of effect size. Statistical analyses were carried out with SPSS software package (SPSS Inc, Chertsey UK). As few sub-
jects exhibited no correct responses in some conditions associated with low saliency levels, 3% (14 of 432) of the cells in the
RTs analysis were empty. As Repeated Measures ANOVA applies a subject-wise deletion of those subjects exhibiting missing
values, we applied multiple imputation techniques (Schafer, 1999, 2010), implemented in Norm 2.03 freeware software
(http://www.stat.psu.edu/~jls/misoftwa.html), to estimate the value of the missing cells on the basis of the available data.

2.5. fMRI data acquisition

A Siemens Trio 3-T whole-body scanner (Erlangen, Germany) was used to acquire both T1-weighted anatomical images
and gradient-echo planar T2-weighted MRI images with blood oxygenation level-dependent (BOLD) contrast. The scanning
sequence was a trajectory-based reconstruction sequence with a repetition time (TR) of 2200 ms, an echo time (TE) of 30 ms
and an flip angle of 90�, a slice thickness of 3 mm, and 0.3 mm interval between slices. For each subject, 940 volumes (786 for
the main experiment +154 for the functional localizer) were acquired during the experimental session. For the anatomical
images the following parameters were used: TR = 2.25 ms, TE = 3.93 ms, number of sagittal slices = 128, slice thick-
ness = 1 mm, interslice gap 0.5 mm, flip angle = 9�.

2.6. fMRI data processing

Statistical analysis was carried out using the SPM8 software package (http://www.fil.ion.ucl.ac.uk/spm/). For each subject,
the first four EPI images were discarded prior to further image processing allowing the scanner to reach the steady state. The
remaining images were corrected for head movement between scans by an affine registration. For realignment a two pass
procedure was used, by which images were initially realigned to the first image of the time-series and subsequently re-re-
aligned to the mean of all images after the first step. After completing the realignment, the mean EPI image for each subject
was computed and spatially normalized to the MNI single subject template (Collins, Neelin, Peters, & Evans, 1994; Evans,
Kamber, Collins, & MacDonald, 1994; Holmes et al., 1998) using the ‘‘unified segmentation’’ function in SPM. This algorithm
is based on a probabilistic framework that enables image registration, tissue classification, and bias correction to be com-
bined within the same generative model. The resulting parameters of a discrete cosine transform, which define the deforma-
tion field necessary to move the subjects data into the space of the MNI tissue probability maps (Evans et al., 1994), were
then combined with the deformation field transforming between ‘MNI tissue probability maps’ and the MNI single-subject
template. The ensuing deformation was subsequently applied to the individual EPI volumes. All images were thereby trans-
formed into standard stereotaxic space and resampled at 2 � 2 � 2 mm3 voxel size. The normalized images were spatially
smoothed using an 8 mm FWHM Gaussian kernel to compensate for residual macroanatomical variations across subjects.
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The data were then analysed using the General Linear Model framework (Kiebel & Holmes, 2003) implemented in SPM.
For each individual subject, a linear regression model was fitted to the data, by modelling the event sequence of each con-
dition of the 2 � 2 � 6 experimental design with a delta (stick) function convolved with a canonical hemodynamic response
function and its first-order temporal derivative. Confound trials (in which participants saw one body and one building super-
imposed in the same image) were modelled as two independent conditions of no interest (one for each task). In order to
account for movement-related variance, we included the six differential realignment parameters as regressors of no interest.
Low-frequency signal drifts were filtered using a cut-off period of 128 s. Parameter estimates were subsequently calculated
for each voxel using weighted least squares to provide maximum likelihood estimators based on the temporal autocorrela-
tion of the data in order to get identical and independently distributed error terms/ordinary least square estimation. No glob-
al scaling was applied.

Contrast matrices were applied to the 24 parameters estimated from the first-level analysis. Specifically, based on the
behavioural performance related to each kind of stimulus and each kind of task, the 6 level of SALIENCY were categorized
into 3 saliency conditions. (see behavioural results and Fig. 3): as an estimate of highly salient conditions (associated with
the highest detection) we considered the average of 17–25% stimuli, as an estimate of moderately salient conditions (asso-
ciated with low, and yet larger than null, detection) we considered the average of 9–13% stimuli, whereas as an estimate of
low-saliency conditions (almost undetectable) we considered 5% stimuli. This resulting 12 contrast images, reflecting a 2
(STIMULI: Body, Building) � 2 (TASK: Body, Building)� 3 (SALIENCY: High, Medium, Low) factorial organization, were fed
into a second-level flexible factorial design with ‘‘conditions’’ as a within-subjects factor, and ‘‘subjects’’ as random factor,
using a random effects analysis. In modelling the variance components, we allowed the ‘‘condition’’ factor to have unequal
variance between its levels, whereas equal variance was assumed for the ‘‘subjects’’ factor. Voxels were identified as sig-
nificant only if they passed an extent threshold corresponding to p < .05 corrected for multiple comparison (Friston et al.,
1994), with an underlying height threshold of at least t(187) = 3.13, corresponding to p < .001 (uncorrected).

3. Results

3.1. Behavioural results

3.1.1. D0 analysis
Over all conditions, participants managed to detect the stimulus they were asked to attend whenever it was presented

(Grand Mean: 1.97 [bootstrap-based 95% confidence intervals: 1.66, 2.17] – F(1,17) = 256.22, p < .001, gp
2 = 0.94). No main

effect of TASK was found to be significant (F(1,17) = 2.95, n.s.) suggesting that participants were comparably sensitive when
attending buildings (2.05 [1.79,2.27]) and bodies (1.89 [1.56,2.10]). In addition, a main effect of SALIENCY was found to be
significant (F(5,85) = 127.67, p < .001, gp

2 = 0.88). Sensitivity was higher with higher saliency (5%: 0.08 [�0.05, 0.21]; 9%:
0.83 [�0.57, 1.12]; 13%: 1.97 [1.52, 2.35]; 17%: 2.30 [2.30, 3.03]; 21%: 2.99 [2.49, 3.25]; 25%: 3.22 [2.86, 3.39] – corresponding
to an increase of approximately 0.16 differential points each percentage increase in saliency, see Fig. 3a). This salience-in-
duced improvement in sensitivity was not different for the two task conditions, as indicated by a non-significant SALIEN-
CY ⁄ TASK interaction (F(8,85) = 1.39, n.s.)

3.1.2. RTs analysis
Over all conditions, participants took on average 968 [915,1060] ms to provide a correct response (F(1,17) = 758.27,

p < .001, gp
2 = 0.98). Participants responded equally fast when instructed to detect the presence or absence of buildings as

compared to when they were instructed to detect the presence or absence of bodies (TASK main effect: F(1,17) = 1.04,
n.s.). In addition, subjects responded equally fast to the different stimulus categories per se, i.e., to the presence of either
the bodies or else the buildings, as indicated by a non-significant main effect for STIMULI (F(1,17) = 0.15, n.s.). In contrast,
Fig. 3. Behavioural results. (A) d0 values and (B) reaction times associated with the processing of bodies or buildings plotted against SALIENCY. Full lines and
black circles refer to those trials in which participants attended to bodies, whereas dashed lines and white triangles refer to those trials in which subjects
attended to buildings. Error bars refer to bootstrap-based 95% confidence intervals.
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the main effect of SALIENCY was found to be significant (F(5,85) = 22.99, p < .001, gp
2 = 0.57). Faster reaction times occurred

with higher stimulus saliency (5%: 1066 [993,1186] ms; 9%: 1030 [973,1110] ms; 13%: 998 [946,1078] ms; 17%: 933.60
[872,1023] ms; 21%: 897 [842,993] ms; 25%: 893 [827,986] ms – corresponding to a relative decrease of approximately
9.5 ms per percentage increase in saliency).

Participants were significantly faster in correctly responding to an attended relative to an unattended stimulus, as sub-
stantiated by a significant TASK ⁄ STIMULI interaction (F(1,17) = 5.82, p < .05, gp

2 = 0.25). Responding to a stimulus in the
attended category (e.g., detecting the presence of a body) reduced RTs by 73 ms, relative to when a response was required
for unattended stimuli (e.g., indicating the absence of a body, when a building was present – see Table 1). Neither the
TASK ⁄ SALIENCY (F(5,85) = 0.30, n.s.) nor the STIMULI ⁄ SALIENCY (F(5,85) = 0.87, n.s.) interaction was significant. Further-
more, the benefit of responding to the attended, as opposed to unattended, stimuli – as indicated by the TASK ⁄ STIMULI two-
way interaction – was saliency dependent. This was indicated by a significant TASK ⁄ STIMULI ⁄ SALIENCY three-way inter-
action (F(5,85) = 19.93, p < .001, gp

2 = 0.54). Particularly, the attentional benefit increased linearly with SALIENCY (5%:
175 ms; 9%: 36 ms; 13%: �81 ms; 17%: �140 ms; 21%: �172 ms; 25%: �153 ms – corresponding to approximately
�16 ms each percentage increase in saliency).

Table 1 displays, for each TASK and STIMULI level, the parameters describing the linear relation between RTs and SAL-
IENCY, thus confirming a negative linear relation only when processing the attended stimulus (see also Fig. 3b).

3.2. Neural activations

Table 2 reports all brain regions which, unless explicitly stated otherwise, survived rigorous correction for multiple
comparisons.

3.2.1. STIMULI main effect and STIMULI ⁄ SALIENCY interaction
We searched for regions processing bodies in a category-specific fashion (contrast bodies > buildings). To this end, we

addressed those saliency levels in which the stimuli were efficiently detected by participants (17–25% – see Fig. 3). We found
an involvement of the middle occipital gyrus, extending to the middle temporal gyrus (Fig. 4, red), centred upon the extras-
triate body area (EBA). We repeated the analysis by focusing on intermediate saliency levels which, according to the beha-
vioural results, were associated with poor (and yet higher than null) detection (9–13%), but we found no suprathreshold
activation in EBA or elsewhere. Similarly, no suprathreshold effects were found whilst focusing on the stimuli of lowest
saliency (5%) in which participants’ performance was almost at chance (d0 � 0).

Similarly, we searched for regions processing buildings in a category-selective fashion (contrast buildings > bodies). Stim-
uli of high saliency, activated the parahippocampal gyrus bilaterally (Fig. 5, red blobs), including the parahippocampal place
area (PPA) and surrounding regions. Furthermore, no suprathreshold effects, neither in PPA nor elsewhere, were observed for
medium and low saliency levels.

Finally, we tested the STIMULI ⁄ SALIENCY interaction, which assesses the degree to which the differential activity
between bodies and buildings stimuli changes across different saliency levels. We found that right EBA exhibited increased
activity for bodies (relative to buildings) in high (as opposed to medium and low) saliency levels. No body-specific increased
activity was observed for medium or low saliency levels. Finally, and in contrast to EBA, we found no evidence that the dif-
ferential activity buildings > bodies interacted with stimuli’s saliency.

In sum, the analysis of the main effect of STIMULI converges with earlier studies by identifying regions processing bodies
and buildings in a category-selective fashion (Downing et al., 2001; Epstein & Kanwisher, 1998; Peelen & Downing, 2007).
These effects were observable only at high saliency levels, corresponding to those circumstances in which participants
detected efficiently the stimuli.

3.2.2. TASK main effect and TASK ⁄ SALIENCY interaction
Subsequently, we searched for regions exhibiting increased activity when attending to bodies (as opposed to buildings)

stimuli. This was done separately for different saliency levels. While no suprathreshold effects were observed for high or low
saliency levels, intermediate saliencies implicated an attentional modulation of EBA bilaterally (Fig. 4, green). Attention-re-
lated effects in right EBA partially overlapped with the clusters previously implicated in the analysis of the main effect of
STIMULI and in the STIMULI ⁄ SALIENCY interaction, thus indicating that this region was modulated by both stimulus salien-
cy and attention, with the latter being stronger for medium saliency. In a similar vein, we searched for regions exhibiting
Table 1
Average reaction times for correct responses and parameters describing for each subject the linear relation between reaction times and SALIENCY (in percent).
RTs and slopes are displayed as function of TASK and STIMULI (values in brackets are bootstrap-based 95% confidence intervals).

Reaction times (ms) Slopes (ms/perc.)

Bodies Buildings Bodies Buildings

Attend to bodies 938 [880, 1026] 1004 [935, 1109] �21.3 [�27.0, �16.2] �2.0 [�4.9, 0.7]
Attend to buildings 1001 [936, 1100] 922 [866, 995] �2.4 [�6.3, 0.9] �14.7 [�23.4, �11.5]



Table 2
Clusters showing significant increases of neural activity associated with the contrasts of interests. Coordinates (in standard MNI space) refer to maximally
activated foci: x = distance (mm) to the right (+) or the left (�) of the midsagittal line; y = distance anterior (+) or posterior (�) to the vertical plane through the
anterior commissure (AC); z = distance above (+) or below (�) the inter-commissural (AC–PC) line. L and R refer to the left and right hemisphere, respectively. M
refers to medial clusters.

SIDE Coordinates T(187) Cluster size

x y z

High saliency bodies > buildings
Middle occipital gyrus R 54 �74 2 7.70 350**

High saliency buildings > bodies
Parahippocampal gyrus R 30 �42 �14 5.14 430***

Parahippocampal gyrus L �32 �46 �12 6.10 327**

(High saliency bodies > buildings) > (Med. + low saliency bodies > buildings)
Middle occipital gyrus R 54 �74 2 7.03 210***

Medium saliency: attend to bodies > attend to buildings
Middle temporal gyrus R 52 �56 0 4.38 201*

Middle occipital gyrus R 50 �72 �8 4.07 213*

Middle occipital gyrus L �50 �62 �12 4.66 550***

(Med. saliency attend bodies > attend buildings) > (High + low saliency: attend bodies > attend buildings)
Superior frontal sulcus R 22 58 18 5.03 232*

High saliency attended > unattended stimuli
Parietal operculum R 56 8 12 4.28 744***

Supramarginal gyrus R 68 �26 32 4.12
Parietal operculum/insula L �46 �4 12 4.55 179*

High saliency unattended > attended stimuli
Intraparietal sulcus R 20 �74 48 5.18 1733***

Intraparietal sulcus L �26 �72 40 5.01 1308***

Inferior frontal junction R 42 16 30 4.91 441***

Inferior frontal junction L �42 6 32 6.07 711***

Middle cingulate cortex M 2 24 46 4.06 193*

(High saliency attended > unattended) > (Mid.+Low saliency attended > unattended)
Superior temporal sulcus R 52 �18 �6 4.76 189*

(High saliency unattended > attended) > (Mid. + low saliency unattended > attended)
Intraparietal sulcus R 20 �74 46 5.23 800***

Intraparietal sulcus L �24 �74 40 4.72 869***

*** p < .001.
** p < .01.

* p < .05 corrected for the whole brain.
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increased activity when attending buildings (as opposed to bodies). However, this analysis did not lead to any suprathresh-
old activity, at any saliency level. Furthermore, effects in PPA were not observable even at the most lenient thresholds.

Finally, we tested the TASK ⁄ SALIENCY interaction, which assesses the degree to which the differential activity between
the two task demands (attend to bodies vs. attend to building) changes across different saliency levels. The right superior
frontal sulcus was found exhibiting increased activity when attention was directed towards bodies (relative to buildings)
in medium (but not high and low) saliency levels. No suprathreshold effects were found for EBA (at a corrected level of infer-
ence). However, lowering our statistical threshold to p < .001 uncorrected, revealed that this region as well exhibited
increased activity when looking for bodies at medium saliency levels. Finally, we searched whether attentional effects for
buildings stimuli interacted with different saliency levels, however, again no suprathreshold effects occurred.

In sum, the analysis of the main effect of TASK revealed attention effects for brain regions known to process body stimuli
in a category-selective fashion (EBA). However, no evidence was observed for a category specific attentional modulation of
brain activation based on building stimuli. Attention effects related to the perception of body stimuli occurred prevalently at
intermediate saliency levels.

3.2.3. STIMULI ⁄ TASK and STIMULI ⁄ TASK ⁄ SALIENCY interactions
We then investigated the STIMULI ⁄ TASK interaction and, specifically, those regions exhibiting increased activity when-

ever participants faced an image which was within their focus of attention (attended > unattended stimulus). This was carried
out separately for the different saliency levels. For highly salient stimuli, we found a bilateral activation of the opercular/in-
sular cortex (Fig. 6, blue), extending in the right hemisphere posteriorly to the supramarginal gyrus. No suprathreshold acti-
vation was observed for medium or low saliency levels. In a similar vein, we tested for regions exhibiting increased neural
activity whenever the unattended > attended stimulus was processed. When stimuli were of high saliency, we found bilateral
effects in the intraparietal sulcus and the inferior frontal sulcus (Fig. 6, yellow). Furthermore, the middle cingulate cortex was
found to be involved. No suprathreshold effects were associated with intermediate or low saliency levels.



Fig. 4. Body related activations. Whole-brain maps displaying differential activity associated with processing bodies vs. buildings stimuli (red) or attending
to bodies vs. buildings (green). The overlap between activations related to attention to bodies and attention to buildings is displayed in yellow. The average
parameter estimates extracted from two regions plotted against SALIENCY. For one region (left EBA), the parameters were extracted from all coordinates in
the cluster, whereas for the second region (right EBA) the parameters were extracted from those coordinates (yellow) implicated in two independent tests.
For each region, effects associated with the processing bodies and buildings are displayed in separate subplots. Full lines and black circles refer to those
trials in which participants attended to bodies, whereas dashed lines and white triangles refer to those trials in which subjects attended to buildings. Error
bars refer to bootstrap-based 95% confidence intervals. Sections of the plots are coloured consistently with the saliency level for which the effects were
identified. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Finally, we tested the STIMULI ⁄ TASK ⁄ SALIENCY interaction, which assesses the degree to which the differential activity
between attended and unattended stimuli changes across different saliency levels. The right superior temporal sulcus exhib-
ited larger activity for attended (as opposed to unattended) stimuli in high (as opposed to medium and low) saliency levels.
On the other hand, the intraparietal sulcus (bilaterally) was implicated when testing for increased activity associated with
the unattended (but not attended) in high (rather than medium or low) saliency.

4. Discussion

We investigated the neural mechanisms underlying the integration of top-down and bottom-up attentional systems in
both high-level fronto-parietal attentional networks and extrastriate visual cortex. In order to modulate bottom-up neural
signals, we systematically varied the saliency of the visual stimuli. Fig. 3 displays that saliency was varied efficiently, as
revealed by more efficient target detection (Fig. 3A) and reduced detection times (Fig. 3B), the more the stimulus was dis-
cernible in relation to the surrounding noise.

Participants’ top-down settings were altered by instruction. Subjects were asked to attend, in different experimental
blocks, to one stimulus category only: in half of the blocks, participants were instructed to indicate the presence or the
absence of a body, while in the remaining half, participants were asked to indicate the presence or absence of a building.
This allowed to efficiently direct participants’ attention to one or the other stimulus category, and hence to compare effects
of different top-down attention settings on both the behavioural and functional level. Consistently, RTs were shorter for the
attended than unattended stimulus category (Fig. 3B), possibly indicating an easiness at detecting the presence of a signal
within the relevant stimulus category rather than its absence, an effect often observed in visual search tasks (Chun &
Wolfe, 1996; Pollmann, Weidner, Müller, & von Cramon, 2000; Weidner & Müller, 2009). Furthermore, detection of stimulus
categories was significantly affected by saliency, with stronger RT benefit when responding to the attended stimulus the
more salient the stimulus was. The behavioural findings clearly indicate that participants applied the instructed task set
and that their performance was determined by combined top-down and bottom-up effects.



Fig. 5. Buildings related activations. Whole-brain maps displaying differential activity associated with processing buildings vs. bodies stimuli (red). The
average parameter estimates extracted from two regions plotted are against SALIENCY. For each region, effects associated with the processing bodies and
buildings are displayed in separate subplots. Full lines and black circles refer to those trials in which participants attended to bodies, whereas dashed lines
and white triangles refer to those trials in which subjects attended to buildings. Error bars refer to bootstrap-based 95% confidence intervals. Sections of the
plots are coloured consistently with the saliency level for which the effects were identified. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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4.1. Selectivity for buildings and bodies

We first identified the brain regions coding visual information in a category specific fashion. This was achieved by com-
paring conditions where the category specific information was clearly visible (i.e., where saliency was high). As expected,
this analysis identified the relevant brain regions within ventral occipital cortex. In line with previous findings, bodies were
coded in the posterior portion of the middle temporal cortex including EBA (see Peelen & Downing, 2007 for a review). In
contrast, relatively stronger building (as compared to body) related activations were observed in the parahippocampal gyrus
including PPA (Epstein, Harris, Stanley, & Kanwisher, 1999).

We next tested to what extent these brain regions were sensitive to variations in category specific stimulus saliency. Con-
trasting building and body related activation for lower saliency levels did not reveal any significantly activated cluster. For-
mal testing of whether saliency significantly altered category specific coding revealed significant effects for body stimuli and
the EBA, but not for buildings and the PPA (at least under a rigorous, corrected, threshold).

As our behavioural data indicate that the effects of stimulus saliency are similar for both categories the differential effects
in EBA and PPA cannot reflect a differential preference for bodies over buildings. Rather, the results suggest, that the saliency
manipulation as used in the present experiment was adequate for EBA but not for PPA. A possible explanation might be that
PPA in contrast to EBA is not particularly involved in processing a specific category, but rather codes low-level features that
are more prevalent in house-like as compared to other stimuli (e.g., bodies). In fact, it has recently been reported that acti-
vation in PPA is not primarily driven by place or building stimuli, but by visual spatial discontinuity of high spatial frequency
(Rajimehr, Devaney, Bilenko, Young, & Tootell, 2011). In the present study, we carefully matched noise images with regard to
spatial frequency (Rainer et al., 2001, 2004). Accordingly, the type of noise images used in the present experiment may con-
stitute an adequate stimulus for PPA. Furthermore, combining building stimuli and spatial frequency matched noise hence
generated appropriate stimulation for PPA across different saliency levels therefore accounting for the lack of finding a sig-
nificant salience modulation in PPA.



Fig. 6. TASK ⁄ STIMULI interaction. Whole-brain maps displaying differential activity associated with processing attended vs. unattended stimuli (blue) or
unattended vs. attended stimuli (yellow). The average parameter estimates extracted from two regions plotted against SALIENCY. For each region, effects
associated with the processing bodies and buildings are displayed in separate subplots. Full lines and black circles refer to those trials in which participants
attended to bodies, whereas dashed lines and white triangles refer to those trials in which subjects attended to buildings. Error bars refer to bootstrap-based
95% confidence intervals. Sections of the plots are coloured consistently with the saliency level for which the effects were identified. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Modulation of extrastriate body area (EBA)

The activation pattern observed in EBA fits recent findings regarding the processing of category specific information. EBA
has been reported to respond specifically to bodies and body-parts (see Peelen & Downing, 2007, for review). Transient inter-
ference through Transcranial Magnetic Stimulation (TMS) has been shown to impair individuals’ ability to detect bodies and
body parts (Urgesi, Berlucchi, & Aglioti, 2004; Van Koningsbruggen, Peelen, & Downing, 2013), thus suggesting a causal role
of EBA in perception of a specific stimulus category.

Our data confirm previous studies regarding the EBA and extend them by showing that it is modulated by selective atten-
tion, similarly to what previously described only for primary and secondary visual areas (Maunsell & Treue, 2006). Note that
this attentional modulation of EBA was found in the medium saliency range only, i.e., not for high or low levels of saliency,
indicating that signal enhancement did not monotonically increase with stimulus saliency (Martınez-Trujillo & Treue, 2002;
Reynolds et al., 2000). Instead, attentional modulation of EBA seems to enhance the signal-to-noise contrast (Martınez-
Trujillo & Treue, 2002; Reynolds et al., 2000), thereby suggesting that attention operates on the neural representation of a
stimulus feature by enhancing its activity only when the feature seen is too faint to allow the observer to tell whether it
is indeed there.
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4.3. Modulation of parahippocampal place area (PPA)

In contrast to EBA we observed no significant attentional modulation of the PPA. These findings differ, at least at first
sight, from previous reports demonstrating that attention modulates neural activity of PPA (O’Craven, Downing, &
Kanwisher, 1999). In their study, O’Craven and colleagues presented overlapping pictures of faces and houses, and found that
attending buildings increased neural activity in PPA, suggesting that PPA can be modulated by internal control. As already
pointed out earlier, an alternative interpretation of their data is, that attentional modulation of PPA might affect particular
spatial frequencies rather than place or building stimuli. In our experiment spatial frequencies were approximately constant
across different saliency levels. In this perspective, attentional modulation of PPA would be dysfunctional as it would
increase the neural response to both signal and noise, thus making the building stimuli as used in the present experiment
suboptimal in order to capture category-selective attentional effects in PPA.
4.4. Attentional control regions

One major goal of the present study was to investigate how top-down and bottom-up attentional control signals interact.
Accordingly, we directly compared activation associated with a strong bottom-up bias (as induced by highly salient stimuli)
in situations where the top-down attentional set was either consistent or inconsistent. These comparisons revealed involve-
ment of two neural networks. When the bias induced by both top-down and bottom-up control was directed towards select-
ing the same stimulus category, a subset of brain regions within the ventral attention network was activated. Specifically, we
observed insular/opercular regions bilaterally together with right supramarginal cortex to be active. Although these regions
were activated predominantly in conditions with highly salient stimuli, formal testing did not reveal evidence for an explicit
modulation of activity based on bottom-up saliency. This finding is consistent with the suggestion that task relevance (rather
than stimulus saliency) modulates the ventral attention network (Downar, Crawley, Mikulis, & Davis, 2001; Kincade,
Abrams, Astafiev, Shulman, & Corbetta, 2005). It has furthermore been suggested (Corbetta et al., 2002, 2008) that the ventral
attention system is mainly involved in reorienting rather than orienting attention. Our data, however, clearly indicate that
parts of the ventral system are also involved in orienting attention, particularly when top-down and bottom-up settings are
congruent. Furthermore, bottom-up and top-down attentional modulation interacted significantly in left superior temporal
sulcus, suggesting a potential role of this region in combining bottom-up and top-down attentional control signals.

Furthermore, an imbalance between top-down and bottom-up attentional control signals activated the inferior frontal
junction (IFJ) and the intraparietal sulcus bilaterally. IFJ is an indicator region signalling the involvement of top-down con-
trol. It is activated by a variety of tasks that have in common an increased demand in cognitive control, e.g., in the Stroop
task, (Banich et al., 2000, 2001; Fan, Flombaum, McCandliss, Thomas, & Posner, 2003; Zysset, Müller, Lohmann, & von
Cramon, 2001), task switching (Brass & von Cramon, 2002; Philipp, Weidner, Koch, & Fink, 2012), cognitive set shifting
(Konishi et al., 1999), or reversals of stimulus response mappings (Dove, Pollmann, Schubert, Wiggins, & von Cramon,
2000). Importantly, IFJ has also been demonstrated to be critically involved in mediating spatial and non-spatial top-down
influences to perceptual areas (Baldauf & Desimone, 2014; Weidner, Krummenacher, Reimann, Müller, & Fink, 2009; Zanto,
Rubens, Bollinger, & Gazzaley, 2010). Our data are well in line with the suggestion that IFJ constitutes an important interface
between the dorsal and the ventral attention networks (Asplund, Todd, Snyder, & Marois, 2010). Accordingly, we suggest that
IFJ mediates signals originating in the dorsal system to areas in the ventral system. The source of such a top-down signal has
previously been suggested to be located in the intraparietal sulcus, which in our study was also activated by a mismatch
between top-down and bottom-up attentional control signals.
4.5. Conclusion

In sum, the present study provides evidence for an attention-based contrast gain in the extrastriate body area. Previous
reports regarding a category-based attentional modulation of PPA were not replicated, supporting recent findings that PPA
might code high spatial frequency information instead of category specific information. Furthermore, highly salient signals in
an unattended channel activated IFJ bilaterally as well as dorsal parietal regions commonly assigned to the dorsal attention
network. The data suggest that IFJ acts as an interface between the ventral and the dorsal attention network, mediating con-
trol processes from and towards IPS. IFJ may therefore either act as a circuit breaker for ongoing top-down processes or,
alternatively, may represent the cognitive systems’ efforts to override salient but currently unimportant information.
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